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I. INTRODUCTION

Linear accelerators (linacs) have proven to be very
valuable tools for the acceleration of protons in the
low and medium energy ranges. Three early
machines (Berkeley, 32 MeV; RHEL, 50 MeV;
Minnesota, 67 MeV) were used extensively for
research in nuclear physics, but all are now retired.
Currently, some eleven proton synchrotrons are
equipped with linac injectors. Finally, one medium
energy (800-MeV) proton linac for physics research
(LAMPF) is in operation. The first generation
(three) of these machines were grid-focused and
operated at low current and energy. The second
generation, as typified by the 50-MeV injector for
the AGS, employed quadrupole focusing and
indicated the high-intensity performance potential
of proton linacs. The new 200-MeV injector linac
at the AGS is typical of the third generation of these
injectors.

The AGS at Brookhaven came into operation in
1960 at about 1011 protons per pulse. Shortly
thereafter, it became evident that the experimental
program for the accelerator required more intensity
and that the capability for that increased intensity
existed in the synchrotron. In the following years,
various modifications and improvements to the
AGS brought the intensity up to 2.5 X 1012

protons per pulse. However, in 1963, it was con
cluded that a new injector ofhigher energy would be

required if the intensity were to exceed 1013

protons per pulse. Thus a proposal was generated
to further increase the intensity of the AGS.
Initially, a new linac injector of 750 to 1000 MeV
was considered. It was suggested that this linac
could also serve as a "Meson Factory" between
injection pulses. When the first proposal1 was
submitted to the U.S. Atomic Energy Commission
(AEC) in 1964, the linac energy was reduced to
500 MeV and a wide variety of other modifications
to the AGS were proposed. The "AGS Conversion
Project" as this proposal was called was estimated
at $65 million. The AEC suggested that the
Project be split into two phases, the second to be
funded at a later date. Consequently, a new pro
po~al2 for Phase I was submitted in 1965, including
a 200-MeV linac and an estimated project cost of
$47.8 million. The AEC allocated initial develop
ment funds in 1964 and 1965. The Project (Phase I)
was approved by Congress in 1966 and construction
funds were available at the beginning of 1967. The
construction of the linac buildings was started
and the first purchase orders for linac components
were placed in the spring of 1967.

Based on the success of the second-generation
proton linacs and other linacs, such as the Heavy
Ion Accelerators at Berkeley and Yale, by 1960 a
number of groups were considering the further
exploitation of the proton-linac capabilities. In
particular, groups at Yale and MURA were
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FIGURE 1.1 Aerial view of the AGS complex in June 1971.

studying a linac meson factory at 750 MeV and a
200-MeV injector for the proposed FFAG acceler
ator, respectively, in addition to the continuing
interest at BNL and Berkeley. At a later date,
Los Alamos became interested in a linac meson
facility which is now called LAMPF. Under the
auspices of the AEC, these groups coordinatedt
their design and development efforts very closely,
which resulted in a number of improved concepts
and substantial savings of effort. When the Yale
linac effort was phased out in 1964, the BNLand
Yale efforts largely coalesced at BNL. Similarly,
when MURA was phased out, that effort moved

t In 1963, at the suggestion of the AEC, the Linac Co
ordinating Committee was established, consisting of representa
tives from BNL, LASL, MURA, Yale, ANL, and LBL.

mainly to NAL. In fact, to speed up the start of
construction at NAL, the entire dynamical design
of the BNL linac was used directly by the NAL
group, so while the two linacs are engineered
somewhat differently, the basic designs are identical
except for the NAL use of posts instead of multi
stems for increasing the bandwidth of the acceler
ating structure.

Figure 1.1 shows an aerial view of the AGS
Complex in 1971. The synchrotron is located in the
center with the 200-MeV linac building extending
to the lower right corner. The linac itself is located
in an earth-shielded tunnel 500 ft long. The
auxiliary equipment is contained in a two-story
building which parallels the tunnel, while the
preinjector and service areas are grouped at the
low-energy end of the linac. A small tunnel about
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TABLE I

General parameters of the 200-MeV linac

400 ft long contains the transport system which
connects the linac to the AGS.

Table I lists the general parameters of the linac.
The preinjector consists of a 750-keV Cockcroft
Walton generator, a duoplasmatron ion source,
and a high-gradient accelerating column. The 750
keV beam isJransported about 8 m to the linac by
the Low Energy Beam Transport (LEBT) system,
which includes quadrupole triplets for beam
shaping, bunchers, a chopper.. and beam diagnostic
equipment. The nine accelerating cavities occupy
145 m of length and contain a total of 286 unit
cells. Each of the 278 full and 18 half drift tubes
contains a pulsed quadrupole magnet. The focusing
order is + - + -. The cavities are about 1 m in
diameter and vary from 8 m to 20 m in length. High
vacuum is supplied by ion pumps mounted directly
on the cavities. All other support equipment is
located outside the linac tunnel in the upper and
lower equipment bays. RF power is supplied to
each cavity from separate power amplifies via
I2-in. coaxial lines. The rf amplifiers use the
RCA 7835 triode rated at 5.5 MW peak power
output. The beam from the linac is transported
to the AGS via the High Energy Beam Transport
(HEBT) system. In addition to the matching
quadrupoles and dipoles, the system contains a
debuncher and diagnostic equipment. A spur
tunnel fed by a fast switching magnet from the
HEBT contains more diagnostic equipment and a
beam dump, and permits use of the proton beam
for parasitic experiments between injection pulses.
Control of the accelerator is accomplished by a
digital multiplexing system connected to a PDP-8
computer. The PDP-8 in turn is connected to a
PDP-IO in the AGS main control complex.

The first 10-MeV section of the linac was first
operated in March of 1970 and an extensive series

Preinjector energy
Output energy
Peak beam current
Emittance (100 rnA at 200 MeV)
Beam pulse length (max)
Rf pulse length
Operating frequency
Number of cavities
Total length of accelerator
Number of unit cells
Total peak rf excitation power
Pulse repetition rate (max)

0.75 MeV
200.3 MeV
100mA
1r cm-mrad
200 J1sec
400 J1SCC

201.25 MHz
9
144.8 m
286
22MW
10 pulses/sec

of measurements3 was carried out with a complete
diagnostic setup located in the position now
occupied by Cavity 2. Acceleration to 200 MeV was
accomplished in November, 1970. By September,
1971, most of the HEBT system was complete
and the linac went into regular operation injecting
into the AGS.

The following sections of this paper treat in
detail the design, construction and operation of
the linac and its support systems. Section II deals
with the dynamical design of the accelerator
including the choice of parameters, transverse
dynamics and space-charge effects. Section III
describes the engineering design, construction and
performance, and beam quality of the linac. Section
111.10 describes some of the parasitic uses of the
linac. Finally, in Section IV are included some facts
concerning overall operational performance of the
facility.

II. DYNAMICAL DESIGN OF THE
ACCELERATOR

11.1. Choice of Accelerating Structure and General
Parameters

Linacs are characterized by their ability to acceler
ate very large peak currents in a beam with very
good quality (small energy spread and emittance)
and with very little loss of beam inside the acceler
ator. It is necessary to preserve and match phase
space between sections of the accelerator and
attention must be given to maximizing the number
of particles captured within the stability limits
and minimizing the loss of particles which might
damage the structure. The choice ofan accelerating
structure is a compromise of many interrelated
factors of which the most important are: shunt
impedance, tuning tolerances, beam loading, feasi
bility of manufacturing, manufacturing tolerances,
environmental tolerances, phase control, com
patibility with existing radio-frequency power
sources, beam dynamics, optics, freedom from
spark breakdown, and injection energy. Clearly
no single structure can be optimized to all of the
above requirements. The problems of tank tuning
tolerances, beam-loading effects, manufacturing
and enviro.nmental tolerances are all directly
related to the properties of each particular struc
ture. It is clear that the process of converging on a
final set of parameters involves repeated iterations
of the conflicting requirements. In the following
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subsection, the results of these iterations will be
considered.

Il.l.a) The injector and injection energy For very
intense ion beams, space-charge blow-up is particu
larly severe just outside the source 'region because
of the low axial velocity of the particles and the
minimum area of the beam in transverse' phase
space is set here. Consequently, rapid acceleration
is imperative and this can be most conveniently
accomplished with dc acceleration. Voltages as
low as 100 kV and as high as 4 MV have been used.

Two classes of dc machines are in general use.
The non-pressurized, air insulated type (generally
a Cockcroft-Walton) is practical up to about
1.25 MV. The pressurized types (generally electro
static generators) are available up to 10 MV in
single ended arrangements.

The non-pressurized Cockcroft-Walton has the
following desirable features: the high-voltage
terminal may be made as large as necessary to house
large or multiple sources and it is readily accessible
for servicing of the sources. Access to the source
may be gained in a matter of minutes. The effective
capacity of the terminal may be made large so that
the terminal voltage may be highly regulated during
long, high-current pulses. The unit is capable of
high average currents. The main disadvantage is
the limit of voltage holding on the air side of the
accelerating column. Most existing proton linacs
use injection voltages of 500 to 750 kV. At these
voltages, the reliability can be made excellent.

The pressurized electrostatic generator has the
main advantage of higher terminal voltage. It is
not as satisfactory as the nonpressurized units in
the other features. However, it would be possible,
although expensive, to design an electrostatic
generator of8 to 10 MV to meet these requirements,
if other considerations warranted it.

The minimum injection energy into a drift tube
structure is set primarily by the frequency at which
the structure operates. However, regardless of the
linac frequency, the amount of phase damping
in the linac is affected by the injection energy. In
the nonrelativistic region, if the effect of space
charge is neglected, the damping of the phase
oscillation amplitude goes as (3- 3/4, so that an
injection energy of750 keY allows a factor ofabout
2.4 more damping than an energy of 8 MeV. This
feature is of great importance if a transition in
structure is planned from a lower to a higher fre
quency at some intermediate energy, as in the case
of LAMPF. The final choice of injection energy

rests with the choice of the drift-tube structure
which is discussed in the following subsection.

11.1.b) The operating frequency for the drift tube
structure No structure more suitable than the
drift-tube accelerator has yet been found for the
acceleration of positive ions in the range 0.03 < {3
< 0.40. The Sloan-Lawrence structure or the
drift-tube structure operating in the 2{3A mode
could be used, but would appear to be attractive
only at lower values of{3. Recently some success has
been achieved with the helix structure, which looks
attractive at low temperatures, but the helix was
not considered competitive with the drift-tube
structure for room-temperature machines.

The figure of merit for any rf accelerating struc
ture is its shunt impedance Rs ' here defined4 to
include the longitudinal transit-time factor. A high
value of Rs implies low rf power for a given energy
gain and hence high efficiency. R s varies as (f)1/2
so that improved power efficiency is obtained at
higher frequencies. However, the efficiency is also
a function of the radial transit-time factor Tr ,

which should be close to unity. When the ratio,
2na/{3sAs = 1, Tr = 0.79 and rapidly approaches
unity as the ratio decreases (the particles gain
energy). Practice in proton linacs has been to
pick A = 150 cm (f = 200 MHz) and the bore hole
radius a "" 1 cm, which makes 2nalf3s As "" 1 for an
injection f3 between 0.03 and 0.04. There is little
advantage to raising the injection energy beyond
this value as long as the frequency remains at 200
MHz. Note that an increase of injection energy
from 0.75 to 1.25 MeV, with its attendant compli
cations, would eliminate only the first nine drift
tubes, amounting to 0.6 meters of the first cavity.
Lower injection energies are impractical because
the required field strength of the quadrupole
focusing magnets increases at lower energies and
the space for the magnet inside the drift tube
decreases. For the current design, the required
magnet strengths lead to magnets which are close
to the upper limit of size that can be fitted into the
small drift tubes. It is clear that all of these prob
lems become less severe as the particle energy
increases.

By abandoning the simplicity ofa nonpressurized
injector, one can consider injection into a linac
operating at a higher frequency. If one wishes to
keep Tr ~ 0.79 at injection, the injection energy
must be 3 MeV for 400 MHz and 12 MeV for
800 MHz. Unfortunately, even if the cell length {3A
is kept constant by increasing the injection energy,
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mechanical problems of fabrication multiply
rapidly as the frequency is increased. For example,
at 800 MHz with 12 MeV injection, {1A = 6 cm
and the first drift tube is '" 4.5 cm long, as it was
at 200 MHz with 750 keY injection, but the drift
tube diameter is now about 4.5 cm, as compared
to about 18 cm at 200 MHz. If a very small bore
hole ( '" 1 cm in diameter) is allowed, there remains
a radial distance inside the drift tube of only about
1.2 cm in which to place a quadrupole magnet. The
mechanical problems could be eased by using
larger-diameter drift tubes or operating in the 2(1)..
mode but these alternatives would sacrifice the
gain in Rs due to the increased frequency. Several
other schemes have been proposed, but all suffer
from the same general faults.

Consequently, it was felt that the simplicity of
the nonpressurized injection and the relative ease
of fabrication and adjustment of a 200 MHz
structure more than offset the increase in Rs which
one would hope to get by changing from 200 MHz
to a higher frequency. Hence the choice was
made to build the linac as a {1A. drift-tube
structure operating at 200 MHz with injection at
750 keY.

The choice of the exact frequency (201.25 MHz)
is based on the consideration of possible inter
ference with electromagnetic communication sys
tems ifsome of the rfpower generated escapes from
the system. System shielding to limit leakage to
80 db below the peak power generated is difficult
to realize and harder to maintain. Therefore, the
frequency is chosen to be exactly midway between
the video and audio channels in TV Channel 11,
where the receiver response is minimum.

ILl.c) The transition in structure andfrequency In
principle, the drift-tube structure can be used up to
{1 = 1 but in practice, it is found that Rs decreases
rapidly and at {1 = ! (146 MeV) has fallen to less
than half of its value at {1 = 0.1. For linacs under
200 MeV, this is not a severe problem, so that the
200-MHz drift tube structure was used for the full
length of the accelerator. For higher energies,
economic considerations dictate that some differ
ent structure be used. Cost optimization studies5

indicated that a transition to a higher frequency
(800 MHz) should be made between 100 and 200
MeV (at LAMPF the choice is at 100 MeV).
However, when it was decided to limit the energy
of the BNL linac to 200 MeV, it became obvious
that it was not practical to change structure and
frequency in the middle of such a short machine,

because the engineering and maintenance costs
would far exceed the economy in electric power.

ILI.d) Choice of geometry The details of the
geometry of the drift tubes used in a drift-tube
accelerator affect both the efficiency and the re
liability of the machine. Both length and diameter
of the tubes affect the shunt impedance through
the transit-time factor and degree of cavity
loading due to volume effects. The radii of curva
ture of the surfaces affect reliability because of
electrical breakdown problems. A further limita
tion on the drift-tube shape is imposed by the need
for a bore hole for the beam and for a focusing
element within the drift tube. Following the early
work of Christofilos6 on the BNL 50-MeV linac,
extensive work was carried out at Yale2 and
MURA8 to develop computer methods of opti
mizing drift-tube geometries. The Yale method
permitted an elegant optimization by varying the
diameter along the length of the drift tube. How
ever, the improvement thus gained over cylindrical
shapes was not great enough to offset the complica
tions in the calculations and fabrication so that
it was decided to use the MURA MESSYMESH
method. MESSYMESH restricts one to cylindrical
bodies with hemispherical ends or flat ends with
radii of arbitrary value, but the diameter and all
radii of curvature may be varied to reach an
optimum. The maximum values of the shunt
impedance were found to be slowly varying
functions of the parameters within the range per
mitted by other considerations, i.e. required
bore-hole diameter, volume needed for the magnet
and sparking considerations.

The minimum allowable bore-hole diameter
was picked to be 2 cm in order to accept a 200-mA
beam at 750 keV with the estimated maximum
emittance of 20n cm-mrad and to allow a reason
able transverse focusing system and some safety
factor. A larger bore hole seriously reduces the
transit time factor and increases the magnet
requirement at low energies. As the energy
increases, the effect of the bore hole decreases, so
the hole diameter can be increased rapidly along
the machine to a value of 4 cm from cavity 5 on.

After approximately optimizing the shunt im
pedance, the drift-tube diameter was chosen as
18 cm in the first cavity to allow sufficient space
for the magnets. All other cavities use a drift-tube
diameter of 16 cm as less space is needed for the
magnets. The constant diameter leads to significant
savings in procurement and fabrication. More
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details on the geometry will be found in the
Summary Drift-Tube Table, Table ILI.h.l.

Once the drift-tube geometry is set, then the
appropriate cavity diameter for each energy range
is determined. A constant diameter is used in each
cavity and the final variable gap to drift-tube
length ratio (giL) determined in the drift-tube
table calculation to make the cell resonant at
201.25 MHz.

The first cavity was made quite short, about 7.5
m, and designed specifically to provide efficient
capture from the preinjector and good shaping of
the beam in both longitudinal and transverse
phase space. The dynamics problems and electrical
breakdown limitations are most severe in the region
below 5 MeV. By using a short cavity, economic
considerations may be neglected in favor of a
design which maximizes beam quality and re
liability. It would be sufficient to include only the
first 5 MeV in the first cavity but the debunching
in the intercavity drift space is so rapid at this
energy that 10 MeV has been chosen. At 10 MeV,
a drift space of only about 22 cm can be tolerated,
thus limiting the amount of beam-monitoring
equipment which can be placed in this intercavity
space. However, a first cavity of more than
10 MeV would detract from the flexibility of the
design. In fact, almost no loss of beam quality is
observed following cavity I. The length of the other
cavities varies between 19 and 15 m and is deter
mined by the consideration that each cavity
should require an amount of rf drive power
(cavity field excitation plus 100 mA of beam
power) approximately equal to the peak power
capability of each rf power generator. The distance
between the electrical ends of cavities I and 2 is
22 cm = {J)v in order to facilitate transverse
matching. The other intercavity distances are
somewhat larger than {J)v, but this presents little'
difficulty in matching at the higher energies.

ILI.e) Field stabilization The TM o1 0cavity, oper
ating at the end of the pass-band is rather loosely
coupled along its length with the result that any
type of perturbation, whether mechanical or due
to the beam will seriously disturb the field distribu
tion and phase relationships resulting in mis
matching of the longitudinal phase space. The
difficulty of establishing and maintaining the
desired field distribution r~flattening") is propor
tional to the square of the length. A "long" cavity
in this sense is the cavity of the BNL 50 MeV linac
which is ,......, 33 m or about 22 free-space wave-

lengths at 200 MHz. Two methods are employed
to reduce these effects.

I) Multiport Cavity Excitation The rf power
from each generator is split and fed into each
cavity at the *and i points along the length.
This effectively reduces by a factor of 4, the phase
variations along the cavity as compared to a single
central feed point. In addition, the TM o11 and
TMo12 modes are dynamically suppressed. Since
each loop delivers only one half of the power,
voltage-breakdown problems in the feed loops are
also reduced.

2) Multistem Drift-Tube Stabilization Low
energy proton linacs have used the drift-tube
structure operating in the TMo1o mode (which is a
"0" mode). The primary reason for this choice is
the high shunt impedance. However, there are
disadvantages associated with the TMo10' since
it is a zero-order mode which is located at the end
of a passband where the group velocity is zero,
resulting in a structure that is sensitive to amplitude
and phase distortion as a function of beam loading,
rf power excitation, and detuning effects. Consider
three of the possible rf modes that can be used for
a linac, the "0," "nI2" and "n" mode configura
tions. Various investigators9 •

10 have discussed the
relative merits of these modes. To reduce beam
loading and tank-detuning effects it is desirable to
do either of the following:

a) For the 0 or n mode structure to make the
quantity Id 2w/d{J21 as large as possible
(noting that for the ~~O" or "n" mode vg =
Idw/df31 = 0).

b) For the n/2 mode structure (which is normally
located at the center of a passband) to make
the quantity vg = Idw/dfJ Ias large as possible.

It can be shown 12 that the use of one or more
stems to support a drift tube plays a significant role
in shaping the dispersion curve about the operating
TMo10 mode, due to the existence of a transverse
resonance associated with the stems. These trans
verse stem resonance result in a set of TS(N):'-JMl
modes, which when properly resonated make it
possible to not only increase Id2w/df3 2

1 about the
operating mode, but to actually make Idw/dfJ I
finite, which is equivalent to the operating charac
teristics of a n/2 mode structure. In previous linacs,
with one or two stems per drift tube, the TS modes
have been so far from the operating mode that they
had no effect on the operation.
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mentioned in the literature for the crossbarl 1 and
for the H-type wave structure.

Similar measurements were made on 2, 3, 4 and 6
stem structures, with configurations shown in
Figure II.I.e.4. For the 3,4 and 6 stem cases, it was
found that all the TE III modes were above 1200
MHz. The results for the TM oli and TS(N)lol
modes for the I, 2, 3, 4 and 6 stem cases are
compiled in Figure ILI.e.5. In Figure ILI.e.5, it is
seen that for the one and two stem case the TM o11

bandpass remains relatively unaffected by the
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drift tuhe loaded cavity.
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FIGURE 11.1.e.1 Empty cylinder and single stem drift tube
loaded cavity.

Consider first the empty cylindrical cavity and
the single stem drift tube loaded structure shown in
Figure II.1.e.1. In Figure II.1.e.2 the TMoli and
TE III modes are plotted for the empty cavity. Note
that there are no modes below 650 MHz, which is
the frequency of the TMo I 0 mode in this test cavity
and no energy can be propagated in this cavity
below this frequency. Figure IL1.e.3 shows the
modes for the single-stem drift-tube structure. A
comparison between Figs. II.1.e.2 and IL1.e.3
reveals a number of interesting differences. The
addition of a single stem and drift tube decreases
the frequency spacing between the TE J II and
TM oli modes, and also introduces a new set of
modes which we shall call the TS( I) 101 modes. For
modes designated TS(N), where N indicates the
number of stems and the subscripts are the usual
<p, " and z cylindrical coordinates. It should be
pointed out that the TS modes arc similar to those

-~L -",.

FIC;LRE Il.l.e.2
cylinders.
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complete range of 0.14 < f3 < 0.57 (cavities 2-9)
and the number and size of stems for each cavity
determined thereby. In each cavity, one vertical
stem is used to support the drift tube and carry
the services; the additional stems ("dummy stems")
are readily removable. In cavity 2, three stems are
used while cavities 3-9 employ four stems.
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FIGURE II.I.e.5 TM o11 and TS(N)lOI modes for the multi
stem configurations.

TS(N)lOl passband, but with 3, 4 or 6 stems the
TM o11 passband is strongly influenced by the
TS(N)lOl passband. At some region between 4 and
6 stems, it may be possible to have the TS(N)lOl
and TMoll passbands join together and form a
continuous dispersion curve, which we call a fully
compensated case, and the behavior of the TMolO

mode becomes similar to a n/2 mode.
The 6-stem configuration is obviously an over

compensated case, and not of interest. The 4-stem
configuration is undercompensated, but can be
made fully compensated by tuning the TS(N)
modes. The frequency of the TS(N) modes can be
changed by varying the stem diameters. Figure
II.l.e.6 shows that for the 4-stem case having a
diameter of i in., the two dispersion curves (TM
and TS) form a continuous dispersion curve, which
is the fully compensated case.

To compare the relative merits of different struc
tures, one introduces a perturbation and measures
the field distribution. Figure IL1.e.7 shows the
field distribution for three different stem con
figurations clearly demonstrating that for the
4-stem, i-in. diameter configuration (fully com
pensated), the field distribution remains essentially
unchanged when the perturbation is introduced.

A complete set of model measurements similar
to those just described were carried out over the
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For these structures, various analytical methods
have been used to analyze the relative improve
ment factors 12: equivalent circuits,13 and normal
mode analysis and measurements. 14 The numerical
conclusions agree with those shown in Figure
II. I.e.7, where field changes caused by perturba
tions can be reduced by factors to 50 to 100 times
for a compensated as compared to an uncompen
sated structure.

II.I.f) The electric-field gradient When the type
of structure and operating frequency have been
established and the optimum shunt impedance of
the structure estimated, it becomes possible to
determine the combination of length and peak rf
power which will minimize the cost of the acceler
ator. This involves choosing the average acceler
ating field so that the cost associated with the length
of an accelerator section equals the cost associated
with rf power generation. It must also be deter
mined that the electric field anywhere inside the
structure does not exceed a value which is safely
below the sparking limit.

The mechanism of sparking in linear acceler
ators is still not well understood. It has been
demonstrated that at 200 MHz, peak fields as
high as 40 Mv/m can be held in vacuum under
certain conditions. On the other hand, most
experience with 200-MHz drift tube linacs shows
that gap fields of the order of 15 Mvlm are about
as high as can be achieved in practice. It is clear
that the gap field will be somewhat lower than the
highest field which can be found somewhere on the
drift-tube surface (Emax)' The difference between
these two quantities is a function of the drift-tube
shape. The present methods of drift-tube calcula
tion allow the determination of the highest field
on the drift-tube surface, but no precise criterion
exists for determining the maximum permissible
value. Consequently, it seemed prudent to use the
criterion of experience with the gap field. The need
for a high degree of reliability in the linac suggests
a maximum value for Emax of 15 MV1m. In the
first cavity, where the gaps are very short, even
lower fields are indicated because the small dis
tances involved in some way reduce the peak field
which can be reliably sustained. The fields used
are indicated in Table II.l.h.l.

When the maximum peak-field limitation is
combined with the expressions for cost minimiza
tion, the acceleration rate is determined. For the
200-MHz drift tube structure, cost minimization
indicates operation at the highest fields which are

consistent with safety from sparking. In other
words, at this field level, the cost of the rf power
equipment exceeds the cost of the cavity structure.

II.1.g) The synchronous phase angle In order
to provide a region of phase stability for the
longitudinal motion of the beam, the synchronous
particle (that is the particle which gains energy
without oscillation about the mean value) must
arrive at a field level somewhat less than the
maximum value during the cycle. Typical values
for the phase (cPs) for the synchronous particle
(measured from the crest of the wave) have been
cPs = - 26°, chosen as a compromise between a
reasonably large longitudinal acceptance and effi
cient use of rf power. Earlier calculations of the
effect of space charge on the longitudinal motion in
a linac indicated that there would be a considerable
reduction in the longitudinal acceptance for beam
currents of 100-200 mAo It therefore seemed
desirable to increase the available stable longitu
dinal phase space area as compared to that of
earlier linacs. This was accomplished by choosing
cPs = - 32°. In the zero space-charge approxima
tion, the longitudinal admittance varies roughly
as IcPs /5/2. Going from cPs = - 26° to cPs = - 32°
thus increases the low-current stable longitudinal
phase space area by as much as 70 % while the
efficiency of use of rf power (cos CPs) only drops
from 90 %to 85 %.

ILI.h) The drift-tube table The considerations of
the preceding subsections establish a set of basic
parameters from which the actual drift-tube table
can be calculated. The calculation is based on the
motion of the synchronous particle and uses the
MURA data for transit-time factors and related
quantities. The computer program 15 prints out all
relevant quantities for each cell in the linac, particu
larly the cell length and drift-tube length which
form the basic input for. the mechanical design of
the cavities. Checks on the internal consistency
of the program indicate consistency within 0.1 %.
The absolute accuracy of the MESSYMESH
calculation is not as good, being only 1 or 2 %,
but the absolute value can be corrected by simple
frequency and field-level adjustments for each
cavity.

The Summary Drift Tube Table is shown in
Table II.I.h.l. The program was run several times
to allow adjustment of the values of Eo, Emax ,

cavity length and total rf power within the ranges
specified. Power for a lOa-rnA beam was provided
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on the assumption of about 5.25 MW of peak
power from the final amplifier tubes. Provision
has not been made at this time to supply the rf
power for a 200-mA beam. The final line in the
table gives a factor which was applied to the calcu
lated cavity excitation power to account for losses
on the end walls, drift-tube stems, loops, etc. which
were not included in the detailed calculation of
each cell. In practice, these factors turned out to
be several percent low, as slightly more excitation
power is required than indicated here.

11.2. Dynamics of the Linac Beam

II.2.a) Introduction To achieve the design current
and emittance of 100 rnA and n cm-mrad at 200
MeV listed in Table I, the beam injected into the
linac has to be bright, i.e., the ratio of intensity to
emittance has to be large. Beam brightnessest of
the order of 109 were achieved with the preinjector
system that was developed to deliver beam to the
linac. Emittance measurements made during the
early design stage showed a linear dependence of
preinjector output-beam emittance on current.
The measured emittance was E == 22.5nI cm-mrad
with I, the beam current, in amperes. This relation
ship and the values for injection energy, operating
frequency, electric gradient and synchronous phase,
chosen as linac parameters out of various consider
ations described in the previous section, imply that
the repulsive space-charge forces in the beam are
comparable to the rf focusing forces longitudinally
and, even for the highest available magnetic
gradient, to the quadrupole focusing forces trans
versely. Up to the early design stage of the linac
some theoretical work had been done on the
influence of space charge on linac beam dy
namics. 16- 18 These calculations all assumed self
consistent uniform charge distributions, which
lead to linear forces and linear separable equations
of motion. However, these distributions are highly
unrealistic in 4- and 6-dimensional phase space.
Furthermore, the calculations did not include the
effects of acceleration, nor did they concern
themselves with possible hazardous coupling effects
resulting from nonlinear space-charge forces. In
order to be able to optimize beam transmission
and beam quality through a proper choice of the
remaining machine parameters such as the quad
rupole gradient law, the transport buncher system,

t Brightness is conventionally defined as B = (106/)/[!(nE)2]
where I is the current in rnA, nE is the normalized emittance in
cm-mrad.

the matching system between cavities, etc., it was
felt necessary to perform dynamics computations
that took into account the space-charge forces in a
more realistic fashion. Several computer programs
were written for these calculations,19-21 in which
the beam was simulated as a collection of charged
macroparticles interacting among themselves and
with the external electric and magnetic fields of the
linac. A brief description of these codes will be
given here. Some general conclusions on the
behavior of a bright linac beam will be quoted
and the choice of parameters resulting from these
computations will be discussed.

11.2.b) Longitudinal effects and bunching The
effect of space charge on the longitudinal motion
was first studied. A space-charge model was used
that assumed that the beam was cylindrically
symmetric and that its radius was constant
throughout the acceleration. The charge density
was varied longitudinally only and the beam was
represented as a succession of thin disks, each
uniformly charged. The contributions of the
individual disks to the force at a point on the axis
were calculated and summed in a subroutine that
was added to an existing longitudinal-motion code.
Several different initial charge distributions were
tried and all of them led to very similar conclusions:

1) The longitudinal phase acceptance is reduced
in the presence of strong space-charge forces,
giving rise to considerable beam loss. The maxi
mum beam current that can be accelerated in the
machine is therefore somewhere in the range of
250 rnA to 300 rnA.

2) For currents with space-charge forces initially
smaller than the rf restoring force, the phase
spread of the beam bunch damps nearly as /3-'x,
t < tJ. < i. For space-charge forces initially larger
than the rf restoring force, the bunch grows
rapidly, particles may be lost and the space-charge
forces are reduced until they become comparable
with the rf focusing forces. Thereafter the phase
damping goes as described above.

The longitudinal-motion code was also used to
investigate the effect of space charge on the·
bunching process. 22 Because the distance between
the preinjector and the linac is approximately 8 m,
no upper limit was imposed, from a practical point
of view, on the length of the buncher drift space. A
minimum length of approximately 70 cm was
assumed to allow for sufficient space for the
quadrupole focusing system. Calculations aimed
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efficiency, defined as the ratio of particles, within
the acceptance (± 32° phase spread and ±25 keV
energy spread around the synchronous phase and
energy at the entrance of the linac) to the total
number of particles that enter the buncher during
one rf period.t Results are shown in Figures
II.2.b.l and 2. It can be seen that bunching
efficiencies are poor for the high beam currents in
the case of long drift spaces. For 71 cm between the
buncher cavity and the linac, the bunching
efficiency lies betweet:l 50 and 60 % for all values
of the beam current and for each current the
maximum efficiency can be obtained by a slight
adjustment of the buncher voltage.
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FIGURE IL2.b.1 Single buncher bunching efficiency versus
buncher voltage for different currents with drift distances of 71
and 83 em.

t See Section 1I.2.f.

at finding a satisfactory buncher design were
performed keeping in mind the following require
ments: .1) Optimal performance with regard to
bunching efficiency throughout a beam current
range of 50-400 rnA; 2) Ability to produce a tight
beam at low current to facilitate the initial set-up
of the linac.

Single buncher efficiencies were examined as
functions ofbuncher voltage for five beam currents
of 50, 100, 200, 300 and 400 rnA and for various
buncher-linac drift spaces. The buncher frequency
was taken to be 200 MHz. The beam radius was
varied linearly with distance from 1.5 cm at the
buncher gap to matchedt values of 0.2, 0.275,
0.35, 0.44 and 0.48 cm for the five beam currents
studied. An output routine calculated the bunching
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FIGURE IL2.b.3 Double buncher bunching efficiency versus
first buncher voltage V 1 for an optimum voltage V2 on the
second buncher for various beam currents.

II.2.c) Quadrupole law In view of the result that
the parameters governing the longitudinal motion
allowed for acceleration of several hundred milli
amperes it was decided that the quadrupole
focusing system should be strong enough to leave
open the possibility of going from the design
current of 100 rnA to 200 rnA at some future date,
when funds might be available to build a more
powerful rfsystem. The quadrupole gradient in each
drift tube was chosen to provide a maximum beam
half-width of 0.6 cm throughout the machine for a
200-mA beam, neglecting all nonlinear effects
and misalignment errors, for which a reserve of

0.4 cm was left in the low energy part of the linac.
A larger reserve would then be available as the
beam gains energy and the bore-hole radius in
creases. The calculation of the required quadrupole
gradient law as done in the following semi-self
consistent way: The longitudinal motion program
was run for 200 rnA, assuming a constant beam
radius of r = 0.5 cm, taking r = ~amax am~~~

where a max and amin are transverse half beam sizes
at a symmetry point in the focusing system. This
choice is consistent with amax = 0.6 cm for a
reasonable value of 1.44 for the strong-focusing
flutter factor t/J = ax/ay. The initial distribution in
longitudinal phase space was a uniformly popu
lated ellipse with a phase spread of ±({)s' where
({)s is the synchronous phase. The initial energy
spread was chosen such that the beam was longi
tudinally matched, taking into account the initial
linear rf focusing forces and also the linear
defocusing space-charge forces arising from a
uniformly charged three-dimensional ellipsoid of
transverse semiaxis equal to 0.5 cm and a longitu
dinal extent equivalent to 2({)s. The phase spread
of the beam as function of energy or drift-tube
number ~({)(E) was obtained from the computer
program.

The calculated values of ~({) in several drift tubes
in each tank were then used to determine the
required quadrupole gradient in those drift tubes.
A computer program was written which, on the
basis of a static calculation, determined the quad
rupole gradient required to provide prescribed
matched transverse beam dimensions for given
values of current, transverse emittance and longi
tudinal phase spread of the beam. The space
charge model used in this calculation was that of a
uniformly charged three-dimensional ellipsoid.
The defocusing action of the rf accelerating field
was approximated by a single impulse in the center
of each gap and the longitudinal transverse
coupling arising from this field was neglected. The
ratio of quadrupole to cell length B waS first taken
to be 0.5 everywhere. A + - + - configuration
was chosen for the quadrupole system because it is
characterized by a wide stability diagram, which
was felt to be essential in order to minimize non
linear effects on the transverse motion. The magnet
ic gradients which were obtained from the matching
calculations were plotted as a function of drift-tube
number. A smooth line was fitted to the points and
the gradients for each drift tube were read off the
curve. The resulting values for the quadrupole
gradients were then corrected taking into account

--V2=15 kV,I=50 mA
-------- V2=20 kV, I =100 mA
- -- V2=25 kV, I~ 200mA
- - V2=30 kV, r- 300mA
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Improved buncher efficiencies were obtained for
the lower beam currents by adding a second
200-MHz buncher cavity at a distance of 154 cm
upstream from the linac entrance. Results are
shown in Figure IL2.b.3. Comparable results
were obtained when the frequency of the second
buncher cavity was 400 or 600 MHz. A more
detailed analysis of the results obtained with the
double buncher showed that with low beam
currents one can bunch the beam into a phase
spread of ±20° with an efficiency of 60 %.

On the basis of the results described here, it was
decided to install a double 200-MHz buncher
system. The distance between the two cavities
was chosen as 90 cm while the distance between the
second buncher and the linac was taken to be
71.5 cm. Further details of this system are given in
Section IILI.d.
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the actual lengths of the magnets, which had been
chosen from practical considerations. This was
done using the formula

G(/;) = ;t;J3 i 21; . G(/; = 0.5)

Here G (I: = 0.5) is the gradient that was calcu
lated assuming [; = 0.5. This relation was obtained
as an approximation to the exact theory, but was
proved to be valid for the parameters under con
sideration.

II.2.d) Nonlinear effects Having established the
quadrupole law, it was felt necessary to examine
the beam behavior in the presence of nonlinear
space-charge forces and to make sure that the
chosen machine parameters yielded good beam
quality in addition to high current transmission.
For this purpose, six-dimensional orbit calcula
tions were performed. A computer program23 was
used that calculated the longitudinal and trans
verse motion simultaneously. Coupling between
these motions was introduced by the rf accelerating
field in the gaps and also through the space-charge
forces. The transit-time factor was taken to be a
function of particle energy and radial distance
from the linac axis as well as of synchronous
energy. An abrupt change in phase was introduced
in the middle of the gap to guarantee conservation
of longitudinal phase space area for on-axis
particles. The space-charge forces were incor
porated into the program in the following way:
Each particle to be traced by the program was
assumed to be a small uniformly charged sphere
whose radius was determined by the nearby
particle density. The volumes and charges of all
the spheres added up to those of the beam bunch
(neighboring bunches were not considered). The
total space-charge force acting on a point in the
beam was the sum of the forces from all the
spheres. Image effects from the drift-tube walls
and the gaps between drift tubes were neglected
and beam loading of the cavities was not con
sidered.

The initial distribution in six-dimensional phase
space was chosen by the following considerations:
Because all components of the space-charge forces
depend on the longitudinal as well as on the trans
verse dimensions of the beam bunch, it was felt
to be important to try to match the beam in all
three phase-space planes simultaneously. Although
nonlinear space-charge forces were to be intro-

duced into the calculation through an initially
nonuniform charge distribution in three-dimen
sional physical space, an attempt was made to
find the matched physical dimensions of the beam
by again assuming that the bunch could be repre
sented by a three-dimensional uniformly charged
ellipsoid leading to linear space-charge forces.
This enabled one to write down two relatively
simple simultaneous equations from which the
average radius a and the half-length c of the beam
bunch could be solved, knowing, in addition to
machine parameters, the beam current, the trans
verse emittance P, and the initial energy spread ,1y.
Buncher calculations showed that optimum bunch
ing resulted in an energy spread of roughly ±20
keY at the entrance of the linac. This number
seemed to be almost independent of beam current
and was therefore used in all computer runs. The
transverse beam half sizes, ax and ay, were obtained
from the average dimension a by ax = fl a and
ay = a/J~, where t/J is the strong-focusing flutter
factor in the zero space-charge approximation.
It was proved that t/J does not vary with beam
current. The beam size in all six dimensions having
been determined, particles were distributed in the
following way: A 4-dimensional hyperellipsoid in
x - Px - Y - Py space with semiaxis X max =

ax, (Px)max = p/ax' Ymax = ay and (Py)max = play
was populated with a roughly uniform random
distribution. In longitudinal phase space an ellipse
with semiaxis ,1qJmax and (,1Y)max = 0.000021 (,1qJmax
corresponds to the bunch half length c and ,1y =
0.000021 to 20 keY) was filled randomly with
particles to yield a macroscopically uniform
distribution in,1qJ - ,1y space. No correlation was
introduced between transverse and longitudinal
coordinates. This initial six-dimensional phase
space distribution yields a nonuniform distribution
in physical space. Integrating over Px' Py and ,1y
one gets

I I.2.e) Results

Limiting currents For an initial quadrupole
gradient of 9.15 kG/cm, corresponding to the
design quadrupole law obtained above, computer
runs were made up to 10 MeV for different currents
in the range 50-500 rnA.
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FIGURE II.2.e.1 Output versus input current for an initial
quadrupole gradient of 9.15 kG/cm.

100

400

Figure IL2.e.l shows output versus input current
and also the longitudinal losses as a function of
input current. Theoretical fractional longitudinal
losses estimated roughly from

~qJmax - qJs

2~qJmax

are also plotted for comparison. The computer
program indicated no radial losses. As can be seen
from the curves in Figure IL2.e.2, which were
derived from the ellipsoidal model, some longitu
dinal losses could be expected for currents above
100 rnA (for which ~qJmax > qJs) while radial
losses should be small.

Additional runs with 50, 100 and 200 rnA were
made for an initial quadrupole gradient of 5.63
kG/cm. Figure IL2.e.3 shows output current and
radial losses in percent as function of input current.
No longitudinal losses were obtained. Figure
IL2.e.2 (ellipsoidal model) predicts that particles
should be lost radially in this case.

Beam-envelope oscillations As mentioned
earlier, beam dimensions at injection were chosen
in an effort to match the beam both longitudinally
and transversely, i.e., to reduce beam-envelope

100 200 300 400 500
I (rnA)

FIGURE II.2.e.2 Transverse and longitudinal dimensions
(a and c) of a matched beam as functions of current for different
initial quadrupole gradients.

oscillations. Figure IL2.e.4 shows the average
radius, rav == A:x . Ymax, of a 100 rnA beam and
its phase spread ~qJmax as function of drift-tube
number up to 10 MeV. rav and ~qJmax were obtained
from an output routine which calculates rms
values of particle coordinates. The longitudinal
and transverse beam-envelope oscillations of an
initially transversely mismatched beam are also
shown for comparison in Figure II.2.e.4. The
graphs show that the beam envelopes of the
matched beam oscillate slightly about smoothly
varying cruves (drawn in with dotted lines). The
amplitudes of these oscillations are within 10%
of the average values of rav and ~qJmax. Similar
results were obtained for other currents in the range
50-500 rnA. This implies that the match is indeed
reasonably good in spite of the assumptions of
uniform charge density, linear forces and smoothed
transverse motion which were used in the envelope
equations to obtain matched input conditions but
which were abandoned in the computer program.
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FIGURE IL2.e.4 Transverse and longitudinal beam en
velopes as a function of drift-tube number of a transversely
matched and a transversely mismatched beam (longitudinal
input conditions are those of a perfectly matched beam).

0.6

motion introduced by the rf field in the gap. This
can be done by making the transit-time factor and
the rf defocusing force in the gap functions of cell
number only and hence excluding their dependence
on particle coordinates. (In this case the Prome
correction is zero.) The transverse emittances were
recomputed under otherwise unchanged con
ditions. Results obtained with and without rf
coupling for 100 rnA between 0.750 MeV and
30 MeV are shown in Figure II.2.e.5. Figure
II.2.e.6 shows the particle distributions in the
X-Px and y-P y planes at 0.750 and 10 MeV in the

TRANSVERSE EMITTANCE =
1·22.5 wem-mrad (I IN amp.)
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FIGURE IL2.e.3 Output versus input current for an initial
quadrupole gradient of 5.63 kG/cm.

Emittance growth In all computer runs, the
areas which the beam occupies in the transverse
and longitudinal phase-space planes were calcu
lated in each drift tube by an rms method. Results
from these computations show that the longi
tudinal phase-space area is constant to within 15 %,
but that there is considerable increase in transverse
emittence. The nature of this transverse emittance
growth was further investigated in the following
way:

Since magnet-misalignment errors and non
linearities are not included in the computer
program, an increase in transverse emittance can be
caused primarily by two effects:

I) Longitudinal-transverse coupling through the
rf field in the gap between drift tubes.

II) Longitudinal-transverse and transverse
transverse coupling from nonlinear space-charge
forces.

In order to separate these two possible causes for
transverse emittance growth, changes were made
in the computer program which removed the
coupling between the transverse and longitudinal
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FIGURE IL2.e.5 Transverse emittance as a function of drift
tube number obtained with or without coupling through the
field for 100 rnA and 1 rnA (input conditions are those of a
100 rnA matched beam).

run with rf coupling. Comparison between these
distributions at 0.750 and 10 MeV confirms the
magnitude of transverse emittance growth shown
in Figure II.2.e.5. As can be seen from Figure
II.2.e.5, the curves obtained with and without
longitudinal-transverse coupling through the rf
field are very similar and one can hardly blame the
transverse emittance growth on this coupling
effect. In order to minimize space-charge forces,
computer runs were also made for 1 rnA and other
wise identical conditions. Values for transverse
emittances were again calculated and are also
plotted in Figure II.2.e.5. They show no significant
increase between 0.750 MeV and 10 MeV. One can
therefore conclude that the origin of the transverse
emittance growth most probably lines in nonlinear
space-charge forces. As can be seen from Figure
II.2.e.5, the transverse beam blowup occurs almost
entirely below 10 MeV.

Additional computer runs were made to see in
what ways the increase in transverse emittance
depends on beam and machine parameters: Figure
II.2.e.7 shows the normalized transverse emittance
obtained at 10 MeV for 100 rnA and various values
of initial nomrlaized emittance. Results indicate
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FIGURE II.2.e.9 Fractional emittance increase at 10 MeV
as a function of current for a beam brightness of 5 x 109

mA/cm 1 rad 1
.

Values for the fractional increase in normalized
emittance at 10 MeV deduced from runs with
different currents and initial emittances are shown
in Figure IL2.e.1 0 as function of brightness.

The X-Px emittance versus drift-tube number of a
IOO-mA transversely mismatched beam (see Figure
IL2.e.4) is shown in Figure 2.e.11 together with
that of a 100 rnA matched beam. Results indicate
that the emittance blowup becomes considerably
worse if the beam is not matched.

Another particle distribution in x-Px-Y-Py space
was also tried to find out whether the transverse
emittance growth found in the present calcula
tions is sensitive to the input conditions chosen in
the program. The uniform density distribution in
x-Px-Y-Py space was replaced by a distribution
which was gaussian in both transverse phase-space
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that the transverse emittance blowup grows rapidly
with decreasing initial emittance and there seems
to be a lower limit to the normalized emittance at
10 MeV. The dotted line represents the situation
for constant normalized emittance.

Detailed results of the runs with 0.009n cm-mrad
initial normalized emittance are shown in Figure
IL2.e.8. Transverse and longitudinal beam en
velopes and transverse phase space areas are
plotted as functions of drift-tube number. The
corresponding beam brightness is' 2.5 x lOll or
100 times larger than that obtained from recently
developed preinjector systems.

R'esults shown in Figure IL2.e.7 suggest that the
observed transverse-emittance blowup depends
strongly on the brightness of the beam. Computer
runs were made for different currents but constant
brightness and the fractional increases in nor
malized emittance at 10 MeV obtained from these
runs are shown in Figure IL2.e.9.

FIGURE IL2.e.8 Transverse and longitudinal envelopes and
transverse emittances as a function of drift-tube number for
100 rnA and initial normalized emittance of 0.009n cm-mrad.

FIGURE IL2.e.l0 Fractional emittance increase at 10 MeV
as a function of brightness (obtained from runs with three
different currents and different initial emittances).
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1= 100 mA
INITIAL NORMALIZED EMITTANCE =0.091Tcm-mrad

the situation. This might be connected with the
fact that the space-charge density increases with
increasing gradient and the nonlinear space charge
forces become even more important.

The results of the dynamic calculations on the
beam quality of the 200 MeV linac can be sum
marized as follows:

Considering the parameters of the preinjector
and buncher systems that are described here, one
should expect an emittance growth of the order of
50 % for a well matched 100-mA beam. This
growth is caused by longitudinal-transverse
coupling through nonlinear space-charge forces
and mainly takes place in the first tank, i.e., up to
10 MeV. If the beam is brighter or badly mis
matched, the fractional emittance growth will be
considerably larger and the normalized emittance
at 200 MeV will be several times that at 0.750 MeV.

Regarding the design details of the linac, the
dynamics calculations indicated the following
results:

1) The chosen quadrupole law seems to be
optimal with regard to preservation of beam
quality.

2) A more sophisticated buncher scheme, re
sulting in a smaller longitudinal emittance at the
entrance of the linac would reduce the emittance
growth and should be considered for future
improvement of the linac beam quality.

3) The beam should be well matched at the
entrance of the linac and between tanks.

Phase dampin,q and ener,qy spread Numerical
calculations on the effect of space charge on the
longitudinal motion described earlier in this paper
suggested that phase damping goes as f3- P where
t < p < ~. The exponent p approaches t for very
strong space-charge .forces. In all those calcula
tions, the beam cross section was assumed to stay
constant during acceleration.

Results from the present computer calculations
indicate that the phase spread of the beam de
creases as f3 - 3/4 even for strong space-charge
forces. However, as can be seen in Figure II.2.e.4
and II.2.e.8 the transverse beam cross section does
not remain fixed, but increases with the energy of
the beam. (The increase in beam cross section is
determined by the amount of transverse emittance
gro\Vth and also by the magnet law, i.e., quadrupole
gradient versus drift-tube number.) This results in
weaker longitudinal space-charge forces and faster
phase damping.
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FIGURE IL2.e.11 x - Px emittance as a function of drift
tube nutnber for a transversely matched and transversely mis
matched 100 rnA beam (longitudinal input conditions are those
of a perfectly matched beam).
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FIGURE IL2.e.12 Fractional increase in en1ittance at 10
MeV as a function of initial quadrupole gradient for a beam of
100 rnA and initial normalized emittance of 0.09rr cm-mrad.

planes separately. Very similar results were ob
tained for the increase in transverse emittance up
to 10 MeV. Runs which were repeated with fewer
particles also yielded consistent results.

The dependence of the fractional increase in
transverse emittance on initial quadrupole gradi
ent, Gi , is shown in Figure II.2.e.12 for a 100 mA
beam. The deterioration of transverse beam quality
which was obtained for Gi = 5.63 kG/cm and was
accompanied by radial losses is not surprising ifone
considers that net focusing forces are small for this
initial quadrupole gradient. However, it is not
immediately clear why going to much higher
gradients (such as 12.67 kG/em) fails to improve
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FIGURE IL2.e.13 Transverse emittance as a function of
drift-tube number assuming space charge forces only and an
initially uniform charge distribution ... Weak" focusing is used.

UNIFORM DISTRIBUTION, TRANSVERSE SPACE CHARGE,
·WEAK" FOCUSSING

role in space-charge induced transverse emittance
growth.

Calculations involving transverse space-charge
forces in conjunction with weak focusing were first
performed starting with a uniformly filled 4-dimen
sional hyperellipsoid similar to that described here
earlier. 24 The 2-dimensional projection in the
physical x-y plane will also be uniform and will lead
to linear transverse space-charge forces. The
particles were distributed in a "regular" rather
than random fashion, i.e., the distribution was
microscopically (within the limitation given by the
size of the macroparticles) rather than macro
scopically uniform. Theoretically such a distribu
tion is self-consistent (Kapchinskij-Vladimirskij

)(

a..
I
x

(/) 50.-
~ 40

The energy spread of the beam bunch was also
calculated in each drift tube by an rms method.
No significant deviation was found from the
fJ+ 3/4 law expected for the increase of energy
spread with acceleration in the zero space-charge
linear-theory approximation. This is consistent
with fJ - 3/4 phase damping and constant longitu
dinal phase-space area.

Coupling effects In order to obtain a qualitative
or, at the most, a semiquantitative understanding
of the coupling effects, the computer program was
modified with respect to its treatment of space
charge forces, quadrupole focusing forces and rf
fields in the grap between drift tubes. These
changes were motivated by the following consider
ations: Previous results eliminated longitudinal
transverse coupling through the rf field as major
contributor to the observed emittance growth.
Since magnet-misalignment errors and magnet
nonlinearities are not included in the computer
program, the observed increase in transverse
phase-space area must be caused by either space
charge induced longitudinal-transverse or trans
verse-transverse coupling, or both. These effects
were now separated by excluding the longitudinal
motion in "the code and repeating some of the
calculations in 4-dimensional transverse phase
space. Transverse space-charge forces were calcu
lated by assuming that each of the particles is an
infinitely long and uniformly charged cylinder, the
radius of which is determined by the requirement
that all cylinders together fill up the x-y cross
section of the beam. The bunched character of
the beam was described by the use of a bunching
factor which was varied smoothly with the energy
of the beam taking a fJ- 3/4 law for the adiabatic
phase damping. Transverse-longitudinal coupling
induced by the rf field in the gap and, to a very
minor extent, by the quadrupole magnets was
also removed in the computer program when
ever transverse space-charge forces only were
calculated.

In conjunction with these modifications, two
different focusing schemes were used. One of these
was the ordinary + - + - strong focusing system.
The other was more hypothetical and was called
"weak" focusing. It implied equivalent continuous
focusing in both transverse directions, such as one
would obtain from a very long high-field solenoid
magnet. The purpose of the second scheme is to
remove the strong-focusing flutter of the beam
which, according to theories based on a thermo
dynamical model, is believed to play an important



BNL 200-MeV LINEAR ACCELERATOR 23

~
NON-UNIFORM DISTRI BUTION AND

0 TRANSVERSE SPACE CHARGE
~

e
• WITH STRONG FOCUSSI NG(+-+-)I

e o WITH "WEAK" FOCUSSING
u (WITH EQUIV. GRADIENTS)
t::-
>
CD NORMALIZED EMITTANCE AT:E

~
0.750 MeV:

.... 0.2 Ex - p = Ey _ p =0.0 9 .". em mrad
<t x~
w e -00 0.1z
~
t: 0
:E 8 9 10 II 12
w
w
en
a:: NORMALIZED EMITTANCE ATw
> 0.750 MeV:en
z

0.2<t Ex-px=Ey_po =0.009.".a::....
....J 0.1
<t
:E 0

a::
0z 7 8 9 10 II 12 13

Gj ( Kg/em)

FIGURE II.2.e.l5 Normalized transverse emittance at 10
MeV as a function of initial quadrupole gradient for "Weak"
and + - + - strong focusing (indicated gradients refer to
+ - + - strong focusing) assuming transverse space-charge
forces only and an initially nonuniform charge distribution.

formly filled in a random fashion as had been done
in the calculations in Ref. 22. This distribution is
nonuniform and nonregular in the x-y plane and
consequently nonlinear effects should now be
present to a higher degree than in the case of the
initially uniform distribution. Computer runs were
made for both "weak" and strong focusing for
initially equal transverse emittances of 0.009 and
0.09 n cm-mrad, respectively. These runs were
also repeated for two other initial quadrupole
gradients.

Transverse emittances as functions of drift-tube
number using strong focusing with an initial gra
dient of 9.15 kG/cm are shown in Figure 1I.2.e.14.
It indicates a negligible increase in transverse
phase-space area in the case of initial emittance of
0.09 n cm-mrad. For the smaller emittance of
0.009 n cm-mrad, a substantial emittance growth
does show up. It is, however, only one-fourth of
the growth obtained by including longitudinal
space-charge forces and using otherwise similar
conditions. Figure 11.2.e.I5 shows the normalized
transverse emittance at 10 MeV as a function of
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FIGURE II.2.e.14 Transverse emittance as a function of
drift tube number assuming transverse space charge forces
only and an initially nonuniform charge distribution. + - + 
strong focusing is used.

2

distribution25
). Figure 11.2.e.I3 shows the trans

verse emittances, as functions ofdrift-tube number,
for different initial transverse emittances. There is
hardly any emittance growth even for an initial
emittance of 0.009 n cm-mrad which is ten times
smaller than that obtained with the most recently
built preinjector systems. Figure 11.2.e.I3(b) and
(c) shows results for initially unequal transverse
emittances. In the case of Figure 11.2.e.13(b)
matched conditions imply that linear space-charge
forces virtually cancel the magnetic focusing forces.
Then, for initially unequal emittances, even small
nonlinearities in space charge forces, caused by a
slight lack of self-consistency of the initially
uniform distribution, seem to cause a large growth
of the smaller emittance. In Figure 2.e.13(c) again,
the two initial transverse emittances differ by a
factor of ten. However, their absolute values are
ten times larger than those shown in Figure
11.2.e.13(c) and linear space-charge forces are now
small in comparison to the magnetic focusing
forces. Consequently, coupling effects due to non
linear space-charge forces become much less
important and the individual emittances stay
constant.

Similar calculations were then repeated with a
different kind of initial distribution. A 4-dimen
sional hyperellipsoid in x-Px-Y-Py space was uni-
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initial quadrupole gradient for initial normalized
emittances of 0.009 nand 0.09 n cm-mrad using
both "weak" and strong focusing.

As can be seen from Figure II.2.e.15, for the two
lower gradients the use of strong focusing causes
a very minor increase in the emittance at 10 MeV
over the corresponding value obtained with "weak"
focusing. Only in the case of the highest initial
gradient does the use of strong focusing make the
transverse phase space area at 10 MeV considerably
larger. However, in this case, "weak" focusing, too,
yields a higher value for this quantity. The origin
of this effect is not fully understood and it should
not be taken as conclusive. Analytical calculations
predict, that, for a matched beam, the nonlinear
transverse space-charge effect should be inde
pendent of the strength of the magnetic focusing.
The increase of these effects, which appeared in the
computer runs, for the highest gradient and its
corresponding small matched beam radius, might
be traced back to the presence of high local charge
densities near the axis of the linac, caused by the
irregular nature of the random initial distribution.
It should also be pointed out that the step-wise
integration of space-charge forces used in the pro
gram becomes less justified as the wavelength of the
transverse oscillations goes down.

From the results of the calculations which were
described above, it was concluded that non
linearities in transverse space-charge forces were
not the major cause of the observed emittance
growth. Longitudinal-transverse coupling through
space-charge forces thus seems to be the main
reason for transverse emittance growth in bright
linac beams. This effect was then further investi
gated with the original version of the computer
program, i.e., describing the beam bunch by a
collection of spheres including longitudinal space
charge forces and also longitudinal-transverse
coupling through the rf field and the quadrupole
magnets.

Additional computer runs were carried out
varying the initial longitudinal phase-space area,
which had been kept nearly constant (""0.30 n
cm-mrad in equivalent units, which corresponds to
±32° phase spread and ±20 kV energy spread) in
earlier work. A + - + - focusing system with an
initial gradient of 9.15 kG/cm, was used.

Figure II.2.e.16(a), (b) and (c) show the longitu
dinal and average transverse emittances as func
tions of drift-tube number for an initial normalized
transverse emittance of 0.09n cm-mrad and initial
normalized longitudinal emittances of 0.02, 0.08
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TRANSVERSE NORMALIZED EMITTANCE AT 0.750 MeV(7Tcm-mrad )

FIGURE II.2.e.18 Normalized transverse emittance at 10
MeV as a function of normalized transverse emittance at
0,750 MeV assuming longitudinal and transverse space charge
forces and an initially nonuniform charge distribution. + - + 
focusing used.

and 0.30n cm-mrad, respectively. As can be seen
from Figure II.2.e.16, the transverse emittance
grows in all three cases but the value at 10 MeV
becomes considerably reduced if the initiallongi
tudinal emittance is equal to or smaller than the
corresponding value in transverse phase space as
in the case of Figure II.2.e.I6(a) and (b). Similar
results are expressed in Figures II.2.e.I7 and
II.2.e.18. Figure II.2.e.17 shows the normalized
transverse emittance at 10 MeV as a function of
initial energy spread for initial transverse emit
tances of 0.009 and 0.09n cm-mrad respectively.
The initial energy spread is almost proportional to
the initial longitudinal phase-space area because
the matched bunch half-length, c (see Ref. 22) is
insensitive to changes in the longitudinal phase
space area for conditions which apply to these
runs. Figure II.2.e.I8 shows the transverse emit
tance at 10 MeV as a function of initial transverse
emittance for initial longitudinal emittances of
0.08 and 0.30n cm-mrad, respectively.

II.2.f) Low-energy transport system (up to second
buncher) The distance between the preinjector
and the second buncher is approximately 7.3 m.
A 200-mA beam with a phase space area of 4.5n
cm-mrad must be transported over this length
with minimum loss in beam quality. For an un
bunched beam of this brightness, nonlinear space
charge effects are not serious if sufficient focusing
is provided. However, nonlinearities due to quad
rupole fringing fields can cause emittance growth
in low-energy transport channels. In order to
design a satisfactory system, an effort was made
to keep this last effect as small as possible. For a
periodic transport system made up of triplets with
magnet length I, 2/, 1 and uniformly charged
circular beam of brightness of 109 mA/cm2-rad2

and higher, the combination of parameters govern
ing the magnitude of both emittance distortions
and radial growth is (BI(33) (all12), where B is the
beam brightness, f3 is vic and a l is the average
beam radius at the center of the triplet. For a
beam of given energy and brightness, the quantity
ail12 should therefore be kept as small as possible
within the limits of practicability, i.e., the distance
between adjacent triplets should be made small in
order to prevent the beam from growing too large.
This means maximum possible focusing, which
also will reduce space-charge' effects.

A triplet system with a period of 1 m (i.e., the
distance between the centers of tw.Q adjacent
triplets is 1 m) in which each triplet is made up by
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FIGURE 1I.2.r.l Beam transport layout between preaccelerator and linac.

12.1,20.8 and 12.1 cm long magnets separated by
0.7 cm was found compatible with keeping the
quality at/12 small and leaving enough space for
diagnostic and other equipment between triplets.
The first triplet, 7 cm away from the exit of the pre
injector consists of 14.4, 23.4 and 14.4 cm long
magnets. It matches the output emittances· of the
column to the periodic triplet system, which is made
up of six units and ends at the second buncher.

The beam grows largest in the direction in which
the first magnet of a triplet is defocusing; conse
quently fringing-field effects will also become more
important in this direction. In order to prevent a
cumulative emittance growth larger in one phase
space plane than in the other, the polarity of the
magnets in each triplet is alternated going from one
triplet to the other.

The apertures of the magnets are determined by
the requirement that they should be roughly twice
the beam diameter. In this way effects from higher
order multipole fields will be considerably reduced.
This results in magnet apertures of 4 in. in the first
triplet and 3 in. in the rest. The complete system is
laid out in Figure 11.2.f.1.

Numerical calculations A computer program
which includes the effects of space charge and of
quadrupole fringing fields was used to trace the

beam~from the preinjector to the linac. 26 For the
unbunched beam the program calculates the four
transverse coordinates x, Px' Y and Py of individual
particles.

Quadrupoles are treated as ideal thick lenses.
Fringing field effects are introduced in the follow
ing way:

Neglecting space-charge forces, the equations of
motion in a transport system are given by

d2x K"(s)
ds2 + K(s)x = K'(s)xyy' + ----u- (3xy2 + x 3)

J2y K"(s)
ds2 + K(s)y = K'(s)xyx' + ----u- (3x2y + y3)t

where K(s) represents the variation of the gradient
along the axis of the system and where the deriva
tives are with respect to s, the distance along the
axis. If one assumes that K(s) is a step function, the
value of which is Ko inside the magnet and zero
elsewhere then at the magnet boundaries, K'(s) and
K"(s) are proportional to a delta function and to the
derivative of a delta function, respectively. The

t Including terms up to the third order but leaving out
expressions containing X,2, y'2 and x'y'.
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changes in Xl and yl at the entrance to and the exit
from a quadrupole are given by

27

(a)

FIGURE 11.2.£.2 (a) Phase-space diagrams at the exit of the
Preinjector. (b) Phase-space diagrams at the center of the
buncher of the proposed transport system. (c) Phase-space
diagrams at the end of the proposed transport system (at en
trance of the linac).

(b)

Ko
~XI = ± 4 (2xyyl - Xlx 2 - Xly2)

i\y' = ± ~o (2xyx' _ y'x2 _ y'y2).

There will also be changes in X and y given by

K
i\x = ± 1; (3xy2 + x 3)

K
i\y = ± 1; (3x2y + y3).

The values for x, y, Xl and yl in the expressions of
~Xl, ~yl, ~x and ~y are taken as averages of the
values just before and just after the fringing field
region. In this way the transformation will have a
Jacobian that is unity.

Earlier calculations on bunching showed that for
optimal longitudinal trapping, there is only a
relatively small advantage in using a double
buncher to bunch a 200-mA beam. Consequently
in the present calculations the beam is taken to be
continuous up to buncher 2.

In order to include space-charge effects, the
beam is represented by equally charged particles,
each ofwhich is assumed to be a very thin, infinitely
long cylinder. The radius of these cylinders is deter
mined by the requirement that the cylinders fill the
x-y cross section of the beam, which is estimated by
computing the rms values for the X and y co
ordinates of all particles. The entire transport
system is divided into sections the length of which
are of the order of 10 cm. In the middle of each sec
tion, space-charge forces acting on the individual
particles are calculated and changes in the Px and
Py coordinates, caused by the space-charge forces
in the section are computed.

At the beginning of the transport system, the
coordinates of the particles are chosen randomly
within a 4-dimensional hyperellipsoid whose pro
jections in the X-Px andy-py planes are the measured
emittances at the exit of the preinjector. This
macroscopically uniform four-dimensional distri
bution does not yield a uniform distribution in
its 2-dimensional projections. The density distri
bution in the x-y plane, obtained by integrating
over Px and Py, is given by

p(x, y) ~ (1 - R 2
),

P:._ ·,_···,····,··· ~~l~.:' , ,,.

(a)

I ••• , t ; , ••• , .,.

~.::.,: .
~ ':'::.::::: ::.
....... • I .... , ••.•t·_·········if:~::g;~:ti:·::··············'···....

" :,':'

(b)

••• I •• ; , • I •• I.

It:

r:_·,····,····,··············:~'.1'··'····_··········· ....

(c)

•••••••• I •• i.... ..... ..... . .... ... ....

~ i::
.~:.••••••••• o ;:~~ •••••••••••••••• o ..

.!l
/!

!
• , ••• t ; ••• , • ,

.......... .,a .

.,

... :.::
~ . ~:t~r::·:. - .o o o ,._.o·~:.~~~f'T:.. ·'· .. ·o , ,.

· ....,: i

i

I
•• I I I I : ••• I • ,

(c)

• I ••• ; ••• t , I

...... ..... ..... ., .... "' .f"



28

0
0

0
.n

g
0...

~
0
".,

~
0
N

~
X~

L:
1::8

~cb 00 .75

(J).-
zE?
:::37

g
>-~

~
0
P1

~

~ [E
~
0

G. W. WHEELER, et al.

X( Y) beam profile
with fringing field

6 without fringing field

FIGU RE 1I.2.f.3 (a) Beam profiles in the proposed transport system with bunching.

where x = X max R cos (J, Y = Ymax R sin (J and 0 ~

R ~ 1. (At the exit of the column the beam is
circular and Xmax = Ymax = r, where r is the radius
of the beam.)

In order to separate nonlinear effects due to
space charge from those introduced by quadrupole
fringing fields, each computer run was repeated
without fringing-field corrections.

Results Figures 11.2.f.2 and 11.2.f.3 give results
obtained with the system shown in Figure 11.2.f.l.
Figures 11.2.f.2(a), (b) and (c) show the distribution
of particles in the x-px and Y-Py planes, respectively,
at the beginning of the system and at the second
buncher. Beam profiles and rms areas are shown as
a function of distance along the axis of the system
in Figures 11.2.f.3(a) and (b). As can be seen from
the beam profiles, the motion of the beam is not
entirely periodic with the given quadrupole settings.
However, in practice, one hopes to make the
periodicity more complete by measuring the beam

in the viewing boxes halfway between triplets and
to adjust the gradients until the beam comes to a
circular focus at these points.

For comparison two other triplet systems were
tried. Figures 11.2.f.4(a) and (b) show results
obtained with a different triplet system. It contains
four triplets. (Each triplet again consists of 12.1,
20.8, 12.1 cm long magnets separated by 0.2 cm.)
The first triplet matches the beam from the pre
injector to a periodic triplet system, which in this
case consists of three units only. The distance
between the centers of two adjacent triplets is
almost twice as large as that of the system in
Figure 11.2.f.l. Consequently the beam grows too
large in the magnets and fringing-field effects be
come more serious.

A transport channel in which the seven first
triplets of the system in Figure 11.2.f.l are replaced
by doublets with 20.8 cm long magnets was also
tried. The first magnet of each doublet focuses in
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FIGURE 11.2.f.3 (b) Relative cmittances in the proposed transport system up to the linac (including bunching).

the x-direction. If one wants to avoid large
fringing-field effects, the beam should not be too
large in the y-direction at the plane of the second
magnet of the doublet. The gradients were there
fore adjusted to make the beam go through a
minimum in the y-direction just before entering a
doublet. This scheme causes the beam to become
very eccentric, as can be seen from FigureII.2.f.5(a).
Figure II.2.f.5(b) shows a considerable increase in
rms phase-space areas, both with and without
fringing-field effects. This emittance growth is
probably caused by nonlinear space-charge forces
in the highly eccentric beam.

As can easily be ascertained from the results
shown here the seven-triplet transport system is
preferable to the others and it was chosen for the
low-energy transport channel.

II.2.g) Intercavity drift spaces The determination
of the length of the drift spaces between tanks repre-

sents a compromise between the space required for
physical access into the tanks for maintenance,
providing room for valves and diagnostic equip
ment between cavities on one hand and on the
other, to minimize discontinuities in the longi
tudinal motion. The final lengths chosen are
shown in Table II.1.h.1. The phase of the rf
field in adjacent tanks is adjusted to allow for
the transit time of the particles through the drift
space. '

Transverse matching The transverse matching
between tanks was done by means of four tank
quadrupoles, two adjacent to each end of the
drift space, connected in pairs as shown in Table
II.2.g.1.

A multiparticle computer program was written
for the transverse motion which adjusted the
gradients of each pair until a "matched beam" at
the center of the first of the two quadrupoles before
the drift space was transformed into a similarly
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TABLE IL2.g.1

Intertank quadrupole connections

Drift-tube
Cavity quadrupole Quadrupole Quadrupole Field

interspace numbers polarities type strength

1-2 I-57 and 2-1 - and + III 4.85 kG/em
2-3 2-60 and 3-2 - and + V 1.41 kG/em
2-3 2-61 and 3-1 + and - V 2.15 kG/em
3-4 3--35 and 4-2 - and + V 1.44 kG/em
3-4 3-36 and 4-1 + and - V 1.24 kG/em
4-5 4-29 and 5--2 - and + VI 1.07 kG/em
4-5 4-30 and 5-1 + and - VI 0.92 kG/em
5-6 5-23 and 6-3 - and + VI 0.85 kG/em
5-6 5-24 and 6-2 + and - VI 0.86 kG/em
5-6 5-25 and 6-1 - and + VI 0.76 kG/em
6-7 6-22 and 7-2 - and + VI 0.80 kG/em
6-7 6-23 and 7-1 + and - VI 0.71 kG/em
7-8 7-21 and 8-2 - and + VI 0.75 kG/em
7-8 7-22 and 8-1 + and - VI 0.70 kG/em
8-9 8-21 and 9-1 - and + VI 0.68 kG/em
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FIGURE II.2.f.4 (b) Relative emittances for a four-triplet transport system up to the buncher.

matched beam at the center of second quadrupole
after the drift space.

The first part of the program computed the
"matched beam" input ellipses and longitudinal
bunch length, which were needed as input numbers.
To do this, approximate values were obtained by
the program from the focusing properties of the
two previous cells, the transverse phase-space
areas, and the beam current, in the same manner
in which the initial matched conditions were
calculated for the computations discussed earlier
in this paper. The program then repeatedly trans
formed these normal ellipses through the linac
focusing period (two cells) preceding the matching
quadrupoles, each time modifying the ellipses
until the transformation left them unchanged. The
second part of the program transformed these
"matched ellipses" through the four matching

quadrupoles and drift space, this time the strength
of the two quadrupole pairs were varied by the
program until the transformation left these ellipses
unchanged. In the ellipse transformations used
in both parts of the program, linear transverse
space-charge forces were included with the assump
tion that the beam is an infinitely long cylinder. The
bunched character of the beam was taken into
account by multiplying the beam current by a
bunching factor obtained from the calculated
bunch lengths.

II.2.h) High-energy beam transport system (HER1)
Transport of the bunched linac beam involves the
design of a system in which space-charge forces
play an important role. 2

7 The conversion of the
linac beam into one suitable for injection into the
AGS takes place in the HEBT. As may appear
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from Figure IL2.h.I, this transport system consists
of three parts. In the first part, 77 m long, the
bunching factor is reduced to about 2.5, the energy
spread to about ± 10- 3, and the transverse
focusing strength is gradually reduced by a factor
of 4.5. The second part is a dispersion-free bending
system of 27 m length in which the beam direction
is changed by 36°43'. In the last part, with a length
of 39 m, the final transverse matching operation
to the AGS is performed. The emittance may be
adjusted in a group of six quadrupoles. This group
is followed by horizontal and vertical steering
elements. In this fashion coupling between
emittance adjustments and beam-axis control is
minimized.

A constraint for the design of the HEBT was
that the relative positions of linac and AGS, as
well as the layout of the transport tunnel, had
already been chosen. This imposed severe limita
tions on the geometry of the beam path. Another

complication was the presence of the BLIP facility
(BLIP for Brookhaven Linac Isotope Producer)
which required a beam switch and its own transport
system.

We shall consider consecutively:
The longitudinal motion.
The transverse motion.
The transport to the BLIP facility.
The effect of the earth's magnetic field.
Beam monitoring equipment.
Accuracy requirements.
Apertures.

1. Longitudinal motion Let us consider the
longitudinal motion first. It is evident that the
energy spread in a bunched beam will increase with
drift length due to longitudinal space-charge
forces. The effect increases with beam current and
bunching factor. This means that such a beam will
show dispersion after passing through a nominally
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dispersion-free bending system because such sys
tems rely on the constancy of the energies of the
individual particles. This makes it necessary to
debunch intense bunched beams upstream of
such bends.

Computer runs by A. Benton indicate that the
available drift space of 77 m is too short to reduce
the bunching factor sufficiently if the beam is
matched to the rf buckets in the linac. As expected,
they also show that in intense beams the energy
errors increase drastically with increasing distance
from the linac due to space charge, the increase in
energy error coming too late to affect the bunch
length appreciably. Therefore, we propose to
increase the energy spread at the linac exit to ± 1%
by adjustment of the linac. With this large spread,
the beam debunches to bunching factors of 2.5
or less after a drift space of 50 m. At this point the
coherent part of the energy spread may be removed
by a l.4debuncher," leaving the incoherent part at
rather less than ±0.1 %. The energy spread
increases again beyond the debuncher, but the effect
is inconsequentially small with the small bunching
factors obtained.

2. Transverse motion

a) BENDING SYSTEM The dispersion-free bending
system occupies a central position in our consider
ations because it establishes independently an
input axis and an output axis in space. For optimum
results the beam has to enter along the input axis;

if it does, it will emerge along the output axis.
The bending system proper is conventional and
consists of two identical bending magnets of
wedge shape with uniform fields, each deflecting
the beam by 18°21'. Their field strength is 12 kG
and the effective bending centers are separated
by 27.35 m. This limits the local betatron wavelength
to A = 54.70/(2n + 1) m with n = 0, 1, 2, 3, ....
Consideration of transverse space-charge effects
to be expected in anticipated beams (i.e., 100 rnA,
E 2 0.3 cm-mrad, B ~ 2.5) showed that n = 0
would provide sufficient focusing strength so that
the quadrupole system between the two bending
magnets could consist of three symetrically placed
quadrupoles. The system is arranged to yield a
betatron wavelength of 54.70 m in both transverse
directions. The beam displacement due to mo
mentum change is 7 cm/% J1p/p in the midplane
of the central quadrupole.

As shown in Figure II.2.h.2, quadrupoles have
been added to each side of the system proper such
that the midplanes of the bending magnets and the
midplane of the central quadrupole are planes of
mirror symmetry. In the absence of space-charge
effects, this arrangement yields unitary transforma
tions for the two transverse directions from input
plane to output plane and - 1 transformations
from planes upstream of the first bending magnet
to corresponding planes upstream of the second.
Hence the emerging beam is nominally identical
with the entering beam. We make use of the -1
transformations for beam-monitoring purposes.

FIGURE II.2.h.2 Schematic of momentum recombination section of HEBT.
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The feasibility of this bend was shown analytically;
the actual values for the components were
calculated with the SLAC beam transport
program. 28

b) TRANSPORT BETWEEN LINAC AND BEND The
transport system between the linac and the bend
consists of a string of 13 quadrupoles (the last one of
which has been combined with the first one of the
bending system to a single physical unit) with is
centered on the elongated input axis of the bend.
This elongated axis should coincide with the linac
axis; adjustable dipole moments in the last several
linac quadrupoles provide steering for the cor
rection of errors in this respect. The system is an
extension of the linac focusing structure; it forms
a nearly periodic system with betatron phase
changes per cell of nj2 for both the horizontal and
the vertical motion. The departure from exact
periodicity is caused by the gradual increase in
cell length necessary to match to the linac focusing
structure at the input end and to the bending
system at the exit. The individual cells are formed
of mirror symmetric half-cells; each half-cell is
composed of two quadrupoles of equal strength
and opposite polarity, separated by a drift space.
In the thin-lens approximation, the quadrupole
strength Q is related to the drift length I via

I cB +1
QI = E a c ~ . Iquad . I = -M"'

opy or v' 2

Eo is the rest energy of protons in eV, c is the
velocity of light in mjsec, oRjar is the quadrupole
gradient in Teslajm, and Iquad is the effective length
of the quadrupole.

The whole structure is obtained by butting the
quadrupoles of successive half-cells together, com
bining each pair into a single physical unit. De
pending on the strength of the first quadrupole the
system may begin with either a quarter-cell or a
half-cell. This leaves some choice for the'quadru
pole law inside the linac. In choosing the individual
cell lengths we repeatedly made use of the property
that in this structure one may pass from one length
11 to another length 12 without loss of match if the
two structures are joined by a matching cell of
length I = Jilt;. The beam is only mismatched
at the two ends of the matching cell. This is a con
sequence of the fact that one cell corresponds with
half an envelope oscillation (and a quarter betatron
oscillation). The final list of quadrupole spacings
was obtained by trial and error, satisfying the
matching requirements at the two ends and fitting

the system to the predetermined available length.
The mismatch is small everywhere in the transport
system because the fractional increase in cell
length per cell is only of the order of 0.1. Another
mismatch occurs at the junction with the bending
system. Although the betatron wavelengths are
accurately matched at that point the focusing
structures are not, so that the matched emittances
are different in shape. Since the mismatch is not
very large, we did not pursue this matter.

c) THE AGS MATCHING SECTION In the AGS
matching section, the beam which emerges from
the bend, where the betatron wavelength is 54.70 m,
is matched to the AGS where the betatron wave
length is about 92 m. This would require a wave
length matching cell with a length of about 17.7 m
(= J;v 1;~2j4) and one-eighth of a structure with
wavelength equal to the AGS wavelength for emit
tance-shape matching, or a similar configuration.
Each of these choices, requiring six quadrupoles
downstream of the last bending magnet, would be
weighted in favor of matched beams inside the
AGS and therefore prejudiced against other modes
of operation and would impose severe but different
restrictions on the quadrupole locations. This led
us to prefer a more general approach, accepting the
consequences of resulting local mismatches. We
put the two quadrupoies belonging to the bending
system in their calculated locations and distributed
four additional quadrupoles uniformly over the
available drift space. Then we used the SLAC
transport program to calculate the quadrupole
strengths necessary to obtain a matched beam
inside the AGS and to check whether the resulting
beam was "reasonable." For this calculation, we
set the first quadrupole, which still belongs to the
bending system, to its calculated strength. In
addition to this, we used this program to satisfy
ourselves that this arrangement permits a wide
range of operating conditions if all six quadrupole
strengths are regarded as variables. Comparison
with four quadrupole matching schemes showed
the proposed one to be far more flexible. Our
calculations suggest that it will convert nearly any
linac beam into practically any desired AGS beam.

3. Transport to the BLIP facility In order to
be able to operate the linac independently of the
AGS, a beam dump close to the linac was planned
from the early stages of the project. The beam
reaches this dump via a switching magnet in the
main line, as indicated in Figure IL2.h.3, so that
alliinac pulses except the ones to be used for AGS
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FIGURE IL2.h.3 Schematic of BLIP transport line.

injection may be used for linac tuning, diagnostics
and strudies.

The large time-average intensity of 200-MeV
protons (> 180 f.1A or >36 kW) available in this
area makes it into an attractive facility for the
production of neutron deficient isotopes, the BLIP
facility. As shown in Figure IL2.h.3 the part
common to the transport system to the AGS and
BLIP contains the first two quadrupoles and the
switching magnet. The switching magnet is off
while the AGS is being injected; for BLIP operation
it forms the first element of a nominally dispersion
free bending system in which the beam is deflected
through 30°. Of this, the switching magnet and the
second bending magnet each supply 7.5° and the
third one supplies 15°. Between the last two
magnets are three quadrupoles. Because the beam
is still highly bunched in this area the effects
discussed in Section IL2.h.2 are very much in
evidence. As an example consider a normal,
matched linac beam of 100 rnA and 1t cm-mrad
emittance. In the drift space between the last two
bending magnets the beam may have an effective
diameter of the order of 2 cm, while the bunches
might also be about that long. In that case the
electric field strength on the bunch surface would
be some 45 kV1m and the energy spread would be
increased by about ±300 kV by the time the bunch
reaches the last bending magnet. This increase
leads to an increased angular spread beyond that
magnet of ±400 f.1rad, increasing the effective
horizontal emittance by a factor of 1.5.t

t The effect can be compensated for at least partly by a
beam-sweeping device which is driven in synchronism and in
phase with the bunches, the modulation strength being related
to the charge distribution within the bunches. We are not at
present proposing to install such a device.

The same dispersion occurs about one-sixth as
strongly at the exit of the second magnet; it is
reduced because the angle of bends smaller and
the drift space from the first magnet shorter.

Beyond the bend the beam drifts through a
vacuum pipe toward a watercooled stainless steel
window, which it penetrates. At this point it
becomes available to the users of the BLIP facility.
Throughout the vacuum pipe it is focused by a
conventional quadrupole arrangement.

4. The effect of the earth's magnetic field
Assuming an average value for the locality, the
earth's field causes displacement and distortion
of the beam axis; the resulting shape is determined
by the balance between the earth's field and the
local correction by the quadrupole fields. Without
further action, the maximum displacement is
0.6 mm immediately after the linac. Due to the
decrease in focusing strength with increasing
distance from the linac, the maximum displace
ment increases to 3.6 mm at the entrance to the
main bend. The dispersion caused by this bending
field is <0.003 ~plp mm, negligibly small. The
displacements are relatively small and the beam
pipe could be wrapped with a double magnetic
screen in order to reduce the effects by about an
order of magnitude.

5. Beam monitoring equipment In view of the
problems with heat dissipation, radiation and
activation of devices which intercept the beam
partly or wholly, it is important that the beam
monitors be as transparent as possible. Even
better are nondestructive devices. We monitor our
beams as much as possible with nondestructive or
nearly nondestructive devices and limit the use of
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destructive equipment to special, nonroutine appli
cations. Most measurements are done using beam
current transformers, beam-position monitors,
and beam-profile monitors. All of these units are
described in detail in Section III. 7.

6. Accuracy requirements The uncertainty in
the coordinates of the beam axis in the inflector
due to misalignments of elements in the transport
system is less than 15 times the standard deviation
of the alignment errors. Since these errors should
be within ±O.2 mm, we are practically certain that
the beam axis will be somewhere inside a circle
with 1 cm radius around the design axis. As we
move upstream towards the linac the radius of the
circle decreases, of course. This limit on these
errors may be compared with the available aperture,
which is 3 in. or more. Because the focusing system
is not only nearly periodic but also oscillates at
approximately the oscillation frequency, the beam
is rather sensitive to the quality of the quadrupoles
used. Calculations show that we have to require a
constancy of the effective field gradient to within
10- 3 over the useful aperture.

The deflection angles in the two bending magnets
of the main bend should be equal to within a few
parts in 105

• This poses a severe problem. It is
relieved somewhat by making the two magnets
nominally identical, and by providing each one of
them with a main excitation coil and a trimming
coil. The main coils may be run in series and the
trimming coils in series opposition. In this way the
stability requirement for the main excitation
current may be relaxed in 10- 3 to 10- 4, provided
that the temperature differences between the two
magnet structures are kept small.

The switching magnet is another potential source
of trouble. It should cause no beam deflection in the
nominally "off" position with a tolerance of ±10
J-lrad. Satisfactory performance has been achieved
operationally.

7. Apertures The aperture requirements were
based on the consideration that the transport
system should be able to pass at least the worst
beam still acceptable to the AGS. This led to the use
of a vacuum pipe with a diameter of 3 in. nearly
everywhere. Exceptions are the BLIP line, the
central part of the main bending system and a part
of the AGS matching section. There the pipe diam
eter is 4 in., either because the space is needed
(main bend) or to provide space for beam gym
nastics.

III. DESCRIPTION OF THE FACILITY

111.1. Preinjector and LEBT

IILI.a) Description of the ion source The pulsed
duoplasmatron ion source was chosen for the
200-MeV linac for its good optical properties, high
proton beam current and good reliability. The
present arrangement has evolved from a design by
R. Damm from the basic work of A. van Steen
bergen, H. Wroe and T. Sluyters. 29

-
32 A cross

section of the source is shown in Figure IILI.a.I.
The thermionic emitter32 is a directly heated

oxide-coated filament constructed from a strip of
nickel gauze coated with a barium-oxide emitting
surface. Two nickel supports are spot welded to the
gauze and form the current leads, a nickel can
surrounding the filament acts as a heat shield.
Filament power consumption is approximately
75 W for a nominal operating temperature of
900°C.

Between the anode and cathode is an inter
mediate electrode which is biased midway between
anode and cathode potential. This electrode also
forms part of the magnetic circuit which produces
a strong nonuniform field increasing in magnitude
towards the anode. Both the intermediate electrode
and the anode are cooled by Freon, chosen for
minimal contamination of the accelerating column
in case of failure of the ceramic ring separating the
intermediate electrode from the anode. An optimum
distance of 0.32 in. was established between the
intermediate electrode and the anode as the distance
producing the minimum level of plasma oscil
lations. A 0.052-in. diameter aperture leads the
plasma into the large expansion cup under the
influence of a nonhomogeneous magnetic field
provided by the solenoid surrounding the inter
mediate electrode.

In contrast to the traditional BNL small cup, the
large cup used here requires a small magnetic
field for good plasma transport in the expansion
region. This field is established by incompletely
shielding the magnetic field at the rear of the cup,
which is achieved by the introduction of a molyb
denum insert in the mild-steel backing. As the
plasma emerges from the front of the expansion
cup, it comes under the influence of the negatively
biased extraction electrode. The design minimizes
the losses on the expansion-cup walls. The mag
netic-field strength is negligible at the emitting
plasma surface. A palladium-tube hydrogen leak
controls the flow of gas into the rear of the dis
charge chamber. The gas flow is estimated to be
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CATHODE (OXIDE COATED
NICKEL GAUZE)

FIGURE III.l.a.1 Cross section of the duoplasmatron source.

5 cc-atm per minute. A summary of ion-source
operating parameters is shown in Table 111.l.a.l
and a photograph of the source installation in the
high-gradient column is shown in Figure IILl.a.2.

For the first year's operation, the extractor elec
trode was connected to the source anode (allowing
the plasma boundary to move into the extractor
electrode aperture) and the first electrode of the
accelerating column providing the extraction po
tential. This mode of operation33 has produced a
750-kV beam with an emittance area of 9.5n cm
mrad for 95 % of the beam of 380 rnA. Some
operational difficulties at high duty cycles were
experienced due to beam loading of the accelerating
electrodes. A modification was made which re
tained the essentials of the large expansion-cup
geometry, but allowed the extractor to be biased at
more typical values. Since then, the source has
operated successfully at 250 rnA, 10 pps, 200 J1sec

TABLE III.l.a.1

Filament current
Magnet current (turns: 1500)
Arc current
Source pressure
Column pressure
Extractor voltage
Beam current
Pulse width
PRF

30 A
1.5 A
15 A
500,u
2 X 10- 6 Torr
30 kV
250 rnA
250,usec
10/sec

(the linac design duty cycle) with essentially the
same emittance as measured at 750 keY with the
previous arrangement. Some beam-pulse jitter due
to the ac filament current was observed, so a dc
filament. power supply has been installed which
removed this problem.

The duoplasmatron ion source requires a pulsed
dc power supply for the ARC pulse. This supply
together with dc supplies for the magnet, palladium
leak, filament, and extractor are housed in the
high-voltage terminal.

Two control systems are used to control the
terminal-a datacon34 controller for setting the
power supply levels and a pulsed trigger system
for turning on and off the arc pulser. The datacon
enables the terminal parameters to be monitored
by the"central PDP-lO computer.

Digital panel meters provide a local visual
reading of the operating conditions, including gas
flow and ion-source pressure. The digital in
formation and the ion source turn-on signal to the
arc pulser are transmitted to the terminal via
commerically available light links.

IIL1.b) The 750-kV electrostatic accelerating tube
High-gradient accelerating tubes started to become
popular after the success of the 550-kV tube design
of Huguenin et aI., in 1964.35 The Brookhaven
I-m 750-kV open-structure high-gradient tube with
five accelerating gaps was brought into continuous
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FIGURE III.l.a.2 Source installation in the High Gradient Column.
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operation with a 120-mA proton beam in 1968 in
the 50-MeV linear accelerator. In 1970, an im
proved version with a modular structure was in
stalled in the 200-MeV linear accelerator. This new
tube is 1.20 m long and has six accelerating gaps.
The extra length of 20 cm increased the voltage
holding capability to over 830 kV the limit of the
power supply) and with the all-titanium feature,
it can be said to be essentially arc-proof at an
operating voltage of 770 kV. 36

Figure III.1.b.1 shows a cross section of the
single-walled, air-insulated column in which the
accelerating electrodes are inclined so as to com
pensate the defocusing transverse space-charge
forces of a proton beam density of 80 mA/cm2

• The
actual accelerating length is 18.3 cm. The gradient
across the gaps is normally 47 kVIcm. The holders
of the electrodes are shaped so that they shadow the
ceramic insulators. The tube, which has been

described extensively elsewhere,3
7 consists of six

modules bolted together with an O-ring vacuum
seal between each module. A 130-kV module
consists of three ceramic rings with titanium inner
discs bonded between the ceramics. The flatness of
the ceramics is 0.0001 in. and both sandblasted
sides are parallel within the same accuracy with an
rms finish of 200-300 microinch. The metal discs
and union plates are made of titanium for its
thermal coefficient of expansion, its weight ad
vantage and high-voltage qualities. They are
machined within the same accuracy as the ceramics
and etched with a 48 % nitric acid, 2 % hydro
fluoric acid and 50 % water solution. The inner .
titanium discs have a circular groove machined on
each side to accept indium wire which, during
final assembly, is compressed between the inner
discs and ceramics, thereby preventing outgassing
of the epoxy and contamination of the inside of the
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FIGURE III.l.b.l Cross section of the accelerating column.

-1

column. Each module weighs about 300 lbs and is
20 cm long.

In the operating position, the column is sup
ported by a dacron rope at the high-voltage end,
and at the ground end is bolted to an adjustable
support frame. A 4-in. diameter glass tube sur
rounds the rope to avoid corona discharge from
the ground shield (Figure III.I.c.I). The voltage
distribution across the column is achieved by
means of resistor blocks or "bananas" clamped
between each section. The total resistance value is
18 x 360 MQ = 6480 MQ.

Operationally the column has performed well;
the arc rate is practically zero for normal operation
and conditioning time is of the order of 10 minutes
after a typical 24-h open period. Experience with
the second column used for the 50-MeV linac38

showed that microdischarges continued to be
present on the stainless-steel electrode holders
even after hours of conditioning. With all-titanium
construction, it was found that microdischarges
did not occur after the initial few hours of con
ditioning.

III.l.c) Preinjector power supply The preinjector
is powered by a Haefely Cockcroft-Walton high
voltage power supply which has both fast and slow
voltage regulation. A block schematic (Figure
IILI.c.2) shows the cascade rectifier powered by a
pair of 4CW20,OOO triodes coupled through the
two high-voltage transformers to the lower part
of the rectifier stack. The operating frequency is
5 kHz. The five-stage symmetrical cascade rectifier
consists of the capacitors and twenty selenium
diode stacks mounted in plexiglass cylinders. The
lOO-kV peak voltage is rectified and doubled to
200 kV which, multiplied by the number of stages,
provides 800 kV. A 5 MQ sulphur-hexafluoride
filled resistor connects the output of the filter stack
to the HV terminal (dome).

Two of the support columns under the dome
house capacitors for coupling the output of the
fast regulator to the HV terminal, another contains
the bleeder resistor. A compensated voltage divider
is mounted horizontally from the terminal to the
adjacent wall (out of the external-field region of the
fast regulator circuit).
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FIGURE III.l.c.1 Accelerating column showing rope support.
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FIGURE III.l.c.2 Schematic of Preinjector power supply.

The voltage stability at 750 kV of ±500 V during
the 200 Jlsec beam pulse at 10 pulses per second is
achieved by two essentially separate control sys
tems. A slow regulator, similar in most respects to a
conventional power supply, is arranged to control
voltage fluctuations up to a few cycles per second.
However, during the period ~t of a beam pulse, the
charge on the HV terminal to ground capacitance
is removed and causes a change in voltage:

~v = I~t
C'

where I is the pulsed beam current and C is the
terminal capacitance to ground. Thus for a lOO-,usec,
500-mA beam pulse, ~v would be 50 kV for C =
1000 pf. The change of particle energy associated
with this ~V would be unacceptable to the early
bunching and accelerating stages of the linac.

The fast regulator comprises a high-voltage
power supply and storage capacitor, with two high
voltage triodes arranged in series. Output of the
fast regulator is taken from the anode-cathode
junction of the two tubes. Grid control of the two
tubes is via a 500 kHz carrier system, enabling a
small isolation transformer to provide drive power
to the grid of the series tube. Stored-energy con
siderations dictated the choice of coupling com
ponents between the fast regulator output and
HV terminal. Descriptions of alternative fast
regulator systems and choice of component values
are discussed by Kovarik in Ref. 39. Closed-loop
operation of the fast regulator system to date
provides control of the HV terminal potential to
within ±500 V during the beam-pulse period, as
shown in Figure III.l.c.3.

The HV terminal is supplied with 3</>, 220-V
power via a four-stage isolation transformer with a
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(a)

(b)

FIGURE IILI.c.3 Bouncer regulation operation: (a) column
droop, bouncer off, 500 v/v; (b) column droop, bouncer on,
500 vivo

l2.5-kVA rating, shown in Figure III.1.c.4. The
transformer replaces the l5-kVA insulated-shaft
driven generator which required considerable
maintenance and repair.

IIL1.d) Low-energy beam transport system The
function of the low-energy beam-transport system
is to properly match the 750-keV beam from the
dc Preinjector to the linac in order to optimize
beam transmission and beam quality at the output
of the linac. The design computations are described
in Section IL2.f) and the physical elements and
operational results are presented here. Figure
II.2.f.l of Section II.2.f) -is a schematic layout of
the LEBT System.

Pulsed quadrupoles The quadrupole system
comprises a 4-in. aperture triplet housed inside a
reentrant section of pipe immediately downstream
of the preinjector to accept the highly divergent
750-keV beam, followed by 6 sets of 3-in. aperture
triplets, each separated by a distance of about 1 m,
to transport the beam up to the second buncher.
Finally four 1.6-in. aperture individually powered
quadrupoles are used to focus the beam into the
linac after it passes through the second buncher.
Figure 111.l.d.l is a photograph of the low-energy
beam-transport system and Table IILl.d.l gives
the quadrupole-triplet parameters.

Bunchers The bunching method used in the
linac low-energy beam transport is a double
drift-space system using two cavities, both operating
at 201.25 MHz. The advantages of using this
common frequency far outweigh the small increase
in bunching factor possible using a multifrequency
system.40t41

The buncher cavities (Figure III.I.d.2) are
similar in design to those used at the Rutherford
Laboratory.42 These cavities are small in size and
easily maintained. Each cavity is a coaxial A/2

TABLE IILI.d.1

LEBT quadrupole triplet parameters

Equiv. Max. Power
Aperture Length length grad. I Peak Inductance Resistance dissipation

Triplet (in.) (in.) Turns/pole (in.) (kG/cm) (A) (JlH) (n) (W)

Inner 4 7.5 18 9.2 0.52 300 820 0.07 160
Outer 4 4 18 5.67 0.52 300 520 0.05 115

II thru VII
Inner 3 7 18 8.2 0.68 220 1220 0.06 75
Outer 3 3.5 18 4.75 0.68 220 700 0.04 50

VII 1.6 2.5 11 3.21 1.8 270 150 0.06 110



44 G. W. WHEELER, el al.

FIGURE III.l.c.4 High Volate Terminal isolation transformer.

resonator loaded at its center by two drift-tube gaps.
These gaps are spaced 3/1)../2 apart, so that bunching
is caused by both gaps. The end shorting-planes of
the resonator are in fact rf chokes, allowing bias
to be applied to the center conductor and drift
tube. Approximately 1 kV is used to prevent
multipactoring. For ease of construction and
maintenance, the cavity is built up in five sections.

The drift tube is supported in the center section by
two Rexolite discs which also form vacuum
windows. The remaining sections carry the fre
quency tuners and coupling loops; these can be
removed whilst the center section remains under
vacuum. To improve gap field, the drift tubes are
installed with tungsten grids, but due to mis
steering, the hot center core of the (> 200 rnA)
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FIGURE IILI.d.1 Photograph of the Low Energy Beam-Transport System.
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beam burnt through the innermost grid. This
caused vaporized tungsten to be deposited over the
dielectric vacuum windows, which completely
mistuned the cavity. To prevent this problem from
recurring, the innermost grids were removed.

The cavity characteristics are: unloaded Q =
1000, Rs/Q = 354, and tune~ frequency range
±2.0 MHz. The outer sections of the cavity were
machined to bring the cavity on frequency. The
final length of the resonator is 21i in. ; this is shorter
than A/2 due to the capacitive loading of the
drift tubes.

To reduce the effect of detuning by the beam, the
cavity was resistively loaded such that the Q is
~ 350. The theoretical values of bunching voltages
required are 10 kV and 20 kV for bunchers 1 and 2
respectively, requiring 0.8 to 3.2 kW of rf. The rf

drive system was therefore designed to produce at
least 5.0 kW. The rf system for these bunchers is
described in Section III.3.c.

Chopper A two-electrode dc chopper is in
stalled in the low-energy beam-transport line
immediately following the second quadrupole
triplet. It is used in conjunction with the timing
system to adjust the beam-pulse length and to turn
off the beam rapidly in the event of a machine
component failure. The operational sequence is as
follows: The ion source is pulsed on, at which time
one of the plates is at a potential of 10 kV, and the
beam is deflected on to a tungsten plate situated
downstream of the chopper. After about 20 /lsec,
when the beam current from the source has
reached the required value, a thyratron switch is
triggered, discharging the biased chopper plate to
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DR 1FT TUBE AND
STEM COOLANT OUT ~

DC BIAS VOLTAGE TO
INHIBIT MULTIFACTORING

ALTERNATE DISCS OF BRASS
AND TEFLON SHEET FORMING
A RF SHORT CIRCUIT

ISOLATION BETWEEN COAXIAL
LINE INNER CONDUCTOR AND

~

MOTOR DRIVENFR7
DIRECTIONAL COUPLER

HIGH VAC

PROTON BEAM

•
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FIGURE III.l.d.2 Layout of Buncher Cavity.

ADJUSTABLE
PENETRATION
COUPLI NG LOOP

R F POWER INPUT
201.25 Me/s

ground and allowing the beam to pass through
an aperture in the tungsten plate and on into the
linac. At the end of the desired pulse period, or in the
event of a machine malfunction during the beam
pulse period, the second plate is charged to 10 kV,
deflecting the beam away from the accelerator.
In this way the chopper is utilized to adjust beam-

pulse width and to act as first-line protection in the
machine-protection system. Figure IILl.d.3 is a
schematic of the chopper system.

Emittance and beam-current monitors There are
viewing boxes housing emittance units and beam
transformers described in Section 111.7.b.5 at 3
places in the low-energy beam-transport line. One
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is at the exit of the preinjector immediately after
triplet # 1, one at the center, following triplet # 5,
and one is immediately in front of the first accelerat
ing cavity.

Beam stops Two movable water-cooled beam
stops are situated in the first and last viewing
boxes of the LEBT system. Each is part of the
machine and personnel protection system de
scribed in Section III.5.f. They allow independent
operation of the preinjector and the preinjector
and low-energy beam-transport system while the
remaining part of the machine is not secured.
Figure III.l.d.4 is a schematic showing the layout
of the viewing box immediately in front of the first
accelerating cavity. The quadruplet mentioned in
IILl.d is also in this figure.

III.l.e) Column and LEBT vacuum systems Both
the column and the LEBT vacuum systems are
pumped with sputter-ion pumps and roughed
down with liquid-nitrogen trapped turbomolecular
pumps. The column uses (4) 1500 l/sec pumps and
LEBT (1) 2000 l/sec pump. Operating pressure is
4 x 10- 6 Torr in the column, measured with a hot
filament ion gauge, and 2 x 10- 6 Torr in LEBT.

Pumping a vacuum system with large hydrogen
flow presents unique problems, regardless of the
type of pump used. For sputter-ion pumps, the
problem is one of saturation and limited pump
life. For example, after the hydrogen gas is ionized
inside the sputter-ion pump, little sputtering is
produced by the hydrogen ions and pumping is
primarily by diffusion into the interior of the
titanium cathodes. Theoretically, the life of the
pump is determined by saturation of the cathodes
with hydrogen, on a basis of approximately one
hydrogen atom to one titanium atom. However, a
practical life is determined by mechanical de
formation of the cathode plates and shorting of the
insulators. Our experience has shown that for
normal operation, pump life is approximately six
months for the standard diode elements modified
by the addition of one center support post. Prior
to this modification, pump life was three months.

IIL1.f) Beamperformance Full details of the Beam
performance of the preinjector and low-energy
beam-transport system are given in Ref. 43. The
maximum total beam current including H + +

obtained in the first viewing box after the preinjector
was 400 rnA with a normalized phase-space area
(f3yA) of 1.4 cm-mrad for 90 %of the proton beam.

At the entrance of cavity # 1, this gave a beam
current of 275 rnA with a normalized radial
emittance of 1.6 cm-m rad for 90% of the scan. The
two bunchers were adjusted in both amplitude and
phase to give the maximum transmitted 10-MeV
beam current and this was achieved with effective
gap voltages of 18.5 kV for buncher # 1 and
25 kV for buncher # 2 and gave a 72 % trapping
efficiency for cavity # 1.

IIL2 Accelerating Cavity System

IIL2.a) Design considerations The injector linac
for a large synchrotron represents only a small
part of the total investment in the facility. Therefore,
a conservative design with careful attention to
reliability, consistent with reasonable economy, is
warranted. The mechanical design of the cavity
system has been guided accordingly.44

The cavities, drift tubes, and support structures
are relatively heavy and solid in order to provide
long- and short-term stability. The linac is mounted
independently of the building on piles consisting
of 50-ft H-beams driven into the sand. The vacuum
system is designed to produce a base pressure ten
times lower than the minimum requirement for
beam operation and provides operational re
dundancy. Metal vacuum gaskets are used in
obvious areas, but double-seal Viton gaskets are
used in areas away from the beam and where
undue mechanical complication would otherwise
result:

III.2.b) Tank fabrication The accelerator con
sists of 9 independent rf cavities, varying from 24 ft
to 62 ft in length and having an inside diameter of
approximately 36 in. Cavity 1 consists of two
sections bolted together. Cavities 2 through 9 are
made up of 3 sections each. There were several
reasons for sectionalizing the cavities:

1) The copper-clad steel plate was more readily
available in 20-ft lengths.

2) The largest rolling mill considered had a
maximum capacity of 25 ft.

3) The uniformity and roundness of a rolled
cylinder is increasingly more difficult to maintain
as the plate length increases, this being due to roll
deflection at the high loading pressures required.

4) Transportation and installation in the acceler
ator tunnel of sections over 25 ft in length would
have proved extremely difficult.
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Copper-clad steel supplied by the Lukens Steel
Company was used for the cavity cylinders. Clad
steel is a composite plate consisting of copper and
steel mill rolled under heat and pressure until they
are integrally bonded over their entire interface,
and consists of 0.160-in. thick OFHC copper, and
0.750-in. thick carbon steel A285 grade B. During
fabrication of the tanks, at no time was there any
evidence of a poor copper-to-steel bond. Carbon
steel was chosen as the main structural material
for the cavity for reasons of economy and ease of
fabrication. The 0.75-in. steel plate thickness was
considered ideal in that a rolled cylinder became
entirely self-supporting, requiring no external
structural bracing. This thickness also allowed
blind tapping of holes for windows and dummy
stem flanges. The thickness of copper required on

the inside surfaces was only a few thousandths of
an inch, due to the skin effect at high frequencies.
However, a thickness of 0.16 in. was chosen, which
made possible the attaching of copper inserts by
welding and permitted blending of surface defects
inevitably occurring during the fabrication process.

The fabrication of the cavity was carried out by
the Youngstown Welding and Engineering Co. The
plates were machined to size and formed into a
cylinder on a rolling mill (See Figure 111.2.b.t).
The cylinder was tack-welded along the seam and
braced externally with I beams and internally with
screw jacks (See Figure III.2.b.2). The J groove
weld preparation was then cut in a planing machine.
A 136-in. weld shrinkage allowance was added to the
circumference, this allowance being previously
established using a 5-ft long model test cavity. The

FIGURE III.2.b.1 Rolling of cavity sections.
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FIGURE III.2.b.2 Preparation of cylinders for welding.
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cylinder was then tack welded along the seam with
frequent dimensional checks and adjustments to
the circumference being made at this critical point
of the fabrication process.

The steel weld was then completed in several
passes. Arcosarc 70-Flux cored wire was used in a
semiautomatic wire feed process with the following

composition by percent.

Arcosarc 70 AWS ASTM A-559-65T
Carbon-0.05 min. 0.09 max
Manganese-0.075 min. 1.10 max
Silicon -0.30 min. 0.45 max
Sulphur-0.03 max
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The copper was then ground away to a width of
1
3
6 in. and the copper weld completed in one pass

using wire of the following composition by percent:

Cupronar 900. ASTM B225-57T
Copper-98.0 min
Tin~~1.0

Silicon ~ 0.5
Phosphorous ~ 0.05
Manganese ~ 0.5

Preheating the weld area 500° to 600°F was
essential, and accomplished by placing several
gas torches below the weld area. The iron migration
to the copper was kept below 0.1 %. A micrograph
of a weld sample is shown in Figure III.2.b.3.

The welded cylinder was then returned to the
rolling mill for accurate rounding. The following
tolerances were specified:

Inside circumference = Nom. I.D. x n + 0.125
0.000 in.

Roundness: Inside diam. ±! in. to within 24 in.
of ends and ± /6 in. within the final 6 in. of tank
ends. The combined roundness and straightness
tolerance was defined as follows: "No point on the
inner tank walls as measured from the theoretical
center line, shall deviate more than! in. from the
nominal inner tank radius."

The +kin. tolerance allowance in the circum
ference could result in a 0.4 %decrease in frequency,
which is easily rectified by increasing the size of
the solid copper tuning bars. The tolerance of ±! in.
on roundness can result in a small local variation
of the field distribution. The ± /6 in. tolerance at
the cylinder ends was readily attained and was

necessary to ensure a good fit for the mating and
flanges and copper ring inserts.

Following the welding of all parts and flanges,
a preliminary vacuum check was carried out. After
leak checking, a stress-relieving operation was
carried out in a gas-fired oven, a temperature of
1150°F being maintained for a period of two
hqurs. During the stress-relieving cycle, the insides
of the cavities were purged with an Argon gas flow
of approximately 1 cu ftjmin. Finish machining
operations were completed after stress relieving.

Liquid honing followed finish machining. A
fine sand combined with water at a pressure of 100
psi. was directed on to the copper surface. Various
grades and combinations of grit sizes were tried,
the object being to clean dirt out of the pits left in
the plates following the parting and sandblasting
operation performed at the Lukens steel plant.
The sand mixture used was:

Grit sizes = 40-50-70-100-14-20
Proportion = 8- 4-15- 33-24-12

The final cavity polishing was completed at BNL.
Abrasive flap wheels were used as follows: two
passes of 80 grit, one vertical and one horizontal,
followed by two passes at 120, one at 180 and 240;
finally two passes were made using 320 grit wheels.
During the initial tests, polishing was carried on
down to 400 grit wheels, each pass however took
an average of 8 man-hours, therefore, the last pass
at 400 grit was eliminated. Table IIL2.b.1 shows
the marginal improvement after polishing with
320 grit wheels. At 30 micro-inches the maximum
Q value was obtained. Further polishing gave no
improvement in Qvalue.

Figure III.2.b.4A shows a cross section of a
typical end flange. A silver-plated beryllium
copper spring ring is used to provide rf continuity
between the cavity sections. The copper insert
housing the spring ring was welded to the copper
cladding. Six pumpout holes were provided around

TABLE 111.2. b.1

Process
Approx. Q

11 inch ( x 1000)

FIGURE III.2.b.3 Final weld sample micrograph.

Before liquid honing
After liquid honing
120 grit
180 grit
240 grit
320 grit
400 grit

150-250
100-200
85-105
70-90
55-75
40-60
3.0-40

80.2
75.2
81.8
82.0
84.2
85.2
85.3
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FIGURE III.2.b.4 Typical flanges and tuning ports.

the circumference. Two "0" rings were used at
each flange joint with a pumpout hole between. It
was decided very early in the design to use Viton
"0" rings, rather than metal "e" rings, primarily
for reasons of economy. This decision also allowed
us to adopt far less stringent handling and assembly
procedures. Previous experience, predicted radia
tion levels, and the vacuum requirements of this
machine convinced us that organic "0" rings were
acceptable, and operating experience with the
machine has so far borne this out. No vacuum leaks

have yet developed at the inner cavity seals or in
the many hundreds ofcavity penetrations necessary
for the multistem configuration.

Figure IIL2.b.4 shows a cross section of typical
tank openings. For each cavity consisting of 3
sections, there were 6 high-vacuum ports and 2
roughing ports. The ports were identical and
consisted of t in. thick copper plate with t in. wide
slots spaced 1 in. apart from center to center,
forming a grill. The plate was formed to the correct
tank radius. The tank cylinders had rectangular
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holes cut in them to accept the copper grills, which
were attached to the copper cladding by welding.
Ports were also provided for rf loops and tuning
plungers.

III.2.c) Drift tubes The linac contains 278 full
drift tubes and 18 half drift tubes, each containing
a pulsed quadrupole. The full drift tubes are each
supported by a main stem through which cooling
water and quadrupole leads pass. In cavity I, each
drift tube has only this one stem, while all others
have additional dummy stems. There are two
drift-tube body designs. The cavity I type utilizes a
forged cup which forms one end and the cylindrical
body of the drift tube. A ring was brazed into the
cup to form a cooling channel and to form the
quadrupole-locating surface on its inside diameter.

An end cover and monel bore-tube complete the
body. Drift-tube bodies for cavities II through IX
consist of a cylindrical body section with two
end caps, bore tube and water-return ring. A large
boss was brazed to the body section for the support
stem connection with cooling holes drilled axially
into the wall of the cylindrical section (Figure
III.2.c.la). The support stem was machined from
type 416 stainless steel with water and quadrupole
lead holes deep-hole drilled through the solid stem.
After all machining and brazing of the stems was
completed, the outside diameter of the stems was
copper plated (0.005 in. thick min.) for rf con
ductivity.

All the copper parts were machined from certified
hot-forged OFHC copper. Forging of the copper
was performed above l000°F followed by

FIGURE III.2.c.l Drift tubebrazing fixtures.
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FIGURE III.2.c.2 Furnace loaded with drift tubes.
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quenching to reduce residual stresses and to
minimize grain size. Copper was supplied to BNL
in a rough-machined condition. Contracts were
let to local machine shops for the finish machining
of all parts, which were 100% inspected. Prior
to brazing, all parts were ultrasonically degreased
in freon. All brazing was performed in a reducing
atmosphere (cracked ammonia) using silver-copper
eutectic braze alloy (1435°F MP). No step brazing
was required. All stainless parts were nickel-plated
prior to brazing. The monel bore tubes were
chemically cleaned and required no plating. Braze
fixtures were made from type-304 stainless steel
and greened (Figure IIL2.c.1). Maximum braze
temperature for any part during furnace runs was
1550°F. Six drift tubes (seven joints per drift tube)
were brazed at a time (Figure IIL2.c.2). Two braze

runs were made per week. Stems, bellows, sub
assemblies, and tuners were batch-brazed with as
many as 60 stems brazed per furnace run. After
brazing, all joints were leak checked with a helium
mass spectrometer.

After brazing, the inside diameter of the drift
tube bodies was roller burnished to size. The quad
rupole with its ground outside diameter would
later locate in the drift tube with 0.0002 in. to
0.0008 in. diameter clearance. The support stem
assembly was then screwed into the drift tube body
and soft soldered (tin-silver eutectic 435°F) in
place to form vacuum- and water-tight joints
(Figure IIL2.c.3).

Quadrupoles were installed and lead wires
connected. Leads were made from stranded copper
wire twisted and insulated with Kapton tape.

FIGURE IIL2.c.3 Soldering drift-tube stem to body.
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FIGURE III.2.c.4 Quadrupole mounted in alignment fixture.

57



58 G. W. WHEELER, e( al.

Quadrupoles were aligned using a standard point
coil located on the horizontal axis of each drift
tube (Figure III.2.c.4). The quadrupoles were
clamped into position with set screws and locked
with epoxy. All quadrupole and drift tube assem
blies were high potted at 2 kV rms after all con
nections were made.

Not until the drift tubes were completely designed
was it decided that the final closure of the drift tubes
be made by electron-beam welding rather than soft
soldering. A 7.5-kW electron-beam welder was
purchased and modifications to its vacuum cham
ber were made at Brookhaven. The chamber was
enlarged so that the drift-tube cover joint could be
welded with the main stem attached to the body.
Three welds were made on each drift tube, (1)
cover joint, copper to copper, (2) bore tube joint,

copper to monel, and (3) stem bellow to stem,
copper to copper. Two passes were required for
each weld, the first deep penetration weld for
strength and second a cosmetic pass to smooth
over the weld area for rf reasons. Figure III.2.c.5
shows the EBW fixture.

After welding, the bore-tube ends were sized for
the optical alignment targets. The drift tu be was
mounted on a milling machine and a rotating point
coil was used to locate the magnetic centerline
(Figure III.2.c.6). After the coil was aligned with the
magnetic centerline, a single point boring tool was
used to rough the bore hole to size. A spherical
burnishing tool was then forced through the bore to
size it. This technique insured that optical targets
used for alignment were on the magnetic centerline
of the completed drift tube. After bore-tube sizing,

FIGURE III.2.c.5 Drift tube mounted in electron beam-welding fixture.
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FIGURE III.2.c.6 Locating magnetic centre prior to boring of drift-tube aperture.
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the drift tubes were polished, life-tested and stored
in plastic bags until they were installed.

III.2.d) Tuners Since it is not possible to build
the cavities initially at the correct frequency and
field distributions, tuners are used to make the
corrections. Gross tuning is accomplished by
inserting long copper bars of the appropriate size
in the cavities. The effects of local cavity frequency
variations is corrected by a series of slug tuners at
discrete points along the cavity wall. One or more
of these tuners in each cavity may be motorized
and servo-controlled to correct frequency due to
small temperature changes during operation.

In cavities 2 to 9, a tuner was placed at the center
of each cell section. On cavity 1, where this was not
possible tuners were placed at 26 in. intervals. To

allow maximum flexibility in tuning cavity 1, all of
the tuners are manually adjustable with the
exception of one motorized servotuner positioned
at the cavity center. On cavities 2 to 9 there is one
servo-tuner at the center. Two manually adjustable
tuners at each end, and the remainder are fixed
tuners. Figure III.2.d.l shows the assembly of an
adjustable slug tuner.

The slug-tuner design was favored over the ball
tuner for two reasons: 1) Greater tuning effect (or
smaller tuner penetration, 2) a defective tuner could
be replaced without entering the cavity or removing
the end covers.

III.2.e) Cavity assembly Initial cavity tuning was
accomplished by placing solid copper bars, nomi
nally 3 in. by 3 in. by 10ft long axially along the
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full length of each cavity section. Copper cups
representing the slug tuners were positioned in their
ports at ! penetration (3 in.). Resonance checks
were made and the tuner bars were machined to
obtain correct frequency, allowance being made
for the absence of drift tubes and stems. Spring
rings were used to ensure good rf contact between
the bar and the cavity wall. Strongbacks, drift
tubes, and dummy stems were then installed and
roughly aligned. Correct resonance and flattening
was obtained by varying the penetrations of the
slug tuners in each cell. The fixed-tuner cups were
then machined to give correct penetration and
brazed to a stainless steel flange. The center port
in each cavity was reserved for a servo-tuner and
two manually adjustable tuners were positioned at
each end of a complete system.

Between cavities 1 and 2 the space available is
only 8i in. Therefore, a rigid transition section was
designed, consisting of the last half cell of cavity 1,
the drift space and the first half cell of cavity 2, and
forming a common vacuum envelope for both
cavities with an overall length of 17,320 in. It was
necessary therefore to arrange for cavity 1 to move
away from cavity 2 to allow maintenance, or
replacement of the transition unit. This was pro
vided for by using Roundway bearings in con
junction with Tychoway recirculating way bearings,
this system allowed controlled axial moment of the
tank of up to 11 in. Cavities 2 to 9 inclusive are
supported with 2 jacking screws at each end and an
additional 2 at each section joint. The jacking
screws are mounted on the top flanges of 16-in.
I-beams. These beams are located transversely
across the tanks, giving flexibility along the tank
axis and allowing for the extreme case of a tunnel
heating failure in winter, or an air-conditioning
failure in the summer. Such a failure could produce
a maximum possible temperature fluctuation of
70°F resulting in a change in the axial length of a
cavity of approximately ~ in.

Figure III.2.e.1 shows an exploded view of stem
support and assembly components. The stainless
steel bellows shown here is a secondary vacuum
seal which would be pumped out in the event of a
failure in the primary vacuum seals, these being the
copper bellows and 3 adjacent brazed joints, one
electron-beam welded joint, and one O-ring seal.
A failure in a drift-tube seal not involving water,
could also be pumped indefinitely by using the
secondary vacuum seal. The installation of a
typical drift tube is shown in Figure III.2.e.2. The
nylon-tired Kaydon bearings attached to the drift
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FIGURE III.2.e.l Stem support and seal assembly.



FIGURE III.2.e.2 View of tank showing dummy stems.
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tube body, allowed a drift tube weighing 125 lb to After the drift tubes were installed, the Q of each
be transported along a cavity with a minimum of section was checked. A repeat measurement was
effort and negligible damage to the cavity walls. made after the dummy stems were inserted. The
Cavity 1 has one vertical supporting stem only. results were as follows:
Cavity 2 has one vertical supporting stem, one rigid
horizontal dummy stem, and one additional flexible Q(xIOOO)
dummy stem. Cavities 3 through 9 have one vertical
supporting stem, one rigid horizontal dummy stem, Tuner bar, drift

one flexible horizontal dummy stem and one flexible Tank Empty Drift tubes tubes and dummy Final

vertical dummy stem, as seen in Figure IIL2.e.2. section tank installed stems tank

The two rigid stems are necessary to maintain the 2A 84.2 55.9 47.75 }drift tube in its correct location despite the in- 28 84.5 58.5 50.2 53
fluence of forces induced by the flexible stems. 2C 82.0 50.9 42.1

The drift spaces between cavities 1 to 4 are {3A 3A 82.0 57.9 50.6 }long. To provide access, the end covers between 3B 83.5 56.8 49.2 50

cavities 2 and 3, and 3 and 4, included the end half 3C 80.0 58.8 49.6

cells of the adjacent tanks (Figure IIL2.e.3). This 4A 86.6 68.2 48.3 }arrangement effectively doubles the working space 4B 85.1 58.1 49.2 50

between these cavities during installation and 4C 83.7 54.8 44.9

alignment. The remaining drift spaces are 100 cm 5A S7.5 49.1 41.3 }(39.37 in.) long, so the end covers consist of flat 5B 81.2 52.0 42.0 43
5C 82.7 46.7 41.0

plates (Figure IIL2.e.4). The rf surfaces on all end
6A 84.4 47.6 40.0 }plates, and the transition section between cavities 6B 84.7 50.1 41.8 43

1 and 2 were copper plated, the copper deposit 6C 85.0 46.5 39.9
being a minimum of 0.004 in. thick before polishing 7A 86.9 46.0 40.0 }with abrasive flap wheels. The copper perturbers 7B 84.7 47.5 40.5 42
seen on the end plate in Figure 111.2.e.4 were found 7C 81.6 45.4 39.7

essential for flattening and tuning in cavities 6, 7, 8A 86.8 44.6 38.3 }8 and 9, in order to simulate the stems, which should 88 81.9 48.1 41.3 41

be associated with the end half drift tubes. Figure 8C 81.7 46.8 40.2

III.2.e.5 shows the inside of cavity 3 with all 9A 87.1 42.9 41.1 }components installed. 9B 82.6 46.8 40.1 40
9C 81.6 46.0 39.2

III.2.f) Flattening and cavity rf measurement The
sequence of electrical checkout is shown in Figure
111.2.f.l. The initial problem encountered was low
Q values for the unloaded cavity sections. After
extensive measurements, it was concluded that the
degradation of Q was due to surface roughness.
The causes of this roughness were twofold, namely
(a) large pits in the copper-clad plates which
occurred during the rolling process; (b) liquid
honing.

To increase the Q values, it became necessary
to polish each section and remeasure Q. A typical
run on a section is as given in Table III.2.b.l in
Section IIL2.b.

Each pass in the section takes eight man-hours
and on the average, a total of five passes was re
quired. It was found that at a surface roughness
better than 30 microinches, no further improve
ment in Q was apparent.

Initially the Q values were measured and the
frequency was set for each cavity section separately,
using the copper tuner bars. The middle cavity
section was terminated with two copper plates.
The end cover, containing a half drift tube and a
copper plate, was used to terminate the ends of the
outer two sections. Frequency was measured with
the uncut bar in and then repeated with the bar
out. The bar size was determined from

~fD

AEFF(X) = AEFF(K) 111K'

where A EFF is the effective cross sectional area of a
bar for frequency perturbation, AEFF(X) is the
effective area of bar required, AEFF(K) is the effective
area of uncut bar, ~fD is the desired frequency
perturbation, and ~fK is the measured frequency
perturbation of uncut bar.



FIGURE III.2.e.3 End cover with half cell included.
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FIGURE III.2.e.4 End cover with copper fixtures.
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FIGURE III.2.e.5 Caviety # 3C with drift tubes installed.

Once AEFF(X) had been determined, the bar was
cut to the required height. The relationship between
the effective area and bar height was determined
as follows (see Figure 111.2.f.2). Since the bar is
placed in a section of the cavity where only H
(magnetic field) exists and this field is perpendicular
to the longitudinal plane of the bar, the change in
frequency is proportional to the effective volume
VEFF removed from the cavity, or ~.fCt(VEFF) =
(length) (A EFF). The effective area of an infinitesi
mally thin plate is equal to the area of a semicircle
inscribed by its height or

h2
•

A EFF = n - for a thIn plate.
4

From this it can be concluded that the effective

area of a bar is given by:

nh 2

AEFF = 2 + (h)(W),

where h is the height of the bar and W is the width
of the bar.

After each section had been fitted with tuning
bars, it was moved to the Linac Building, where all
three sections were joined, forming a full cavity.
Once the final drift-tube alignment was completed,
initial bead-perturbation measurements were per
formed to check flatness (uniform EAVE/CELL).

Tests on cavity 5 indicated that the half drift
tubes on the end covers wanted to be moved out
from their theoretical values (increase gap). The
field distribution took the shape of Figure 111.2.f.3.
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MULTIPLY "Q" VALUE BY 1000

ITANK4AI ITANK4Bl ITANK4Cl
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~
FINAL \\Q" 50.00

1- POLISH SURFACE
2- CHECK "Q"
3- INSTALL DRIFT TUBES & ROUGH ALIGN
4- CHECK "Q"
5- INSTALL DUMMY STEMS & TUNER BARS
6- CHECK "Q"

7- MEASURE FREQUENCY PERTURBATION OF TUNER
BAR & FLATNESS OF FIELD WITH END PERTURBATIONS ..

8- CUT TUNER BARS &. END CELL PERTURBATORS •
9- RECHECK FREQUENCY. "Q" & FLATNESS

10- MOVE TO LINAC TUNNEL
II - ASSEMBLE TANK SECTIONS
12- FI NALIZE TANK & DRIFT TUBE ALIGNMENT
13- BEAD PULL MEASUREMENTS
14- CUT FREQUENCY TUNERS & HALF DRIFT TUBE SHIMS
15- FINAL BEAD RUN
16- CALI BRATE PROBES

86.6

68.2

48.3

85.1

58.1

49.2

83.7

54.8

44.9

• END CELL PERTURBATORS
ONLY USED IN TANKS
6 THRU 9

FIGURE 1I1.2.f.l Caviety electrical check-out sequence.
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FIG U RE II 1.2. f.2 Effective cross-sectional area of tuning bar.

(b)

FIGURE 1I1.2.f.3 End cell field distribution without copper
perturbers.
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MOTOR
CONTROL

It was concluded that this was due to the absence of
half support and dummy stems on the end plates,
causing the first and last cells in each cavity to be
low in frequency. This effect is increasingly pro
nounced in higher-energy cavities, since the number
of cells is decreasing, but the stem sizes are in
creasing. In cavities 6 through 9, four cylindrical
copper perturbers are installed on the end covers
(see Figure III.2.e.4). These perturbers are sized so
that a flat-field pattern is observed by H-field
pickup probes on the cavity walls. When the cut
tuning bar is in place, slight adjustments were made
in the half-cell gap to readjust for a flat field.

The bead-pulling equipment is shown schemat
ically in Figure 111.2.f.4. The pulley moving the
bead along the tank length is sized such that the
shaft-encoder position readout is in inches. By
use of the push-button keyboard, the operator
punches in a preset value where the bead is to stop.
When the bidirectional counter value agrees with
the preset value, the digital comparator provides
a motor-stop output. Two six-digit digital readouts
indicate the preset position and the actual position
of the bead. A two-decade counter running in
parallel with the main bidirectional counter pro
vides gate signals to the HP frequency indicator at
a rate determined by the thumbwheel selector box.
By use of this system, the operator can run the bead

THUMB-WHEEL
SELECTOR 1-100

in either direction from one cell to another, stopping
each time in the middle of the drift tube. The
operator starts at the first cell and proceeds
through to the last cell.

As the bead is run through the cell, the frequency
counter is gated and provides a readout of instan
taneous frequency of the oscillating cavity, which
is recorded on a tape. When the bead run has been
completed, the tape is taken to the computer center
where the midgap eJectric field, E MG , of each cell is
determined by the change in frequency produced
when the bead is in the middle of the gap. In cavities
1 and 2, the computer picks out the minimum
frequency in a cell and determines the midgap L\
frequency (see Figure 111.2.f.5). In the higher
energy cavities, the value of the maximum fre
quency between the two minima is determined.
The frequencies recorded entering and leaving a cell
are averaged to compensate for frequency drift due
to temperature variations.

EMG = kJ~fMG

Eo = KEMG

where EMG is the midgap electric field, Eo is the
average electric field through the cell, k is a geo
metric construct related to the volume of the bead,
and K is a precalculated constant for each cell

MOTOR "START'"

MOTOR .' STOP....
CO MPARATOR r-~~~;;;""';"';;:~"1..-_----J

GATE TO HR
COMPARATOR~__FR_E_Q_._C_O_UN~TER

GATE

FIGURE 1I1.2.f.4 Block diagram of bead pulling equipment.
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2) At BNL there is considerable experience with
and availability of conventional optical alignment
equipment.

3) The deciding factor was the nature of our
drift-tube alignment procedure. The targets were
located in the bore tube at the front and rear ofeach
drift tube, and it was necessary simultaneously ~o

align the drift-tube axially and to rotate .the drI~t

tube locating both targets on the center lIne. ThIS
required numerous trial and erro~ adjustments,
with a final sighting on the two drIft-tube targets
and the datum target, with the drift-tube and assem
bly components fully bolted down and locked in
position. Using a telescope, it was a simple matter
for the surveyor to focus on any number of cross
hair targets. With the opaque laser targets however,
it was necessary to remove the targets after every
adjustment of the drift-tube position, and this had
to be done by a technician in a very confined space.

A beam line was brought out from the AGS and
three spherical targets were set up for u.se. as a r~f

erence center line. Jig plates contaInIng WIre
targets were mounted at both ends ~f a ca~ity

section.· The section was mounted on ItS footIngs
and aligned with respect to the datum targets using
the jacking and alignment screws. It was found
necessary to roughly align each section and then
securely bolt all three sections toget~er ?e.fore
attempting a final alignment. At the sectIon JOInts,
an accurately located drift tube, housing a target,
was used for sighting at these adjustment points.
The cavities were aligned to ±0.010 in. by means of
the vertical and lateral adjusting jacks and screws.
The strongbacks were then aligned, which was
accomplished by placing a scale above each
supporting post and measuring the relative .heights,
using a precision Wild level. Before takIng any
readings, the holding down bolts were torqued
at 50 lb-ft. The shims between post and strongback
were then ground to the required thickness, re
placed, torqued and a second check for level com
pleted (Figure III.2.g.1).

Two methods were employed to align the drift
tubes. The drift tube length in cavity 1 varies from
2 to 6 in., making targeting at both ends im
practical, so two locating holes were drilled in the
face of the drift tube, accurately located on the
magnetic centerline of the quadrupole. These holes
located a target jig having cross hairs and a re
flecting optical flat (Figure III.2.g.2). An auto
collimator and a telescope were used to view this
targeting jig. The drift tubes in cavities 2 through 9

t FREQ.

t FREQ.

IN
DRIFT
TUBE

MIDGAP

,\REQ.

MIDGAP

TANK 1&2

IN
DRIFT
TUBE

FIGURE 1I1.2.f.5 Cavity E field patterns.

which is determined by drift-tube and cell dimen
sions.

The computer converts the EMG values to Eo
values for each cell. These Eo values are then
plotted to determine the field flatness. This tech
nique of using EMG instead of Eo drastically re
duced the time taken for the plot and improved the
overall accuracy because there was less time for the
cavity to drift in frequency. After all necessary
adjustments to achieve a flat electric field have be~n

made, the slug tuners, which mount on the cavIty
walls, are cut to the necessary size. The shims which
determine the end-cell gap lengths are also cut. A
final bend run is performed after the tuning slugs and
shims are returned. The resulting axial electric
field was in agreement with the theoretical value
in all cases to within ±0.5 %.

III.2.g) Alignment system A Perkin-Elmer Tool
ing Laser, Model # 5600, was pur~hased for the
purpose of investigating its potentIal adva~ta~es

over conventional optical equIpment when alIgnIng
tanks and drift tubes. After preliminary testing, the
conventional optical equipment was chosen in
preference to the laser for three reasons:

1) The laser beam had a tendency to drift off
center as the unit heated up, resulting in the need
for frequent checking with a fixed target; this
required the removal of all targets between the
datum target and the laser.
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FIGURE III.2.g.1 Checking strong-back alignment.

were of adequate length to permit targeting at both
ends of the drift tube bores (Figure III.2.g.3),
these bores being machined locally to be concentric
with the magnetic centerline.

A drift tube was aligned in the following manner:
. The front and rear targets were levelled by placing
a brass tilt shim between the strong-back and the
stem-supporting bracket. This brings the targets
level with each other but not necessarily to the
correct height. A C shim was then ground to the
correct thickness and placed between the stem
bracket and the top side of the brazed collar on the
stem. This brought the drift tube to its correct
beam height within ±0.002 in. When these two
steps had been completed on all drift tubes in a
particular cavity, a K & E optical tooling tape was
positioned in the tank ready for final alignment.

Figures III.2.g.4 and 5 show the final alignment
of a drift tube being completed. The technician in

the tank is calling out axial readings to the man on
top who is making the adjustments, and whose head
set gives him communication with a surveyor man
ning the telescope up to 60 ft away and who is
watching the alignment of the targets in the
drift-tube bores. The axial position of the drift tube
was established to within ±0.005 in., using an
alignment jig touching the face of a drift tube, the
jig being attached to a viewing microscope to read
the precision-graduated K & E tape. This tape is
accurately positioned and stretched from one end of
the tank to the other. The drift tubes were placed
within ±0.002 in. of the beam center line. The half
drift tubes were located by placing targets in their
bores and aligning the whole end plate. 'The plates
were then secured with bolts and taper pins fitted,
to ensure accurate subsequent relocation.

A careful check on drift-tube alignment was kept
during installation of the rigid dummy stems. The
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FIGURE III.2.g.2 Targeting jig for tank # 1 drift tubes.
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FIGURE III.2.g.4 Final drift-tube adjustment (exterior).



BNL 200-MeV LINEAR ACCELERATOR

FIGURE III.2.g.5 Final drift-tube adjustment (interior).
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flexible dummy stems had no effect on the positional
accuracy of the drift tubes. The mechanical stability
given to the drift tubes by the rigidly coupled
dummy stem on one side only, has proved to be a
great advantage. After cavity 1 (which has no
dummy stems) was aligned, subsequent alignment
checks showed considerable variation from true
center. Of course, the slimmer stems also add to
this instability. All the other drift tubes, which have
a rigid dummy stem, have proved to be extremely
stable.

IIL2.h) Cooling system Cooling of the nine linac
cavities is required to dissipate the heat generated
due to rf heating in the cavity walls and drift tubes.
An additional requirement45 is placed on this
system to insure that the variation in the tem-

perature between adjacent cavities be kept to a
minimum in order that the phase variation of the
electric field remain within allowable tolerance.

The drift-tube cooling must absorb quadrupole
I 2 R losses and rf body and stem heating.46 The
temperature gradient throughout the stem and
body was additionally constrained to insure that
misalignment of the drift tube did not take place
due to elongation of the stem.47

,48 A similar
constraint was placed upon the rigid dummy stems.
The flexible dummy stems only require dissipation
of the rf heating energy. There is no additional con
straint on these to limit the elongation since a
flexible attachment to the drift tube is used. The
cooling system, with its temperature control
system, is used to maintain the cavities at the operat
ing49 frequency. This tuning system is backed up by
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a fast phase-control system to maintain the cavities
at the correct phase for optimum acceleration
of the beam.

Based upon these requirements, the following
parameters were fixed. The cavities, the drift tubes
with main stems, and the rigid dummy stems were
designed to !-OF temperature rise for each unit.
The flexible dummy stems were limited to !OF rise
also; however, since these were in series, anyone
could exceed the average tank temperature by a
few degrees. The temperature-control system was
designed to limit the variation of the inlet water
temperature in any cavity to less than O.1°F to
insure phase matching.

MESSYMESH 50 computer runs were used to
calculate the rf losses in the cavities and drift
tubes. A perturbation calculation was used for the
stems. The quadrupole 12 R losses and excitation
currents were obtained from measured values.
These summed losses gave the flow of water re
quired to limit the temperature rise to !OF for any
drift tube. A similar operation was performed on the
rigid dummy stems and each of the cavity cooling
channels. The flexible dummy stems are series
cooled and the number of stems in· series was based
upon pressute-drop calculations.

The range of cooling requirements is 6 kW for
cavity 1 and 17.25 kW for cavity 9. For uniformity

FIGURE III.2.h.l Dual water pumping station.
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of spare parts, it was decided that all cooling pumps
and heat exchangers be identical. After adding the
equivalent load of a 20 hp motor, the total heat
exchanger load became 110,000 BTUjhr per cavity.
The heat sink for the cavity heat exchangers is the
chilled-water system.

A pump was chosen that would meet the flow
requirements, 240 GPM and a pressure head of
70 psi differential, and a Honeywell three-way
model 1601 mixing valve was used. Based upon test
results, it was decided to increase the flow through
the cavity channels to reduce the time delay to
achieve equilibrium if the cavities experienced
step heat inputs. This also insured that the film
heat-transfer coefficient was high by increasing the
Reynolds number.

The cooling-water path on the cavities is made by
welding sixteen 2-in. channels directly to the cavity
walls and allowing the water to make two passes.
Thus there were eight paths in parallel. The flow in
each channel is 10 GPM and approximately 6 ft per
sec, which is regulated by an orifice. During fabri
cation of the cavity, the area where the channels
were attached was sanded to remove mill scale for
welding. This also served to provide a somewhat
better heat-transfer surface.

The pumping systems for cavities 2 through 9
consist of one 240-GPM, 70-psi pump, one
110,000 BTUjhr, approximately 40 sq ft heat ex
changer and one three-way mixing valve fabricated
on a skid, with two identical sets serving two

cavities. Additionally, one spare pump and one
60-gal surge tank serve each pair of cavities.
Cavity 1 cooling pump was similarly skid-mounted
and has a spare pump installed. A coarse strainer
was installed within the surge tank to prevent
large particles from gaining entry into the pumps.
The secondary water cooling is provided by 45°F
chilled water which is orificed to insure constant
flow to regulate the temperature. Figure III.2.h.l
shows a typical dual pumping station.

The flow through the cavities and drift tubes is
regulated by utilizing orifices to insure the flow
divided properly in the parallel circuits. The
following table shows the design cooling flows for
the cavities, stems and drift tubes.

The following control functions are provided:

1) Temperature control with an additional re
mote set point from the local control station.

2) Pressure transmitter and alarm interlock to
shut down the rf power if a loss of pump accident
occurs.

3) Level transmitter and alarm interlock to
shut down the rf power if loss of water level occurs.
This would indicate a hose breakage in the tunnel.

4) Flow indication, pressure indication, tem
perature of chilled-water indicators and pressure
switch interlocks are provided locally. The in
strument contract provided for both hardware and
installation of the instrument and controls. At

Rigid dummy Flexible dummy
Cavity # Cavity Drift tube stems stems

10 GPM ea. 1.5 GPM ea.
80 GPM total 85 GPM total

2 10 GPM ea. 1.5 GPM ea. 0.3 GPM ea. 5.0 GPM/group
80 GPM total 91 GPM total 20 GPM total 10 GPM total

3 10 GPM ea. 2.5 GPM ea. 0.5 GPM ea. 2.5 GPM/group
80 GPM total 90 GPM total 20 GPM total 5 GPM total

4 10 GPM ea. 3.0 GPM ea. 1 GPM ea. 2.0 GPM/group
80 GPM total 90 GPM total 28 GPM total 20 GPM total

5 10 GPM ea. 4.0 GPM ea. I GPM ea. 2.0 GPM/group
80 GPM total 100 GPM total 26 GPM total 20 GPM total

6 10 GPM ea. 4.5 GPM ea. 1.5 GPM ea. 2.0 GPM/group
80 GPM total 103.5 GPM total 31.5 GPM total 20 GPM total

7 10 GPM ea. 4.5 GPM ea. 1.5 GPM ea. 2.0 GPM/group
80 GPM total 99.5 GPM total 30 GPM total 20 GPM total

8 9 GPM ea. 5 GPM ea. 1.5 GPM ea. 2.0 GPM/group
72 GPM total 105 GPM total 27 GPM total 20 GPM total

9 9 GPM ea. 5 GPM ea. 1.5 GPM ea. 2.0 GPM/group
72 GPM total 105 GPM total 20 GPM total 20 GPM total
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each of the five pumping stations a 19-in. high rack
was provided for all of the local indicators and the
temperature controller. This information was in
turn remoted back to a central pump-room
monitoring panel and annunciator. Additionally a
graphic panel for ease of operator identification
was provided at each of the five local-control
stations and at the monitoring panel. The moni
toring panel also has pump on/off indicators.

III.2.i) Vacuum system The following is a list of
design requirements that the vacuum system must
meet:

1) The operating pressure of the accelerator
shall be better than 1 x 10- 6 Torr, the design
figure being 10- 7 T.

2) The high-vacuum system shall be oil-free,
so that there can be no possible contamination of
the rf surfaces.

3) The roughing stations shall be located on the
opposite side of the 13-ft shielding wall and be
capable of pumping the accelerating cavities down
to a pressure of 5 x 10- 5 Torr.

4) All gauges must have remote readout.

Calculations on the accelerating cavities show
that there is approximately 725,000 cm2 of ex
posed copper and 300 cm3 of exposed Viton in the
high-vacuum system per cavity. Using an out
gassing rate of 2 x 10- 9 Torr-l/cm2 sec for
copper and 20 x 10- 9 Torr-l/cm2 sec for Viton,
the total gas load for each cavity requires a pumping
speed of approximately 7000 I per sec. There is a
grid section in the cavity wall between the cavity
and the pump to allow the rf to be conducted down
the cavity. The conductance of the grid and elbow
connecting the pump to the tank is 4,500 I per sec.
Therefore, we selected six 1,500 I per sec pumps per
accelerating cavity.

The specification for the rough vacuum stations
demanded minimum pumping speeds of 3400 CFM
at 1 x 10- 1 Torr and 700 CFM at 5 x 10- 4 Torr.
It is desirable to rough the cavities from atmos
phere to 1 x 10- 4 Torr in two hours. The mech
anical pumps are gear driven and the Roots-type
blowers have their driving motors mounted inside
to eliminate shaft-seal leakage from atmosphere.
All the vacuum seals on the cavity, with the ex
ception of the metal seals used on the ion pumps,
are Viton. This choice was made based on the
operating pressure of 1 x 10- 6 Torr and the low
radiation levels in the cavity. The sectionalizing

pneumatic gate valves also use Viton seals, but are
bellows-sealed.

The nine accelerating cavities are pumped from
atmospheric pressure to 5 x 10- 5 Torr with a
total of five roughing stations. These roughing
stations are located in the lower equipment bay,
which is separated from the accelerating cavities
by a 13-ft shielding wall. A line drawing describing
a layout of a typical roughing station connected
to the accelerating cavities is shown in Figure
III.2.i.l.

The rough vacuum stations were purchased
from the Leybold-Heraeus Co. Each station con
sists of a OK-180 mechanical pump (118 CFM),
automatic bleed valve, combination water-liquid
nitrogen baffle, right-angle gate valve, R-1600
blower (1,190 CFM) and R-6000 blower (4,940
CFM). A circular chevron cryo-baffie is connected
to the input of the pumping station to prevent
pump oil from migrating into the high-vacuum
system. The pumping station has a maximum
pumping speed of 3,400 CFM at 1 x 10- 1 Torr
and a minimum pumping speed of 700 CFM at
5 x 10- 4 Torr (Figure III.2.i.2). The performance
of these stations on the accelerating cavities is
described in Figure III.2.i.3. The volume of the
accelerating cavity is approximately 350 ft 3

, and
there is a 12-in. diameter pipe connecting the
roughing station to the cavity.

Sputter-ion pumps are used for the high vacuum
and are turned on in the pressure range of 5 x 10- 5

-+ 1 X 10- 4 Torr; they bring the cavities down
to an operating pressure of 1 x 10- 7 Torr. A curve
of time vs pressure for a tank exposed to atmosphere
for a minimum of 8 hours is shown in Figure
III.2.i.4. Another curve describing the same param
eter for a tank exposed for one half-hour to atmos
phere is described in Figure III.2.i.5. For both
cases, the tanks were brought up to atmospheric
pressure with N 2 gas. There are six sputter-ion
pumps connected directly to each tank, each with a
rated pumping speed of 1500 liters per second for
air at 20°C. There are no valves between the pumps
and the tank. Metal seals are selected for these
joints so that we have the capability of baking
individual vacuum pumps without removing them
from the cavity.

The sputter-ion pumps are powered by three
5-kV dc, 12-A power supplies which connect to
each individual pump through an 1875-Q series
resistor and a vacuum switch. The resitance value
is chosen to limit the maximum dissipation in a
pump to 3.3 kW. The current drawn by each pump
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FIGURE III.2.i.2

is approximately 0.1 A at 5 x 10- 5 Torr and is
linear up to a pressure of approximately 10- 4 Torr.
The pumps will start after the vacuum system is
roughed down to approximately 5 x 10- 5 Torr.
Individual pump-voltage interlocks disconnect
power to the pumps when pressures go beyond
5 x 10- 4 Torr. The current at this pressure is
approximately 2.3 A and with twelve pumps used

Vacuum roughing station.

for starting (2 cavities) and the balance of the
pumps holding at 5 x 10- 6 Torr, the maximum
current drawn from the supplies is 33 A. The
power supplies and the resistor banks are housed in
standard rack cabinets (approximately 2 ft x 2 ft x
7 ft high) with three resistor banks in each cabinet.
The connections are arranged so that no more than
one resistor bank in anyone cabinet will be con-
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FIGURE III.2.i.3 Pumping speed of roughing station.
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10

nected to a pump for starting, since the power
dissipation in the bank is 10 kW at 2.3 A. The
resistor banks are cooled with forced air and
interlocked with thermostats that monitor ambient
temperature in the cabinet.

Each accelerating cavity is equipped with three
instrument packages. One instrument package con
tains a diaphragm gauge, thermocouple gauge,
Bayard-Alpert type ionization gauge, and a bleed
valve. All three gauges are read remotely on the
opposite side of the shielding wall. The second
instrument package contains a two I per sec ion
pump which operates as a cold-cathode gauge
whose current is displayed in the control room.
These gauges are used to interlock the vacuum
system with the rf system. The current corre
sponding to a pressure of 5 x 10- 5 Torr is used to
trigger the interlocks. All the pneumatic vacuum
gate valves are equipped with differential-pressure
switches to prevent the valve from opening when
the pressure differential across the valve gate is
greater than 2-in. Hg.

The in-line beam valves separating the nine

accelerating cavities are interlocked with the 1500 I
per sec sputter-ion pumps.

The machine has now been in operation for
approximately 5 years and we have not experienced
any major problems with the vacuum system for the
accelerating cavities. We have removed one 1500 1
per sec ion pump from each cavity, so that now there
are a total of five pumps on each cavity. This was
done because pumps were needed in other places.
The operating pressure with rf and beam on is
approximately 1 x 10- 7 Torr.

111.3 The RF System

III.3.a) RF system requirements The 201.25-MHz
rf power system for the linac is designed to power
nine accelerator cavities, each with a nQminal
power of 6 MW peak, 24 kW average at a pulse
repetition rate of 10 pps and 400 /lsec pulse width. 51

To ensure good beam quality it is necessary for
each cavity to be set precisely to its proper operating
parameters, from both long and short-term view
points. ~djustable phase and amplitude set points
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are provided to cover the operating ranges with
stable reference parameters and servo controls,
including an open-loop feed-forward control sys
tem for cavity amplitude.

Two double-gap bunchers in the low-energy
beam-transport line each require 5-KW peak
power at 201.25 MHz, and have their own phase
and amplitude controls. An additional set of rf
system major components is provided as an
operational spare module. Any large system com
ponent can be removed from service and replaced
within one hour.

A complete library ofprinted circuit control cards
is available and used for all logic functions within
RFI-tight enclosures in keeping with the overall
linac-control system described in Ref. 52.

III.3.b) RF system layout Each linac cavity to
gether with its rf system and controls forms a
module capable of independent operation from a
local control station (LCS). The arrangement of

the eight major units forming one module is shown
in Figure III.3.b.1.

The upper floor of the linac building houses the
rf components which are connected to the acceler
ating cavities in the tunnel below, via 12-in.
diameter 50-0 coaxial line, Figure III.3.b.2.

A 60-kV, 2-A power supply provides the input
to the charge-control amplifier which regulates the
charging voltage of the 40 flF capacitor bank. A
hard-tube modulator controls the pulsed voltage
to the power-amplifier anode circuit.

The 250-kW, 200-MHz drive power for the power
amplifier is provided by the driver amplifier.

Phase and amplitude controls, monitoring, puls
ing and interlock circuitry are located in the LCS.
A flow diagram of the rf system is shown in Figure
III.3.b.3.

III.3.c) Rf power equipment The rf signal for
each LCS is obtained from a reference line driven
by the low level rf system shown in Figure III.3.c.1.

LOC-RL
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FIGURE III.3.b.l RF system module.
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A crystal-controlled oscillator has a 20-mW output
into a distribution amplifier feeding the reference
line. The oscillator has a frequency stability of
1 : lOs/day; 1 : 106/year. At each LCS the rf signal
is processed by the frequency and phase control
systems. Voltage-controlled varactor phase shifters
are provided enabling both buncher and cavity
phase adjustment. Each cavity and buncher is con
nected to the LCS and injector linac control room
(ICR) with rigid phase-stable coaxial lines for
frequency, phase, and amplitude control and moni
toring purposes. The reference phase-stable line
supplying the LCS is a rigid Ii in. line with a 3-kW
average power rating and a VSWR of 1 at 201.25
MHz. Directional couplers are arranged to provide
160 mW at each location.

Each of the two 201.25-MHz bunchers have a
separate amplifier chain to supply the nominal
5-kW excitation required (Figure III.3.c.2). Each
chain consists of a 20-W solid-state amplifier
driving two cascaded RCA-7651 rf amplifier

RF system flow diagram.

cavities, together with amplitude and phase con
trols and system monitoring. Operating set-points
and turn-on are remotely done from the ICR. A
Varactor modulator is used to control the rf input
level to the solid-state amplifier forming part of
the amplitude-control system. A newly developed
phase-control unit is installed having the 400°
Varactor phase shifter as the controlling element
in the buncher servo loops.

Each driver amplifier is supplied with a 10-W
pulsed rf signal which is amplified by the three
tuned amplifier stages (Figure III.3.c.3), with
intermediate power levels of 200 W, 4 kW, and an
output power of 300 kW. The two low-level stages
are RCA Y1071 cavities each containing a RCA
7651 tetrode; the RCA-4616 driver output tube is a
tetrode with screen-grid modulation operating in
an RCA Y1068 cavity. A 3k in. transmission line
couples the driver-amplifier output to the power
amplifier input.

The power amplifier uses a RCA-7835 VI triode,
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FIGURE III.3.c.l.a Low-level rf system schematic.

in a Continental Electronics cavity (Figure II.3.c.4).
The cavity interior is pressured with dry nitrogen
to 40 psig. Frequency tuning is provided by remotely
controlled sliding shorts. Loading adjustments are
made by adjusting the coaxial output tap.

The circuit is a grounded-grid configuration.
The stage is normally run drive-saturated with
anode modulation. The peak power output into
a resistive load is 7 MW, with a plate voltage of 37
kV and a plate efficiency of 60 %. Filament power
of 42 kW (7000 amps at 6 V) is provided by a
current-regulated power supply. Measurement and
control signals are provided by a "Magnetics"
transducer.

Modulation of the power-amplifier anode volt
age occurs in the hardtube modulator (Figure
III.3.c.5) where three Machlett-8618 magnetically
focused triodes in parallel control the modulator
output. A 40-j1F, 60-kV capacitor bank (Figure
III.3.c.6) with dual crowbar fault protection pro
vides the modulator input power. The capacitor

bank is charged from a 60-kV, 2-A power supply
via the charge-control amplifier53 series triode
(Figure III.3.c.7).

The 12-in. coaxial transmission line couples
power into each linac cavity at the! and i cavity
length points by means of H-field loops.54 A i-A.
hybrid power splitter provides power for each
loop from a single main transmission line. A hybrid
phase shifter in this main line provides line-length
adjustment between the cavity and power amplifier.
Fifty-db directional couplers are provided at
various points in the system for monitoring and
control purposes.

All 12-in line is manufactured from commercially
available aluminum-alloy seamless drawn tubing.
Joints are made by means of sexless flanges. The
inner conductor is supported by a Rexolite 1422
disc.

The basic i-A. hybrid used for the phase shifter
and power splitter is made from standard trans
mission line components where possible. Test data
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FIGURE III.3.c.1.b Low-level rf system photograph.
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FIGURE III.3.c.2.b Buncher rf system photo.
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FIGURE III.3.c.2 Driver amplifier schematic.

on the hybrid as a splitter is shown in Figure III.3.c.8
and as a line stretcher in Figure III.3.c.9.

Tank coupling loops are arranged to be on the
air side of the coupling window, which is a 12-in.
diameter, I-in. thick ceramic disc. Penetration of
each coupling loop into the tank is remotely
adjustable to enable impedance matching at dif
ferent beam-loading conditions. The interspace
between the loop face and window is 2 in. A
capacitor plate added to the loop provides addi
tional coupling capable of delivering 4.5 MW into
a tank with no voltage breakdown with adequate
range of coupling. VSWR versus loop penetration
is shown in Figure II I.3.c.I O.

The linac control-system philosophy described
in Section III.5.a of this report applies to the rf
systems, in that there are three levels of control
for three functions; injector control (ICR); local
control stations (LCS); and submodule control
points. The three functions are ac on/off, high
voltage on/off, and pulsing on/off; for personnel
and equipment safety, anyone working on a
piece of equipment must have unique control of
it. The control point used to turn off a piece of
equipment or a system locks it off. It must be un
locked from that same point before it can turn on
again.

Functionally designed printed circuit cards
housed in RFI-tight steel enclosures, Figure
III.3.c.II, allow operation in the high-noise environ
ments. 0 to 10-V logic signals are transmitted
between units via twisted-pair shielded cable and

digital differential line drivers and receivers. At each
control point, a row of lights indicates the status of
the equipment. To help in fault diagnosis, a front
panel multipin plug makes available all important
logic signals and power-supply voltages (Figure
III.3.c.12).

A necessary part of the rf-system design is that of
personnel safety and the reduction of rf inter
ference. The enclosure design of the rf high
power systems include electrical and manually
operated grounding systems with key-controlled
access to the enclosures. RF gasketing is applied to
door frames and rf filters bypass wiring into the
enclosures providing 70 db RFI integrity.

III.3.d) Cavity amplitude and phase control and
monitoring It is necessary to automatically con
trol the phase ofeach cavity rfdrive. This is arranged
by comparing the phase of each cavity field against
a phase reference. The difference is amplified and
used to minimize the error. The gain and frequency
response of the feedback loops are designed 55 to
reduce phase errors, by a factor of 100 with a
correction rate of 10 per micro-second (Figure
III.3.d.l ).

After reducing the power level of the reference
signal to 20 mW, it splits and 10 mW is applied to
the phase comparator, a Hewlett-Packard double
balanced bridge detector. The dc output from this
device is amplified by a J1A 702C amplifier and
applied to the varactor in a voltage-controlled
phase-shift circuit which operates on the second



FIGURE 1I1.3.c.4 Power amplifier cavity.
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FIGURE 1I1.3.c.9 Test data on the hybrid phase shifter.

channel of rf input signal. The 201.25-MHz output
from the varactor is amplified by a single-stage
transistor amplifier which is used to restore the
signal level to 10mW. This output is sent by coaxial
transmission line to a line stretcher and then to a
30 db solid-state amplifier which in turn feeds its
10-W output to the driver amplifier. The loop is
completed through the 7835 power amplifier, the
cavity, a coup~ing loop within the cavity and then

o LOW ENERGY DIRECTIONAL COUPLER
0. HIGH ENERGY DIRECTIONAL COUPLER
• MEASURED AT INPUT TO POWER DIVIDER

P
/

2.0 I Q •
II /

1.9 all'1.8
//

1.7 / Q
//

/ .
1.6 9/ ·
1.5 /9///
1.4 // / ..
1.3 /0/// /Q
1.2

p~.
1.1 / t>.

~/.

1.00 2 3 4 5 6 7 8 9 10 II 12

PENETRATION OF'LOOP lTURNS)

FIGURE 1I1.4.c.10 Cavity coupling-loop VSWR vs position.

into the second input of the double-balanced
bridge phase detector. After the line stretcher
connecting the 10-W amplifier to the phase-control
card is adjusted for operation of the loop at the
center of its dynamic range, a change in the phase
shift of any component within the loop is auto
matically cancelled by the action of the loop.

All the sensing and control elements of the phase
control loop are contained on a single printed
circuit card (Figure III.3.d.2). This card is 4! x 5
inches with a 44-pin printed-circuit edge connector.
The copper print which comprises the connector
and adjacent circuits are dimensioned in such a
way as to form a stripline with a characteristic
impedance of 50 Q. Connections within the shielded
enclosure between the printed-circuit card and the
necessary power splitters is made using RG223/U
double-braid coaxial cables. It was necessary to
use double-braid coaxial cable in order to avoid
coupling between the output cables and the input
reference and signal lines. Measurements indicate
a VSWR of less than 1.06 at 201.25 MHz.

Since the double-balanced bridge is operated
at a null point, the system is insensitive to amplitude
variations. Measurements indicate a detector sensi
tivity of-approximately 5 mV per degree of phase
at 201.25 MHz. The video bandwidth with a load
of 50 Q is approximately 1.5 MHz.

The 201.25-MHz signal from the power splitter
is fed to the varactor through a resistor pad which
serves two purposes: a) It reduces the 10 mW signal
so as to not overdrive the varactor when it is
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FIGURE III.3.c.11

biased with approximately 1 volt of dc, and b) it
improves the VSWR looking into the card as the
varactor is tuned throughout its range. The varactor
and its associated series printed inductor form a
series resonant circuit at 201.25 MHz. A printed
matching network is used to match the varactor
circuit impedance to that of the input of 2N3866
overlay type high-frequency transistor amplifier.
The output circuit of this transistor consists of a
printed inductor and a ceramic variable tuning

Control chassis rear view.

capacitor. This circuit matches the ouput im
pedance of the transistor at 201.25 MHz to 50 Q.
This resulting 1O-mW rf signal is fed to the rf
drive chain. The gain of the J1A702 and the discrete
component amplifier following it is approximately
100 db. When the gains of the remaining loop
components are combined with these figures, the
resultant open loop gain is approximately 40 db.
The range of phase control available from the
varactor is approximately 70°.
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FIGURE III.3.c.12 Control chassis front view.

In order to obtain a smooth 6 db per octave
rolloff and a gain crossover frequency of approxi
mately 180 kHz, frequency-compensation networks
are employed in both the feed-forward and feed
back paths. A pole in the frequency compensation
network is placed at approximately 1800 Hz. Then
various poles and zeros are included to cancel the
poles and zeros of the system components. This
results in a system phase-correction slewing rate
of approximately 10 per microsecond.

A block diagram of the frequency-control system
is shown in Figure III.3.d.3. Here again a phase-

control card serves as the sensing and controlling
element for the loop. Frequency drift is monitored
by observing the phase difference between the drive
rfto the cavity and a coupling loop located near the
center of the cavity. Adjustment of this loop is
accomplished by manually controlling the motor
drive tuner to the desired operating frequency.
The line stretcher in the frequency-control loop is
then adjusted for a null condition as indicated by a
varactor voltage of 5.9 V, which is the nominal
center of its operating range. The loop is then
closed and automatic control of the cavity water
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TO FREQUENCY
CONTROL LOOP

I
I
L .J

80W
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FIGURE III.3.d.l Cavity phase-control loop.
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FIGURE III.3.d.2 Phase control PC card.
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TO PHASE CONTROL LOOP

I·

I
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o
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LI NE
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80W
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I
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: I---J: v 5.~t=
I _ I
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FIGURE III.3.d.3 Cavity frequency-control loop.

temperature maintains the cavity at the operating
frequency. The phase-control card in this appli
cation serves basically as a phase meter.

Because of the slow response time of this system
there is no possibility of interaction between the
phase- and frequency-control loops.

The amplitude-control system has to maintain
the accelerating cavity voltage to within ±0.1 %
during the time of the beam pulse (see Figures
III.3.e.l and III.3.e.2). In the rf error amplifier
(Figure III.3.d.4), a portion of the rf signal from
the accelerating cavity is detected to provide a
7-V signal during the rf pulse. This signal is com
pared with a 0 to 10-V reference voltage from the
dacads control system, providing 0 to 100%
control of the cavity gradient. However, a limited
control range is available where the detector
signal is compared with a Zener diode and the
o to 10-V dacads voltage change is added at the
operational amplifier summing junction to pro
duce a 20 % control range of cavity-voltage
gradient.

Amplifier U6 is used as a comparactor and un
clamps the integrator when the detected voltage is
within 0.5 V of its correct value. An offset control
on the input of U3 determines the modulator
output setpoint, which allows the modulator to
be programmed so that high VSWR and plate
current during the accelerating cavity rise time can
be controlled. Other inputs are provided allowing
amplitude and gain programming, as part of the
feed-forward control system.

To ensure the correct operating conditions of the
accelerating cavities, it was decided to provide
additional monitoring facilities independent of
the local system control loops for both amplitude
and phase. RF signals from each liLlac cavity are
taken tothe injector control room (ICR) via phase
stable semirigid coaxial line. A 12-way diode
switch controlled by a binary signal derived from
the dacads system allows selection of a buncher
cavity or accelerator cavity rf signal which can be
measured by either the phase or amplitude
monitor (Figure III.3.d.5).



t:X
'J Z r- N o r s: ('

;l < C Z t'T
1 » :;0 » n n t'T
1 r t'T
1

:;0 » -l o :;0

I~
2

2
fl

O
V

j'
J
L

;7

1&

4
7

2
N

2
9

0
5

II

10
K

-1
5

IK

4

~
_
5

ue 71
5

10
K

10
K

II

IK

15
K

+
1

5

10
K ~5
p

f
5

+
15

ZK
~8

"
r
/
~

-I
Z

V

3
3

0

~
3
J

Y
5

+

~
I~
;

C
L

O
S

E
D

5.
IK

IS
O

K

~
5
K

10
K

+
1
5
~

10
II

+
15

-1
5

10
K

~

-

~
~

74
1

4
.7

K
3

.3
K

S
+

+
1

5

4.
7)

(

+
'5

6

*
1%

R
E

S
IS

TO
R

S

10

4

~L
LI
f1

;

2
7

0

"
r
-
\+

7
V

-.
I

L
O

V
,

I

21
'5

4

-1
5

+1
5

Z
E

R
O

T
R

IY
O

N
U

Z
O

N
LY

F
IG

U
R

E
I1

I.
3.

d.
4

R
F

er
ro

r
am

pl
if

ie
r.

\C \C



o o

+
5

'/

~ ~CJ ~ ~ :r: :-r
1

['T
'1

r0
 m l'

5
(.

O
P

£
xc

.i
f

R
r

A
M

P
t.

Ji
U

l>
E

M
O

N
IT

D
/?

R
£
~

V
O

lT
'S

RJ
.4

/t
il

.

A
M

P
.
E
~
o
~

I"
.

/V
tL

T

J.
r-J

r0
ltl

1i
~
A
M
l
>
L
"
'
u
~

~
P

A
A

'S
.£

..
'

N
U

L
L

,N
&

'
"
M
~
L
I
F
I
~
s
r
s

(M
O

N
IT

O
R

C
/I

!'C
.U

fr
)

Ie
l?

O
~
-
I
L
.
.
L
.
-
7
~

0
.2

8
-
L

E
'

1
«

0
6

2
·1

t
>
~

-f
lo

E
·

"
'7

4

-
.
-

R
/3
T
~
1
?
~
'
f
~

1f
t

~
v'

lb
E

o
11

'1
A

rr
lP

'V
liM

fJ
,A

I

~
.
J
I
l

K
I
J
,
I
(
t
.
,
K
8
,
I
(
I
O
~

K
fl

.K
I,

J
,K

II
.
,
K
~
,
K
U
j
,
K
n
.

I
'
-
~

'-
-

~J
.

1
{5

,
1(

7.
1(

~-
-
-
-
..

./

K
II

.
~
/
!
J
,
K
I
$
,
1
(
/
1
,
K
~
,
1
Q
I

IN

I
B

e.

-
1
5
~

1
1

6
)

R
I
P
H
4
~

""
'O

N
IT

O
Ii

It
e

r.
V

O
ll

'S

R
I'

:I
"I

1
JI

f#
s

F1
i!f

:J
Iff

~
/
w
,
r
.
"

P
R

0
8

€
,S

+
~
~

~
~

~
~
~
~

~
tc

~
~

4
I

I
t

I

-1
5

v'
-.

.J
\/

\/
\.

'
@

0
\ 2 ~ -+ s Co 7 "3
.
~ ID II

J
il

R,
.-.

~

R
F

J
.O

W
·
~
L
N
E
l
/
)
R
.

R
£T

.
,I

/P
v
r

/
fO

o
E

L
£

C
T

R
O

N
IC

C
O

N
T

li
!O

L

tS
E
J
t
1
f
O
~

8
U

N
C

f/
E

i?
I

8
u

!'
J
C

H
t:

:
Il

2.

T
A

N
I(

I ..
l .3 q. 15 ~ 7 a

'T
A

l'
ll

<
9

()
£

8
U

l'
tl

c
ll
&

'

S
E

LE
C

T
IN

I
~

IN
P

vr
S

~ £. I....
. A "( D 1? I V E. ~ S

~
d
b

D
\
~
E
.
c
.
T
\
O
N
~
l
.

C
O
(
J
P
L
E
~

j Ai ., /.1

D E. C. o D E. i?

D
£

T
E

C
T

A
.'

l>
R

t:
A

P
J
P

I.
.I

7
U

b
£

D
/O

U
D

E
T

E
C

T
O

R

a
,N

A
R

y
O

U
T"

PU
T

C
o

v
"l

T

: "
I?

,F
M

O
N

IT
O

R
j

S
E

L
E

C
T

O
R

P
A

N
E

l-
[)

.J
.4

/.

~
l
€
.

-
9

Z
3

,
.
.
.
.
-
-
-
-
-
-
-
-
-
-
,
,
,
H

M
A

N
U

A
L

~
E
.
L
E
.
c
.
r

I
C

R
.

C
O

/V
1

p
u

r£
/?

<\
E~
Q(
)
~

7
1

vo
Q

F
IG

U
R

E
II

I.
3.

d.
5

IC
R

m
on

it
or

sc
he

m
at

ic
.



BNL 200-MeV LINEAR ACCELERATOR 101

A voltage-controlled varactor phase shifter is
used to control the phase of the signal from the rf
reference line, which is compared with the phase of
the diode switch output. The varactor applied
voltage is measured and recorded; a stable
reference-voltage power supply provides the input
to a bank of preset potentiometers, the outputs
of which are switched together with the rf signal
to be measured by the diode selector switch. The
phase detector output is amplified and displayed
locally.

To measure the accelerator-cavity amplitude, a
video detector output is compared with a Zener
diode reference, and the difference signal is ampli
fied and displayed locally. The amplifier used for
both amplitude and phase monitors is a slightly
modified version of that used in the accelerating
cavity amplitude-control loop. (Figure III.3.d.5).

Normally, both amplitude and phase controls
provide nulled displays on a dedicated oscilloscope.
A calibration factor of 1%fV is provided for the
amplitude monitor and 0.1 0 IV for the phase
monitor. A local selector switch overrides the com
puterjdacads selector-switch control for local
operation of the monitor.

A second system of monitoring the accelerator
cavity field is arranged at the local control· station
(Figure III.3.d.6). A phase comparison is made of
the rf phase ofa selected cavity with the phase of the
previous cavity (in the case of tank # 1 with
buncher # 2 and in buncher # 2 with buncher
# 1). The system of measurement is purposely very
simple and involves a minimum number of com
ponents. It comprises two cavity probes, a phase
detector, two short lengths of 50-0 semirigid line
and a manually set mechanical phase shifter. These

components are located in the spaces between
accelerating cavities and the video outputs are
displayed at each LCS. If the tank phases are set
correctly, the detector output is zero. The cavity to
cavity phase monitor has a resolution of 10 and a
sensitivity of 5 mV/degree.

A third measurement of the cavity phase re
ferred to the rf reference line at the LCS is made
using a phase-locked loop (Figure III.3.d.7) having
the same basic circuitry as that of the phase
control system. An error signal derived from this
loop is arranged to inhibit the accelerated beam in
the case of a large phase error.

A cavity-field probe provides an input to a video
detector with variable bias (Figure III.3.d.8). The
detector output is normalized for a 200-mV peak
signal and the slideback bias-potentiometer reading
noted. A system accuracy of 0.05 %is typical.

Redundancy ofcavity-field measurement systems
is justified because the inadvertent alteration of
cable lengths, power-supply changes, or poor cable
connections would have a detrimental effect on
linac performance.

A feed-forward control 56 (Figure 111.3.d.9) of the
linac-cavity fields is arranged to reduce the cavity
field changes during the beam-loading transient and
to activate the gain switch in the amplitude-error
amplifier. Ion-source command signals derived
from the linac timing system are used to initiate
the generation of the required compensating
waveforms; the termination of the waveform de
pends on the trailing edge of the beam-current
transformer input. The program multiplexer is
located in the ICR and the corrections routed to
each LCS, where they are applied to the amplitude
servo error amplifier via a program demultiplexer.

LCS 1'70NIToi? +-+- 00,/

ADJu~", 'P~~sE S",m:.~ t=o~ f'.\ULL

T£CI1 R£scA~CJ.J

MD·20~

LAST PRoBE.
_____.I~----+---., U:>W

(5TRI P ~UIOE. )

zooM~"!. PJ.lASE

S~/FTER

LINAC

CAV ITY A
L/NAC

CAVITY" B

"'----------------h,-
FIGURE III.3.d.6 Cavity/cavity phase monitor.
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FIGURE III.3.d.7 LCS phase monitor.

Adjustments of the particular cavity program in
puts are made in the ICR while observing the ICR
rf monitor.

III.3.e) Radio1requency system performance In
the first year of operation, a great deal of downtime
was caused by arcing in the ML8618 tubes used in
the pulsed modulator of the radio-frequency
system. Modifications to the internal support

structure together with preconditioning of these
tubes on a specially constructed rig has reduced
the downtime from this cause to negligible pro
portions. Downtime due to radio-frequency faults
still represents a major part of the linac downtime,
with the problems being randomly distributed
throughout the various components which make up
this complex system. Analysis of the faults shows
that over 50 % of this downtime is a result of
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FIGURE III.3.d.8 LCS amplitude monitor.
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FIGURE III.3.d.9 Feed-forward an1plitude compensation.

outages exceeding 4 hours in length so it was
decided that in general no more than two hours
should be spent in fault diagnosis on any system
before replacing the entire unit by one from the
10th operational system. This has resulted in a
reduction ofabout 80 hours/year in radio-frequency
downtime, which helped to increase the overall
operating percentage from 90 to 93. Improvements
have been made in the remote monitoring so that
selected video waveforms are available to the
operator in the Main Control Room of the AGS
and this also aids fault diagnosis. Improvements in
control and monitoring of the radio-frequency
amplitude and phase have been made and has
resulted in more stable beam operation. There are
three independent monitors for both amplitude
and phase and these are monitored frequently.
Any disagreement between these of greater than
0.2 %in amplitude or 0.5° in phase is investigated.

Figure III.3.e.l is a schematic of the amplitude
control loop and Figure III.3.e.2 waveforms re
corded at various points in the system. The major
improvement has been the introduction of the
feed-forward control input (Figure III.3.e.2a) to
the loop which enables correction of the initial
beam transient. The differentiated signal (Figure
III.3.e.2a) is an input to the error emplifier. The
output from this error amplifier (Figure III.3.e.2d)
is used to control the 7835 plate-modulator output
signal (Figure III.3.e.2e) and thus maintain the
accelerating-cavity voltage constant to within
± 0.1 % over most of the beam pulse. Figure

III.3.e.2f shows the reverse-power signal at the
output of the 7835 final amplifier (note that the
cavity is matched to the 7835 under the beam
loaded condition). One of the bias detected video
signals from the accelerating cavity is shown in
Figure III.3.e.2g, where 1 cm represent 1% in rf
amplitude. Figure III.3.e.2h is the output of the
phase detector which measures the cavity phase
with respect to the reference line (1 cm represents
14° of phase).

111.4. The Quadrupole Systems

III.4.a) Quadrupole fabrication Based on the cal
culations in Section II and the constraints placed on
the physical size of the magnets by the geometry of
the drift tubes (Table II.1.h.1), the quadrupoles
were divided into six groups. Groups I through IV
are used in Cavity 1, Group V in Cavities 2, 3 and 4,
and Group VI in Cavities 5-9. Thus, it was not
necessary to build a different magnet for each drift
tube. Table III.4.a.l lists the characteristics of the
six magnet groups. While the same constraints
were not placed on the LEBT quadrupoles, a very
similar design was used (see Table III.4.a.2).

The magnets utilize a simple core design pro
posed by Danby and Jackson s7 which provides
good quadrupole field quality at relatively high
gradients. Fabrication methods used in the pro
duction of these magnets were dependent on
practical considerations such as size, power dissi
pation, alignment, etc. Cavity 1 and LEBT magnets
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FIGURE III.3.c.1 Schematic of amplitude-control loop.

TABLE I1IA.a.1

200-MeV linac quadrupole-magnet parameters

Equiv. Max. Power
Magnet Aperture Length length grad. I Peak Inductance Resistance dissipation
group (em) (in.) Turns/pole (in.) (kG/em) (A) (/lH) (ohms) (W)

I 2.2 I 21 1.36 9.2 4112 440 0.07 55
II 2.2 11 21 1.61 7.2 166 520 0.09 444

III 2.9 IJ 19 2.22 5.2 230 475 0.1 1004

IV 2.9 21 19 3.23 3A 151 690 0.09 524

V 3.4 4 12 4A8 2.0 192 310 0.08 50
VI 4.4 6 II 6A8 1.0 175 340 0.1 53
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FIGURE III.3.e.2 Radio frequency system wave forms.
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TABLE III.4.a.2

LEBT quadrupole-triplet parameters

Equiv. Max. Power
Aperture Length length grad. I Peak Inductance Resistance dissipation

Triplet (in.) (in.) (in.) Turns/pole (in.) (kG/em) (A) (JiH) (ohms) (W)

Inner 4 7.5 18 9.2 0.52 300 820 0.07 160
Outer 4 4 18 5.67 0.52 300 520 0.05 115

II thru VII
Inner 3 7 18 8.2 0.68 220 1220 0.06 75
Outer 3 3.5 18 4.75 0.68 220 700 0.04 50

VIII
Inner 1.6 4 11 4.7 1.8 270 225 0.08 145
Outer 1.6 2.5 II 3.21 1.8 270 150 0.06 110

, -ALIGNMENT &LOCK

THREADED ROO

[STACKING PLATE

CORE STACKING FIXTURE

FIGURE III.4.a.1 Core stacking fixture.
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consist of four coils assembled onto two laminated
half cores held together by either a water jacket
(LEBT) or a steel ring (Cavity 1). The half-core
design was used to provide the maximum number
of turns per pole. All other magnets consist of four
coils on a full laminated core. The coils are wound
on a steel mandrel with solid, round, heavy
Formvar-insulated copper wire and epoxied to
gether for mechanical strength. Two series-con
nected layers were used for the drift-tube
quadrupole coils while four layers connected
series-parallel to minimize resistance were used for
LEBT.

The cores were stacked using stamped, deburred
and oxide-insulated laminations. The drift-tube
magnet cores were stacked using a B-stage epoxy
resin system. The epoxy resin was 0.001 in. to
0.002 in. thick. The laminations were then stacked

dry on a spring-loaded stacking fixture. Mechanical
stops were inserted in the fixture to control the
finished length of the core (Figure III.4.a.1). After
stacking, the core was compressed to the proper
length using mechanical stops in the fixture. The
wet-stacked core and fixture were then soaked in
acetone to remove the excess epoxy resin and the
core was then oven cured. Using this stacking
technique, the average final bond line between lami
nations was between 0.0002 in. and 0.0004 in. thick.

The coils and cores were assembled (Figure
III.4.a.2), tested electrically and then vacuum
potted. The drift-tube magnets were potted with
an epoxy resin filled with boron nitride for thermal
conductivity. The LEBT magnets were potted with
a semirigid urethane filled with silica for thermal
conductivity. After assembly and potting, the
outside diameter of each magnet was machined

CORE

SPACERS

COIL WINOI~GS

EXPLODED VIEW 0' QUADRUPOLE
(1-.4 CORE GROUP n)

FIGURE III.4.a.2 Exploded view of quadrupole.
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concentric to the magnet pole tips. The basic
elements that make up a quadrupole are shown in
Figure III.4.a.3.

Each quadrupole was measured mechanically,
electrically and magnetically. The magnetic center
was measured relative to the machined outside

diameter and was concentric to within 0.002 in.
The harmonics, magnetic length length times
gradient, inductance and resistance were measured
on each finished quadrupole.

On LEBT quadrupole magnets, the magnetic
axes were located using a point coil and an align-

FIGURE III.4.a.3 Elements of a tank quadrupole.
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ment scribe line transferred to the outside diameter.
Triplets were aligned relative to each other using
these scribe lines. The drift-tube magnets were
aligned relative to each other by utilizing the drift
tube stem support as a reference and the point coil
technique.

III.4.b) Quadrupole power supplies58 The drift
tube quadrupole magnets are pulsed as doublets
with one pulser driving a magnet pair. The current
requirements were 125 to 300 A at a repetition rate
of 10 pulses per second with a current variation no
greater than 0.1 %during the 200 /lsec beam time.

By utilizing in the pulser a tapped equalizing
choke which is in series with the magnet loads
and including approximately 0.1 Q for the resistance
of the triaxial transmission line, the pulser load is
nominally 1 mH and 0.3 Q for all types of magnets.
This equalizing of loads permits complete inter
changeability of pulsers with magnet loads.

There are 295 magnets in the accelerating
cavities and hence 148 pulsers. Sixteen additional
pulsers are used to power the eight triplets in
LEBT. The equipment is housed in standard rack
cabinets in ten separate groupings associated with
the nine Linac cavities and the BLIP and the LEBT
area. Each group consists of dc power supplies,
monitoring and control cabinets, dipole steering
cabinet and pulser cabinets. Additional capacitors

are associated with the LEBT pulsers in order to
provide higher magnet currents at power-supply
voltages comparable to those of the linac pulsers.

The pulser provides a flat-top current to within
0.05 % for 250 /lsec at 10 pulses per second with
minimum quadrupole magnet dissipation. A func
tional block diagram of the system is shown in
Figure III.4.b.l.

A dc power supply rated at 400 V and 40 A with
an output capacitance of 72,000 /IF is used as a
low-impedance squrce to charge capacitors of as
many as 16 pulsers at a time. Each pulser is fused
to disconnect it from the source in the event of a
pulser fault. A simplified schematic of the pulser is
shown in Figure III.4.b.2. Resonant charging is
employed to charge capacitors C 2 and C 3 by firing
SCR SI. Before the charging cycle, Cl is charged
to a value equal to the power-supply voltage with
the polarity indicated. Regulation in the charging
circuit is obtained by firing stop-charge SCR S2
when the voltage on the capacitors reaches the
required value. This induces a negative voltage at
point A which back-biases SCR SI and hence
extinguishes it. By this means, the voltage on the
capacitors C 2 and C 3 can be regulated to within
0.05 %over a dynamic range greater than 200 V.

After'SCR S2 is fired, the energy stored in the
charging transformer Tl is used to charge Cl to a
voltage no greater than the power-supply voltage.

460 V
3 PHASE
60 cps

START
CHARGE
TRIGGER

DISCHARGE
TRIGGER

FLAT TOP
PULSE

BEAM
PULSE

DISCWARGE

PULSE

FLAT TOP

PULSE

ALARM
TO ICR

FIGURE III.4.b.1 Schematic of quadrupole power-supply system.
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FIGURE III.4.b.2 Simplified schematic of quadrupole pulser.

Excess energy flows through diode D 1 back to the
power supply.

The discharge circuit which produces the flat
top current is similar in principle to the discharge of
pulse-forming networks. C2 is first discharged
through the load by firing SCR S4. When the
damped "sinusoidal load current reaches approxi
mately 95 %of its peak value, C 3 is discharged by
firing SCR S3. The energy that was stored in C 3
is used to keep the voltage across the load and C 2
constant during the flat top. Therefore, the net
current flowing from C 2 is zero and the voltage
across the load is I FTR M • The inductive load pro
vides a high impedance while capacitor C 2 pro
vides a low impedance to any cyclic variations of
current during flat top. This mechanism provides a
constant flat-top current to within 0.05 %. When
the voltage on capacitor C 3 drops to a value equal
to that on C 2 , the end of the flat top is"reached and
both capacitors discharge together until they reach
the negative voltage VN at the end of the current
pulse. A recovery circuit which consists of saturable
reactor L3 and diode D4 is used to reverse the
polarity on capacitors C 2 and C 3 from negative to
positive after the magnet-current pulse. The ab
sorbed volt-sec product of the reactor is sufficient
to allow SCR S4 to extinguish before L3 saturates.
Once the polarity on the capacitors has been re
stored, the circuit is ready to recycle. Figure
III.4.b.3 depicts various waveforms as a function of
time.

The linac control system provides aO 0 to 10-V
reference signal accurate to 0.1 %, which is used
to control the voltage on the capacitors before the
discharge cycle. A stop-charge trigger pulse is
generated when a sample of the capacitor-bank
voltage goes beyond the value of the reference
signal. The resistors are adjusted so that a zero
reference signal is equivalent to the minimum
current and a 10-V reference signal is equivalent to

the maximum current required from the pulser. By
adjusting these resistors for each pulser according
to specific current requirements, the regulation of
capacitor voltage before discharge is improved to
0.05 %. Each of the stop-charge comparators is
controlled by an individual reference voltage from
a motor-driven potentiometer at the associated
local control station.

III.4.c) Monitoring and steering As indicated
above, the magnet current is a function of capacitor
voltage and hence reference voltage, since the ref
ference voltage determines the voltage on the
capacitor by means of the stop-charge mechanism.
The relation between current and reference voltage
IS

I = a~ef + b

Figure III.4.c.1 indicates the means imployed in
monitoring the magnet current for all values of
reference voltage. The magnet current is monitored
by a current transformer having a calibration of
50 A/V. By adjusting the bias and the gain of the
operational amplifier, the output voltage from the
current transformer is made to agree with the equa
tion above. By adjusting the upper and lower
limits of the reference voltage, the strobed dual
comparator monitors the magnet current during the
beam pulse. Errors greater than 1%are indicated
locally by a flashing light. Malfunction signals
from all pulsers in a module are sent first through
an OR circuit and then to the control room to
indicate a malfunction of at least one pulser in a
module.

Dipole steering is available at the end of each
cavity and in LEBT for beam alignment. This is
accomplished by superimposing a de dipole current
in the windings by means of the bridge arrangement
shown in Figure III.4.c.2. The magnetic field is
therefore a summation of the quadrupole and
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FIGU RE III.4.b.3 Quadrupole-pulser timing pulses and waveforms.
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FIGURE III.4.c.l Quadrupole-magnet current monitor block schematic.
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FIGURE I1I.S.a.1 Block diagram of linac control system.
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dipole components of field. The power supply is
current regulated to within 1%and utilizes silicon
controlled rectifiers which are fired by means of a
magnetic-amplifier control circuit. The magnetic
amplifier provides a means of isolating the supply
from reference ground, easy summing of control
signals by means of multiple control windings and
isolation against possible misfiring of the SCR's
due to line transients. By means of biased opera
tional amplifiers and a comparator, the 0 to 10-V
reference signal from the information system is used
to control both polarity and magnitude of dipole
steering current.

The quadrupole focusing system has successfully
produced focusing fields stable to within 0.2 % for
well over the 200-tlsec required for the beam pulse
and with minimum power dissipation in the quad
rupole magnets. The overall system is approxi
mately 70 % efficient and the resonant charging
circuit is over 90 % efficient. The resonant "stop
charge" circuit provides a wide dynamic voltage
range which allows the use of a single power supply
to efficiently charge many pulsers having diverse
loads. The use of a saturable reactor in the recovery
circuit represents a trade-off of even greater overall
efficiency for increased reliability.

IIL5. Control Systems

IIL5.a) System philosophy The basic concept for
the control systems was set early in the design
phase. 59 The primary function of the linac is as the
injector for the AGS and since the linac represents
a small part of the cost of the total AGS Complex,
it is important that the overall linac system in
corporate a high degree of reliability and main
tainability. For the control systems, this requires
a conservative design with attention to efficient
operation and ease of maintainability. An
important aspect here is that each module and sub
module of equipment be built as a self-contained
unit, that is complete with a full set of local controls.
Thus, maintenance and tune-up of any submodule
may proceed independent of the status of the overall
control system and of the rest of the accelerator.
From each submodule, the minimum number of
controls and indicators are brought up to the next
system level and so on up to the injector control
room. Figure IIL5.a.! is a block diagram of the
Linac Control System.

Computer control of most linac functions is
essential for the efficient routine operation of a de
vice of this complexity. However, as the computer

system itself is not perfectly reliable, the require
ment placed on the control systems is that the entire
linac must be operable without the computer.
Therefore, no closed-loop servo system includes the
computer in the loop. Rather, the computer
monitors and adjusts the servo set points.

The general requirements of the control systems
include:

1) Ability to turn on and off and to adjust all of
the accelerator functions;

2) Protect all components from all ordinary
malfunctions and faults and to minimize the effects
of catastrophic failures;

3) Protect all personnel from hazards of elec
trical shock, fire or radiation exposure; and

4) Human engineering to improve the ease and
accuracy of operator control.

Since one of the most expensive and trouble
some areas in control systems is the wiring, it
was imperative that the number of interconnecting
wires and cables be minimized through the use of
multiplexing and digital logic. It was necessary to
control the entire linac from a single control room
called the Injector Control Room (ICR) with the
ultimate goal of controlling the linac directly from
the AGS Main Control Room. Because of rf
power considerations, it was necessary to have nine
identical rf modules with a like number of vacuum,
water, quadrupole, etc. systems. It was decided to
have nine Local Control Stations (LCS) to allow
independent calibration and testing capabilities for
each module. Central control of the linac from the
ICR was made by a minimum number of cables to
each LCS. The philosophy of bringing back to the
ICR only those status signals which are necessary
to identify the module rather than each individual
malfunction was adhered to. Many tens of thou
sands of dollars of wiring was saved at no reduction
in maintainability of the system. For example, if a
malfunction in the water-cooling system of the rf
amplifier at Module 6 occurred, the operator in
the ICR need only know that the trouble lies in the
rfamplifier of Module 6. When he arrives at Module
6 he can observe a local status panel containing 30
parameters and immediately note that the trouble
is in the water system. There woul~ have been little
advantage for him to know this from the ICR
because he would still have to go to Module 6 to
make the repair.

Availability = Maintainability and Reliability
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A mathematically rigorous definition of Avail
ability the percentage of time that our equipment is
available for its intended use is:

MTBF 1000%
A = MTBF + MTTR x

A = Availability
MTBF = Mean time between failures
MTTR = Mean time to repair

This equation applies equally to a large system such
as the AGS or the linac or to a small assembly
such as a printed-circuit card with replaceable
components. As systems become very large and
contains many smaller sub-units or components, the
reliability goes down at an enormous rate. It
becomes impractical and eventually impossible to
have high reliability. The only opportunity to
assure the continued availability of the system is to
minimize the time to repair any given portion of the
system. Once this fact is recognized, it follows that
maintainability must be designed into the system
components just as is reliability.

Many steps were taken to standardize procedure,
construction practice and documentation. These
factors were instrumental in the successful opera
tion of the linac. Since many enginerrs and de
signers were involved in such a large program, it
was necessary to establish design and component
standards so as to minimize the problem ofstocking
spare parts and ·assure compatible interfacing of
the system's component parts.

To implement this philosophy, a series of memos
defined the ground rules to be used so as to minimize
interface problems. For illustration, some of the
items covered are listed below:

1) Definitions of equipment groups such as
Module, Sub-module, Local Control Station.

2) The only coaxial transmission lines allowed
in the building are to be 50 Q.

3) Logic levels between various equipment will
be nominally + 10 V and 0 V.

4) All control and reference data will be trans
mitted at a 0 to + 10-V dc level. At the local point,
this voltage will be used as a reference level for
local servo-system for control of the particular
parameter, i.e. focusing current, field amplitude,
field phase, etc.

5) Each module must be self-sufficient in regard
to overload fault protection, yet all ac power
ON-OFF and operational controls shall be re
motely controllable.

6) All systems shall maintain their own electrical
ground and receive control and monitoring signal
in a balanced nongrounded (i.e., floating) con
figuration. This can be accomplished with either
a differential amplifier, transformer, or similar
method.

7) Repairs and servicing will be done on a LRU
(least replacement unit) basis. This means that
interconnections between modules, submodules
and so on down to the least replaceable unit will
be made by quick-connect connectors rather than
soldering, spade lug, etc. Thus in a particular
situation a spare printed-circuit plug in card is
available for replacement on-line rather than the
transistor or other component which is normally
soldered to the printed-circuit board. (The com
ponent is later replaced.)

8) Where a LRU is replaced there will be a
minimum ofadjustments or calibration. (Units shall
functionally stand alone where possible.)

III.5.b) AC controls In accordance with the over
all supervision control-system philosphy (least
replaceable unit, local servo control, and
standardized interface signal levels and con
nections), the AC Control System60 was designed to
allow remote computer and local operations from
any number of control points or levels.

1. Local-Remote
Definitions for the Linac System:
Local-means "here" (where you are)
Remote-means everywhere else.

There is no such thing as being in local or remote
control. You are always in both! However, the
protective case of "Lock-off" has priority over all
other system states and can be executed from any
system level. From the passive "OFF" state any
control level can turn the system on.

Figure IIL5.b.1 is a schematic representation of
the AC Control signal route from the computer
through the IeR master control panel, LCS con
trol panel down to the equipment level, the
equipment card ties all interlock malfunction and
safety features into the control system in such a
way that the status of the equipment is known at
each of the control points.

Detailed status information is not brought to a
higher level than is necessary for rapid localization
ofsystem malfunctions. For example, ifa water-flow
switch in the modulator plate of Module 3 indicates
no flow, Module 3 rf system would be automatically
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shut off by self-contained protection on its equip
ment card. This,.. in turn, would shut off the high
voltage and pulsing system within several micro
seconds. Simultaneously all the "malfunction"
status lights in the chain from the modulator
plate voltage to the highest level in the control
room would indicate malfunction. The operator in
the Control Room need only look at the status
control panel and observe that the level of difficulty
is the high voltage of Module 3 rf system. When a
trouble shooter arrives at Module 3, he observes
at the LCS status-control panel that the trouble is in
the modulator and upon walking several feet to the
modulator, he observes that the plate water-flow
alarm light indicates a malfunction.

This system, although it does not make detailed
malfunction information automatically available
to the computer, insures instantaneous protection
to personnel and equipment. The overall reliability
of the linac is enhanced by the minimization of
wiring and interconnection of unrelated equipment.
In addition certain video waveforms are available
in the ICR via a video switching unit controlled
either manually there or by the central computer
in the Main Room of the AGS.

The record-keeping potential of the computer
is also available in that the computer's interrogation
of the system establishes that the malfunction
occurred in the high voltage of the modulator in
Module 3. If further detail is required, the operator
can type this i'nto the record system via the display
terminal. Down time, date and similar information
are available through other peripheral equipment.

The hardware used in the AC Control System is
the standard used throughout the linac. All logic
was done with the 7400 series of integrated circuits
mounted on 4.5 x 5 in. 44-pin edge-connected
printed-circuit cards. A standard commercially
available card file was installed in a specially de
signed shielded enclosure. All cabling was twisted
pair cable selected from the linac standard book
with standard connectors on each end. By using
connectors at all equipment interfaces, easy re
placement was assured.

IIL5.c) DACADS (Data aqulSltIon and display
system) Philosophy In keeping with the super
visory control-system philosophy, DACADS allows
up to ~ix levels of control of reference data to
individual servo systems for control of devices
such as steering magnets, quads, phase control,
etc. Manual or automatic control at the equipment
level is available for device testing and calibration

and use when a higher-order system has failed.
This level is not normally considered a part of
DACADS. The DACADS system makes available
to the device a dc level of0 to + 10 V to an accuracy
of 10 mY. This level is switchable at intervals of
10 msec. Each of the ten local-control stations con
tains a 100-word memory ofDACADS information
which can be entered or changed either from a
local manual-control unit, from one of four
manual-control units in the injection control room
or from the computer in the ICR. A link between
the PDP-8 in the ICR and the PDP-lO at the
AGS affords AGS operations the ability to control
any of the reference levels or DACADS controlled
switches. A detailed technical description of the
DACADS system appears in the Proceedings of the
1970 Proton Accelerator Conference,61 and a block
diagram of the system is shown (Figure IIL5.c.l).

The basic configuration of the DACADS system
is as follows: At each of ten local stations there is a
100-word memory of control data. These data are
demultiplexed in a time-shared process to make
video or digital information available to hardware
located at the local station. Data are entered into
the memory from the sources described above.
Once a source of data has started a word, no other
source can input data to that channel until that
word is completed. The Computer Interface Unit is
in all respects, except for front-panel controls and
computer-device selection, identical to the manual
units. It can, because of the high rate at which the
computer fills its buffer with data, ship a string of
data words which can fill a local memory with new
data in 10 msec. Normally the DACADS system
operates on the basis of sending only new informa
tion to the particular channel desired.' There is no
need to refresh old data.

In addition to the reference level capabilities of
the DACADS there is a device called the "Binary
Function Control Unit." This device uses six
channels of DACADS, each containing a l2-bit
BCD word. These 72 bits include 54 independent
bits which are used to perform switching functions
for the linac timing system. The rate for updating
these channels from the computer is 10 msec for
anyone or all of the channels.

One of the first uses of this is the rf timing-pulse
control to each module. With this system, it is
possible to shut off the rf in any modules 7, 8, and 9
and deliver different discrete energies to a separate
beam line to perform experiments in a time-shared
mode with the prime function of a proton source
for the AGS.
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FIGURE I1L5.c.1 Block diagram of DACADS.

In addition to its control functions, the DACADS
allows monitoring of up to 100 channels (in each
local station) of either video or dc data on a time
shared basis. With the proper instruction code, the
dc level of some device is multiplexed, AID
converted and read back in channel 2 of the local
station. If video information in a given channel is
desired, the same multiplexer funnels this video
signal to the injector control room for as long as
required, no other monitoring can be done by this
local station during this time. Full control with all
the other features is available during this time.

The DACADS has been in operation for more
than four years and has proved to be accurate
and reliable.

IIL5.d) Computer Control A PDP-8 mInIcom
puter is used to afford full supervisory control of all
linac systems. A teletype and a graphic display
terminal in the ICR are the principal operator
interface devices.

The operating system is based on supervisory
control from the input devices, the primary one

being a PDP-IO computer located a quarter mile
away in the AGS Main Control Room.

Machine Diagnostics A device called the Com
puter Video Switching Interface connects to the
ten DACADS multiplexer video lines. By suitable
program instructions, two of the ten lines can be
selected for amplification and transmission to the
AGS Main Control Room. Thus, by programmed
instructions to DACADS one out of 100 video
channels can be selected from each LCR and by a
second set of instructions two of these ten can be
displayed in either control room. The Computer
Video Switching Interface allows simultaneous
sample and hold for each of the t~n lines. Then
multiplexing and AID conversion for direct use of
data in the computer.

IIL5.e) Timing Systems Normally the AGS will
accept a linac pulse about every 2 seconds, but the
linac can be run at a maximum repetition rate of
10 pps for experiments and diagnostic studies so
the Timing System62 is designed to accomplish
this dual role.
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The tImIng system has two major modes of
operation-the AGS Mode and the linac Mode.
Normally, the 200-MeV linac is in the linac Mode
and running at a repetition rate selected by the
machine operator. The output pulses come at a
time compatible with the experiments and diag
nostic studies on 200-MeV protons. Upon the
receipt of a pre-pulse from the AGS, the timing
system automatically switches to the AGS Mode.
The next pulse from the AGS in the required inter
val causes a linac beam-pulse to be steered to the
AGS. The output pulses from the timing system in
the AGS Mode are compatible with the conditions
to set up a beam which the AGS can accept. Specifi
cally, the AGS Mode locks the linac system to
external signals originating at AGS, whereas in
the linac Mode the linac system is locked to intern
ally generated signals located at the linac Injection
Control Room (ICR).

To control the linac in its proper modes and to
synchronize the subsystems, a timing system was
designed and built utilizing standard off-the-shelf
logic cards incorporating TTL logic. TTL logic

iD PREPULSE - '0 - 100 ms

AGS INJECTION REQUEST - t INJ

1115-150n
~L.-' _

soac I

~:
SOQ ~l~O-OO-T-O--------------

-' r;~ic =01.-.. _
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J
~2250 TO~
I 2450 ~sec--.lJI.-.. _
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-I ,: II :L__
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J
r-- 2500 + NAGS TO 2509 + NAGS ----,0
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PULSE I I II I , ~__-
BEAM : I

_I i 2500~sec==l I
LO' TO 200-1

~sec-----J
NAGS

FIGURE I1LS.e.l Timing sequence for AGS mode.

was chosen because of its speed, noise immunity,
MSI function obtainable and the availability of
the microcircuit chips themselves. Repeated func
tions such as line receivers and drivers were imple
mented by using linac standard 41 x 5 in. printed
circuit cards. By proper external wiring, a specifi
cally developed four-digit delay card can be used
to generate a fixed delay from 1 to 999 llsec. The
card consists of four decade counters in series
feeding into a 16-bit comparator. An output is
obtained when the desired delay is reached.

A unique building block used in this timing
system for obtaining the proper variable delays
with minimum wiring and rapid interchangeability
is a panel mounted thumb-wheel switch incorpora
ting an extended printed circuit board for mounting
the digital integrated circuits (TTL) and finger
contacts for accepting a connector to route the
required input-outputs. The logic design is similar
to the four-digit delay card mentioned above, but
incorporating its variable function by use of
thumb-wheel settings. Single digits may be con
nected together to accommodate larger delays and
each time the output of the decade counter driven
by the system clock equals the number presented by
the thumbwheel, an output is generated from a
comparator, producing the desired variable delay.

Timing-System Philosophy
AGS mode AGS Mode locks the linac Timing

System to external signals originating at the AGS
such that a 1 to 200 !J.sec beam is available from
2420 to 2519 llsec (normally set at 2500 llsec)
after tinj' The beam width is programmable in
l-11sec steps at the Injector Control Room (ICR).
The external signals controlling this mode are the
AGS Pre-pulse (to - 100 ms), which is used to
switch the linac Timing System to the AGS Mode,
and the AGS Injector Request (t inj), which is used
to initiate the pulses necessary to run the machine
in the AGS Mode. After the AGS receives its beam
pulse, the linac Timing System then automatically
switches back to the linac Mode. The timing
sequences for the AGS Mode are shown in Figure
IIL5.e.1.

Linac Mode Linac Mode locks the timing
system to" internally generated timing pulses,
specifically, Pre-Start of linac Pulse, PSOLP,
(analogous to to - 100 ms) and Start of linac
Pulse, SOLP (analogous to t inj ). For synchroni
zation, the operator at the ICR can, by a simple
switch setting, delay the SOLP pulses until the
next 60-Hz line zero crossing, or the next zero
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FIGURE III.5.e.2 Timing sequence for linac mode.

AGS INJECTION REQUEST - tiN"

j n

linac timing system is in effect always in the AGS
Mode, and the repetition rate is controlled by the
AGS.

The timing system also allows the operator, if he
desires, to switch out the input AGS lines and
switch in lines which are either synchronized to the
linac 60-Hz line or an external pulse generator.
When line-synchronized in this mode, the repetition
rate is fixed at nine discrete values which are de
rived by dividing down the 60 Hz line. The nine
repetition rates are: 1, 2, 3, 4, 5, 6, 7.5, 10 and 12
per sec.

111.5.f) Security Systems Fast Beam-Interrupt
System for Machine Security (FBI) Because of the
radiation and thermal damage caused by an un
controlled beam spill, a hard-wire logic system
(FBI) is used to inhibit the beam if any machine
parameter is out of tolerance. About 250 gated
comparators monitor the many accelerating and
transport systems. Any unit that is out of tolerance
or drops out of tolerance during the beam pulse
will be sensed and cause the beam to be interrupted
at the pre-injector. Local malfunction lights at the
equipment and a computer readout and logging of
these malfunctions are used. An out-of-tolerance
signal results in a beam inhibit within about 3 J.1sec
after detection. In addition to the primary system,
which monitors basic machine parameters such
as radio-frequency amplitude and phase, quad
rupole and bending magnet currents and vacuum
in-line valve status, there is a secondary-level
protection system connected to the FBI system.
This system monitors such items as beam loss as
measured by beam transformers, thermal-unit
devices placed at strategic points on beam pipes
and radiation-loss monitors (see Section 111.7).

In addition to the above, catastrophic failures
such as loss of vacuum or water cooling will also
inhibit the beam at the source.

Linac Radiation Security System The basic
linac radiation security system relies on a series of
electrical and mechanical interlocks operating on
specific beam stops in the system which are all
capable of stopping the full beam. In every case,
more than one beam stop (or positive method of
inhibiting the beam) is employed in sequence for
overall protection. In certain areas of the machine,
residual radioactivity exists after the beam is
turned off"and access to these areas is controlled by
a sub-system which requires the presence of
Heath Physics personnel before entry to those
areas is possible.

SOLP L1NAC~{OR L1NAC PERIOD PLUS NEXT 60 CPS LINE CROSSING
'O.rftllg~ec OR L1NAC PERIOD PLUS NEXT AGS m-G LINE CROSSING

SOQC ~65 mSlewisao L...--~IOOO-T-0-99-9-------------

J F,,·ec=:o

crossing derived from the AGS Motor Generator
Set. This enables the linac to be synchronized to
either the AGS System or its internal 60-Hz line
in the linac Mode. When the linac switches from the
AGS to the linac Mode, the first SOLP pulse
generated comes at a time equal to the period in the
linac Mode after the t inj pulse from the AGS.

A continuous repeatable sequence of anyone or
any combination of one of ten beam pulses is
programmable at the IeR. The time interval
between beam pulses can be programmed from
100 ms to 9.999 sec in 1-msec steps with the use of
the 4-decade thumbwheel switch described above.
Anyone of the beams in the ten time slots can be
turned on or off by operation of a toggle switch
corresponding to the time slot selected. When the
linac system switches from the AGS Mode to the
linac Mode, the linac system always starts in time
slot 1. The timing sequences for the linac Mode are
shown in Figure II.5.e.2.

Another mode in which the linac can be run is
the externally controlled mode. Here the AGS, by
sending their inputs on a separate pair of lines, can
control the linac timing system. In this mode the
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Primary Protection System for all Beam-Opera
tional Situations There is a gate at the low-energy
end entrance to the machine tunnel which is
interlocked with a beam stop (Low Energy Beam
Stop # 2 on Figure III.5.f.l), attached to the
entrance vacuum valve of Tank # 1. Secondary
electrical circuits inhibit the beam by turning off
the chopper and by introducing a second low
energy beam stop (Low Energy Beam Stop # 1)
whenever Low Energy Beam Stop # 2 is introduced
into the beam. This allows operation of the pre
injector beam only up to Low Energy Beam Stop
# 1 whenever the tunnel area is open to personnel.
A system may be activated, allowing operation of
the low-energy transport system with beam up to
the entrance of Tank # 1 using the Low Energy
Beam Stop # 2 to stop the beam even though the
tunnel is open. A Kirk Key which locks out the
primary breaker providing 440 V to the Tank # 1
rf system high-voltage power supply may be re
moved and introduced into the security system to
allow Low Energy Beam Stop # 1 to be removed
from the beam. In this case, acceleration is not
possible in Tank # 1 even if the Low Energy
Beam Stop # 2 has failed to function correctly so
that no primary beam activity in the tunnel area is
possible.

All tunnel-entry gate keys are captive whenever

KIRK KEY BOX

SECURITY ./~--~-------,~----
SYSTEM/

CONTROL
BOX

the doors are open. The primary entry gates are as
follows:

1) Linac Low-Energy Tunnel entrance gate.

2) Linac High-Energy Beam Transport plug
door.

3) Linac/AGS entry door.

All Key interlocks are backed up by secondary
electrical interlocks.

With the linac tunnel secured, it is possible to
run high-energy beams with personnel in the main
AGS ring. For protection in this case, there are two
primary high-energy beam stops in the high
energy beam-transport line immediately upstream
from a shielding wall designed to attenuate neutrons
produced by introduction of these beam stops.
These beam stops are water stops backed up by
sufficient metal to stop the 200-MeV beam should
the water system fail in any way. Each stop is
capable of intercepting the full 200-MeV beam
current. Electrical interlocks on these beam stops
ensure that they are both in position whenever
the AGS tunnel is entered. There are double,
separately run, electrical circuits operating from
microswitches on each of these beam stops which
are tied in with the AGS security system. A further
Tank # 9 high energy beam stop may also be

BMJ[

FIGURE I11.5.f.1 Linac security-system block diagram.
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introduced into the beam for tune-up purposes but
this stop is not part of the security system.

Secondary Protection System for Protection
from Residual Activity In order to enter the
linac tunnel, it is necessary to pass through one of
the primary entrances covered above. However,
entry through these gates does not protect personnel
from potential residual radioactivity which may be
present in the areas near switching magnets or
targets in the high-energy beam transport and
BLIP tunnel areas or from x-rays produced by the
high rf voltages in the accelerating section. There
fore, a further secondary-control system has been
installed which requires that a Health Physics
person with a key be present whenever anyone
enters these areas. Entry into the linac tunnel area
will automatically inhibit the rfpower to the cavities.
A special Tank # 9 entry gate and the High
Energy Plug door also require such precautions
before entry may be made to the active areas.
Access from the AGS would entail access from an
area which is already protected in this way and the
AGS crash door does not have the need for this
feature.

Machine Start-Up Procedures Before the linac
can be started (or restarted after tunnel entry) a
search of the entire tunnel area is carried out by
linac personnel. To ensure compliance with this,
and that all areas are covered, three reset buttons
in an electrical interlock circuit must be reset before
the beam can be turned on. These reset buttons are
situated at the end of the linac section of the high
energy beam-transport line, at the end of the BLIP
line tunnel, and immediately upstream of the Tank
# 9 access gate. If the Tank # 9 gate has not been
opened, it is possible to restart the machine by
operating only the reset button upstream of the
Tank # 9 gate.

Whenever the mechanical interlock on the Tank
# 1 entry valve is removed by operating the key to
start the sequence for the machine start-up, a siren
sounds for 120 sec and all but emergency lights
in the tunnel area are extinguished. EC!~h machine
crash button, of which there are many in the tunnel
area, has a light and a clear sign labeled
EMERGENCY OFF below it. These buttons
interrupt the beam by turning off trigger pulses to
the ion source and the chopper and introduce both
of the beam stops in the low-energy beam-transport
line into the beam.

III.5.g) ALLICA T Automatic listing of lines in
cluding cables and terminations (ALLICAT) is a

computerized wire and connector record-keeping
system. In order to keep an orderly documentation
system and means for identifying equipment
location for the entire linac, a system based on
U.S.A. Standard Y3216 but compatible with
existing AGS Department Standards was devised.
Geographical points are defined by a string of
numbers separated by alphabetical characters
which have a mnemonic relation to the hardware
at the particular location. For example, M3112A4
is in Module 3 (a 25 ft x 50 ft area) rack 12 chassis
4. A particular connector pin, for instance, would
be identified as follows: M7A8A3S3F53. Each
successive field identifies the next lower level of
location within the complex. The characters that
are available for a given field may have meanings
such as: P-plug; S-socket; M-male; F-female;
E-east; W-west; I-in; a-out; etc. The library of
allowable characters is different for each field as
would be expected.

We can now unambiguously define each wire by
the designation of each of its end points and further
identify for installation and maintenance purposes
a cable number associated with the wire group and a
tray number or group of numbers to specify the
route of the cable.

Input information to the CDC-6600 computer
is in the form of a single IBM card for each wire.
Output is from the line printer in four different
formats. Each of the formats is intended for a
different use and is called a book. These are:

Book 1-"Cable Book," a listing of each cable
by number (0-9999) with the color code or wire
number, end-points of each wire and cable routes.

Book 2-"Gazeteer," entered by geographical
location of each cable end-point and also listing
the cable number, spares, and opposite end of the
cable.

Book 3-"Route-Leg Book," this is a list of all
cables passing through a given leg (cable tray,
etc.) of the system, identified by cable number, and
both end-points.

Book 4-"Path Book," in this book entrance is
made through a wire end-point and all the paths
emanating from this point may be followed by the
"tree" like presentation of the information.

Each book has particular advantage for the user.
Book 4 is used for trouble-shooting, Book 2 is used
to find spare wires for additions to the system.
Book 3 is useful in the event of damage to a cable
tray. Book 1 is used during installation of cable.
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In addition to the uses outlined above for
ALLICAT, an outstanding and highly visible
dividend has to be the neatness and generally good
housekeeping associated with the entire wiring
system.

111.6 High-Energy Beam Transport (HEBT) and
Brookhaven Linac Isotope-Production (BLI P)
Systems

111.6.a) Beam-Transport Equipment Figure III.6.a.1
is a schematic showing the general equipment
layout in the HEBT and BLIP areas. As described
in Section 11.2.h, the HEBT System is designed to
match the linac beam to the AGS, whereas the
BLIP System is required to produce a nominally
dispersion-free beam at the BLIP target facility.
This requires a series of quadrupoles and bending
magnets, together with the necessary cooling,
vacuum, and beam-diagnostic equipment for trans
port and analysis of the beams.

Quadrupole Systems The HEBT line to the AGS
utilizes a total of 23 quadrupoles, 12 of which are
3-in. aperture commercially purchased dc units
acting purely as focusing elements to transport the
beam, while the remaining 11 quadrupoles perform
specialized matching functions. The first two quad
rupoles after the linac are common to the BLIP
and HEBT lines and are pulsed 4-in. aperture
quadrupoles so that their excitation current can be
changed on a pulse-to-pulse basis in order to trans
port low-energy beams to the BLIP or Chemistry .
Linac Irradiation Facility (CLIF) lines. Dc quad
rupole number Q16, which is situated between
bending magnets 4 and 5, acts as the central
momentum-recombining element and has an aper
ture of 6 in., since the maximum dispersion occurs
at this point. Dc quadrupoles numbers Q15 and
Q17 situated on each side of quadrupole Q16 also
are part of the momentum-recombination system,
though they are standard 3-in. aperture units.
Finally, six 4-in. aperture dc quadrupoles, numbers
Q18 through Q23, are used to match the beam
to the AGS. The power supplies for all of the dc
quadrupoles are commercially purchased units
controllable by a 0 to 10-V reference voltage
voltage provided by the linac Control System. The
characteristics of the 3-in. and 4-in. dc quadrupoles
are given in Table III.6.a.l.

Six 4-in. aperture pulsed quadrupoles are used to
transport the beam to the BLIP and CLIF facilities.
These are electrically similar to the central element

of the quadrupole triplet situated at the exit of the
accelerating column and are powered by standard
linac quadrupole pulsers.

Bending Magnets and Steering Elements The
HEBT line utilizes two bending magnets, BM 4
and 5, each providing a bending angle of 18°21',
which requires a field strength of 12 kG. They are
dc units fed by conventional commercially pur
chased power supplies controlled by the linac
control system. The field is current-stabilized to
within a few parts in ten thousand.

Dipole steering elements are provided 'at three
locations in the HEBT line. Two sets of horizontal
and vertical steering dipoles are situated between
quadrupoles Ql and Q2 soon after the beam exits
from Tank # 9. These serve to center the beam in
Bending Magnet # 8Ml, which is used to deflect
the beam to the BLIP and CLIF facilities. Hori
zontal dipoles are situated upstream of BM4 and
vertical dipoles upstream of BMS, which, together
with a horizontal dipole in Quadrupole Q16 and
dipole trim in Bending Magnet BMS, center the
beam at the exit of the bending system. Finally,
two sets of horizontal and vertical dipoles are used
immediately upstream of the inflection system to
place the beam in the correct plane for acceleration
in the AGS. All of these units are powered by
standard commercial power supplies interfaced
to the AGS central system.

The BLIP and CLIF lines utilize three common
bending magnets BMl, 2, and 3, the first of which
is pulsed at approximately 10 ppS, while the other
two are dc magnets. The first 7.5° pulsed bending
magnet is powered by a pulsed power supply which
provides a half sine wave of approximately 28 ms
length and maximum current amplitude of 950 A
ten times per second. The current change during the
200-,usec beam pulse length is less than 0.2, A which
gives rise to a position error at the entrance ofBM2
of less than 0.003 in. Bending magnets BM2 and
BM3 bend the beam by nominally 7.5° and 15°,
respectively, and require fields of 4.5 and 9.2 kG.

TABLE III.6.a.1

D.C. quadrupole parameters

Equivalent Maximum Maximum
Aperture Length length gradient current

(in.) (in.) (in.) (kG/em) (Amps)

3 10 11.7 0.95 60
4 12 14.2 0.95 500
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They are powered by commercially purchased dc
power supplies current-regulated to a few parts in
10,000 and controlled by the linac control system.
Figure III.6.a.2 is a photograph of the first section
of the BLIP line showing Bending Magnets BMl
and 2. Bending magnet BM6 (see Figure III.6.a.3)
IS a dc magnet used to bend the beam through an
angle of 15° to the CLIF. In addition to the bending

magnets, there are two sets of dipole steering mag
nets, one vertical and one horizontal, which may
be used to center the beam on the BLIP or CLIF
targets.

Vacuum and Cooling Systems The vacuum
pumping system is divided into six separate regions
by means of remotely operated sectionalising
valves. Each section has its own rough-pumping

FIGURE III.6.a.2 View of BM # 1 and 2 in the BLIP line.
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system similar to that used in the HEBT and
column-pumping systems. These systems can also
be operated remotely in most cases. With the
exception of the BLIP A section immediately
downstream of Tank # 9, which has a 1500 l/sec
ion pump and the HEBT 1 system immediately
following BLIP A which as two 300 l/sec pumps,
all sections utilize 150 l/sec ion pumps situated

about 10 m apart in the HEBT line and 300 l/sec
pumps about 6 m apart in the BLIP line. The
system operates at a pressure of slightly less than
1 x 10- 6 torr.

Cooling water for bending magnets and quad
rupoles is provided from a central chilled-water
system which runs the length of the HEBT and
BLIP lines.

FIGURE III.6.a.3 View of Chemistry Magnet (8M # 6).



126 G. W. WHEELER, el at.

Beam Diagnostic Equipment Beam current is
measured by means of the toroidal beam trans
formers described in Section III.7.b.1. There are
ten transformers in the HEBT line and six in the
BLIP and CLIF lines.

Beam profiles are measured by means of either
single or multiwire SEMS described in Section
III.7.b. Four single-wire SEMS situated after

quadrupoles Q3 through Q6 in the HEBT are used
nondestructively to determine the radial emittance
of the beam. A multiwire SEM situated near Q16
in the HEBT line may be used in conjunction with
a slit near Q13, upstream of bending magnet BM4,
to destructively measure the momentum spread in
the beam. Alternatively, single-wire SEMS at
these two locations may be used nondestructively

FIGURE III.6.b.l Photograph of dcbuncher in HEBT tunnel.
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to estimate the momentum spread. (See Section
III.7.b.7). Multiwire SEMS immediately upstream
of the targets in the BLIP and CLIF lines facilitate
easier set-up of the target beam sizes there.

The single-wire SEMS may be run to the center
and used as position sensors and are utilized in this
way for setting up the BLIP and CLIF lines. In
the HEBT line the beam is sensed by the position

HORIZONTAL EMITTANCE PARAMETERS

monitors described in Section III.7.b.4 which
sample the beam magnetically.

III.6.b) Debuncher System The debuncher cavity
is made up of a single tank section, with four com
plete and two half drift tubes similar to the output
end drift tubes of Cavity # 9, but without quad
rupoles and with apertures of 6 cm instead of 4 cm.

----------- - - -

EIi ITT ANCE = 9. 41S51 P 1
__BETA~_ 9.317-48__ .<C11111RAD) _

ALPHA ~ -9. 85216
___ GAl1l11L~__ 5 __ 43718_< liRFtD/CI1)

---_._----------------------
1. 60994 * *

___ 1_ 4 9791 *-"------"J*<- _
1. 20678 * *

__ 1.03565_._________________ * *-- _
o. 80452 * *

____ B_ 69339_. - -------*----*---------------.-- --_.-
B. 40226 * *

____ 9._28113 .__ * *
9. aoa09 ~ *

___ :-9.. 29113 ~ * _
-9. 49226 * *

__-=-O 6BJJ9__.__. . ~ * =___ ..

-9. 80452 ~ *
___-1~OQ56S . ~_.__~_.__

-1. 20678 ~ *
____-_1._~07~.1_. . .__* ,!__ . .. __. _.

. -3. . . . . .. -2....... -1....... 9 + 1 + 2 + J .

'---'--- -----_.- ------- --- -_. ----------- ._--------

VERTICAL EMITTANCE PARAMETERS

EMITTANCE = 9.467S4PI
___BEIR_.:.__ 9. 50S1.4. __ (CI1/11RAD) _

ALPHA = 1. 39319
__ GAl'1I·1R_=__5. 39389_ <11RAD/CltL _

1. 68025 * *
__ . __ ._1. ~7022.- .. . __ . *__ *. . .__

1. 26019 * *
____ 1. 05016 __ . . '. __ _ _ . ._~ __ . _~ . .. _

B. 84012 * ,.
____ 9. 63009. ----'-. . __ _ ~ ._ ~ . . _.__ .. . ._

B. 42006 * *
B. 21093 * *
9. 00009 * *

___- 9~2.1 o_9.3. * •
-9. 42006 ,. *

___ -=BL-63.009 . ~. * . _
-B. 84012 * *

___-1~Q5.Q.16 . •__ .*
-1. 26019 * *
-1. 47022 * *

---·--·-3.~-..-. --2 -:~~1:-..-.-:.-.-~~.-.+ 1 + 2 ~-~~J~-:-:-~-..
---~--------------_.._ .._--- - ------------------- - ._-_.- --

FIGURE III.6.c.l Computer output of emittance from four SEM units in the HEBT line.
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The transmission line and coupling loop, which is
situated at the center of the debuncher cavity, are of
the same design as the cavity systems so that com
mon spares are available.

The rf drive uses the same components as the
standard driver system, giving an available power
output in excess of 300 kW. The power output can
be diverted into a dummy load via a remotely
operated changeover switch. Frequency and phase
control and monitoring are also by the standard
systems used in the other parts of the accelerator.

The vacuum system utilizes a separate roughing
system similar to that used on the preinjector and
two 1500 l/sec ion pumps for high vacuum. Figure
III.6.b.1 is a photograph of the Debuncher System
in the HEBT tunnel.

With the Q and shunt-impedance values of
50,000 and 14 MQ/m respectively obtained with the
debuncher, it is possible to achieve debunching of
the linac beam with a power level of approximately
40 K W. Tests to determine the use of the debuncher
in aiding AGS beam stacking and capture are not
complete.

III.6.c) Performance and Use The HEBT System
has operated reliably in transporting the beam to
the AGS with minimal component failure. Use of
the four single-wire SEMS to monitor emittance
has proved useful operationally and the results of
a typical measurement are shown in Figure
III.6.c.l. The display from the multiwire SEM
situated at the maximum dispersive point after
Bending Magnet BM4 is shown in Figure III.6.c.2.
This display is available in AGS main control for
each AGS pulse and serves as an indication of the
linac energy spread sampled during the injection
period. A beam-position monitor situated at the
same location gives the display shown in Figure
III.6.c.3 in the main control rooms and gives an
estimate of the mean energy change during the
injection period.

The BLIP and CLIF Facilities have experienced
some operational difficulties due largely to the
high average beam current there. During the early
operating period, the machine security system or
Fast Beam Interrupt system was not implemented
so that a trip on an rf system would lead to low
energy beam entering Bending Magnet # 1 and,
after being bent too much and hitting the beam pipe,
giving rise to vacuum leaks. As reported in Section
III.5.f., the FBI System now uses signals from
radiation monitors and thermal-trip units as well
as machine malfunctions to inhibit the beam at the

FIGURE III.6.c.2 SEM singlc- and multiwire beam profiles
in HEBT at mornentum dispersion point: (a) single wire scan.
position HEBT 6.2.6 em FWHH (0.5 mm/step); (b) multiwire
rllonitor. position HEBT 6.2.6 em FWHH (5 mm/ehannel).

source, so this mode of failure is no longer present.
However, as the average current is increased a
second problem has become evident; low-energy
protons which are lost either during the initial rf
transient or due to space-charge forces pushing
them out of the rf bucket, reach Bending Magnet
# 1 in sufficient numbers to heat up the beam pipe
and cause occasional thermal trips. In spite of
these operational problems, average beam currents
of greater than 100 fJ.A are now routinely run both
for Chemistry Irradiation63 and for the production
of radioisotopes. 64
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FIG URE III.6.c.3 Video wave form from beam-position
monitor situated at the momentum-dispersion point in HEBT:
beam current = 80 rnA; time scale = 20 flsec/division; vert.
calib. - I division = 0.1 ~/;: ~b/p.

Recently a new beam line and transport system
has been installed65 utilizing a single bending
magnet with a larger aperture and larger beam pipe
and quadrupoles.

III.7 Diagnostics

III.7.a) Background Because of the strong desir
ability of minimizing beam losses, the linac was
designed with a wide variety and significant
quantity of measurement devices. These provided
the fundamental measurements of the volume of the
beam in six-dimensional phase space (intensity) as
well as its projections onto the two-dimensional
phase-space planes (emittance) and their pro
jections onto the spatial axes (density distri
bution). The centroids of these distributions (mean
momentum and transverse position) were also
measured.

The diagnostic devices and electronics were
designed subject to the following constraints:

a) Where possible, monitors must be non
intercepting.

b) The monitor must be capable of observing
beams of from 1 to 200 /lsec duration at from 1 to
10 pulses/sec and amplitudes from about 1 rnA to
over 100 rnA.

The first requirement, having a transparent
probe, is particularly important because of the
radiation hazard resulting from interception of
beam. A nonintercepting monitor allows obser
vation of the actual pulse delivered to the user

rather than reliance upon pulse-to-pulse repro
ducibility to infer data on the delivered pulse.

The fundamental beam measurements of current,
profile, centroid position and direction, transverse
emittance, mean energy and energy spread are all
available to the operator. The distribution of the
various types of monitors is shown in Figure
III.7.a.1. Beam current is monitored at 26 locations.
Beam-profile information is available between all
cavities and at key locations in the HEBT line,
where they may be used to obtain emittance
data. Several units are also included in the BLIP
line. Beam-centroid location is observed by sensi
tive, highly linear inductive position monitors.
Destructive emittance probes are located at the
entrance to LEBT, the entrance to Buncher 1, the
entrance to Tank 1 (all at 750 keV), the exit of Tank
1 (10 MeV) and the injection line to the AGS
(200 MeV). A nondestructive measurement may
also be made at several locations in HEBT using
four profile monitors. Mean momentum and
momentum spread are measured after bending
magnet 4 by means of a position monitor and pro
file monitors.

III.7.b) Diagnostic Devices
1. Current Transformers Beam intensity is

monitored at nearly thirty locations in the linac
and transport lines using toroidal beam trans
formers. 66 The transformers are usually located
within the vacuum chamber and have produced no
noticeable outgassing. Amplifiers are located out
side the beam tunnel to eliminate radiation effects
and allow convenient servicing. All signals are
available at both the Linac and AGS control rooms
for display and data logging. The transformer
amplifier units have 40 mA/V calibrations in LEBT
and 20 mA/V in the rest of the machine. Signal rise
times of 1 /lsec can be observed. The droop time
constant is 15 msec. The noise level is less than
0.1 rnA.

Figure III.7.b.l shows a transformer of the type
used in LEBT and between cavities. It is 3k in.
clear ID and 1 in. thick exclusive of BNC con
nectors. The core is of 4-79 Mo-Permalloy
(T9033-P2)t 2 mils thick tape, 4-in. ID with
! in. x ! in. cross section. The bare core is coated
with a thin layer of epoxy to allow winding the coil
without shorting to the core. The winding is a single
layer of 200 turns of # 32 heavy Formvar magnet

t Manufactured by Arnold Engineering Co., Marengo, II.
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FIGURE III.7.b.1 Beam-current transformer.

131

wire. After winding, the core is placed in a spun
copper electrostatic shield, /6 in. thick. An annular
cover plate is then put over the can and electron
beam welded along its outer circumference. The
inner circumference has a O.OOS-in. gap to the
spinning, which was machined down to provide
the necessary di-electric break. The welded unit is
then vacuum impregnated with epoxy.t The com
pleted unit has only a i-in. hole for the epoxy
filling and the O.OOS-in. gap presenting the exposed
epoxy to the vacuum. A larger version of the same
design with a 4-in. clear diameter is used in the

t 70 ~/~ Shell Epon 815, 20 ~~ Shell Epon 870, and 10 /~ DTA,
R. Damm, BNL Private Communication.

HEBT and BLIP lines. Measurements of induc
tance of the smaller transformer yield values of
0.750 H and a resistance of 1.6 Q. A single turn test
loop for calibration purposes is also wound around
the transformer and terminated in 100 Q.

All transformers use the same amplifier design.
The LEBT transformers differ only in their termina
ting resistor values. The circuit is shown in Figure
III.7.b.2. The amplifier is a differential-input wide
band instrumentation type.

The beam induces a current in the transformer
secondary, which, when viewed across the locally
mounted resistor, is proportional to the beam
current, due to the high LjR of the circuit. The
transformers are insulated from the beam pipe to
prevent ground loops. Twisted-pair cable with good
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common-mode characteristics is used to allow the
differential input of the amplifier to cancel noise
picked up on the long paths to the Linac control
room. The calibration pulse is synchronized to the
beam pulse and delayed from it so that both the
beam signal and calibration pulse may be displayed
on the same trace.

In the Linac control room, two current trans
formers may be selected for display simultaneously
by means of push buttons which control relay
trees. The same signals are sent to a video-switching
multiplexer controlled by the PDP-IO to allow
signal viewing in the MCR. The beam-current
signals are each sent to a sample-and-hold and
then to a CMOS multiplexer, which is scanned
to produce a histogram of current down the
machine. The same signals are digitized and held
in a local memory for later readout by the computer.
Typical displays are shown in Figure III.7.b.3.

2. SEM Profile Monitors To provide accurate
information on the shape and .position of the beam
between tanks, in the High-Energy Beam Transport
(HEBT) and in the BLIP line, single-wire scanning
devices have been installed.6

7 These units provide
a high-resolution but relatively slow method of
obtaining the density distribution. The data are
obtained by measuring the secondary electrons
produced by the b~am from 0.OO2-in. tungsten
wires that are stepped through it. Between the
cavities the wire is moved in steps of 0.25 mm for a

complete scan of 4 em. In the high-energy lines,
step size is doubled to 0.5 mm and the range in
creased to 7 em. These units can be driven singly or
in groups.

The drive units are similar in design as those used
for emittance measurements but require a smaller
motor (200 oz-in.) and different gear ratios. The
units are mounted at 45 degrees to the beam and
monitor both vertical and horizontal profiles in
one scan. The tungsten wires are attached to a Y
yoke by small stainless-steel springs to keep the
wires under tension and provide the electrical
contact. Both ends of the wires are brought out
through BNC connectors so that wire continuity
may be checked.

The motors which drive the SEM wires into the
beam are digital stepping motors which require
properly phased pulses to be applied on the four
windings. These are provided by a standard Linac
control-circuit card which requires a forward or
reverse logic-level input to determine the direction
of movement, and clock pulse to determine when
the step is to occur. Each motor is pulsed 14 times
for each beam pulse to produce the desired move
ment.

The logic circuitry which determines which
motors are to be run and in which direction is
located in the ICR. Any or all units may be run
simultaneously, but none may be added once the
run has begun. Motors are grouped according to
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location: Tanks, HEBT and BLIP. Selection is
made by means of push buttons when manually
run. If all units are fully retracted, Le., in "Park"
position as determined by microswitch closures,
then the "RUN" button may be pressed and the
motors started. All motors selected run until a
"LIMIT" microswitch is reached at the farthest
point in the beam pipe. The first motor of a group
(cavities, HEBT, BLIP) which reaches the "LIMIT"
switch reverse all motors within that group, but not
in the other groups. The motors in any group may be
reversed by means of a manual "RETURN" push
button if so desired.

Logic is also included to interrupt the motor
stepping pulse wh~n a "center" microswitch is
reached if the mode is selected in which the wires
are to be placed in the center of the beam pipes to
aid -in steering the beam. Stepping of the motors
may be either for every linac pulse (10 pps) or for
only AGS pulses (1 per 2.5 sec).

The desired signal is produced by the loss of
secondary-emission electrons from the wire. Esti
mates indicate a conversion efficiency of 3 to 4 %
at the end of cavity 2 (39 MeV) and 1 to 2 % at
200 MeV. Biasing the wires with up to 90 V with
either polarity gives no noticeable increase in
signal. This effect is not fully understood. Possible
explanations include:

1) The local field due to the proton bunch at the
time ofemission is sufficient to prevent the electrons
from returning to the wire, eliminating the need for
a bias potential.

2) The observed signal is not due to secondary
emission alone, but includes a contribution from
the rf produced by the bunch.

No further work has been done to resolve this
question.

The signal coming from the wire shows a strong
rf component when the wire passes particular
positions in the vacuum chamber. These signals
are not dependent upon beam position but occur
only when beam is present, indicating that the
viewing box forms a resonant cavity for the beam
harmonics. The use of rf filters on the signal lines
reduced these unwanted signals to a tolerable level.
Two copper spoilers have been added in an attempt
to prevent the probe arm acting as a A./4 TEM reso
nator (Figure III.7.b.4). The spoilers serve to break
up the H field in this mode.

The signals are amplified by electronics located
outside the beam tunnel. The amplifier consists of

two FET-input, hybrid operational amplifiers in
cascade, with a net gain of 1250. An emitter follower
included in the feedback loop of the second stage
provides the ability to drive the long cable back to
the ICR. By capacitively coupling between the two
stages, drift and offset problems are eliminated.
The rise time of the amplifiers is under 5 J1sec.
Typical input signal currents are from 10 to 50 J1A.

Since many beam pulses are required for a single
profile scan, a means of signal storage is necessary.
The initial installation made use of 4 storage XY
display oscilloscopes. The horizontal display was
the output of a digital-to-analog converter which
displayed the beam pulse count number. The
vertical displacement was the SEM signal. The
sample capability was obtained by means of Z-axis
(intensity) modulation such that only the signal
amplitude at the desired viewing time was intensi
fied and stored. In addition, a dot was placed when
the beam-pipe center microswitch was closed.
Simple FET switching circuitry allowed the vertical
profile to be displayed as the probe went into the
beam pipe and the horizontal profile on the way
out. A switching selector panel allowed any four
horizontal, vertical pairs to be displayed simul
taneously. Computer acquisition of the data is being
added at this time with circuitry similar to that used
for the beam-current signals.

3. Multiwire Profile Monitors While the high
resolution of the single wire SEMS is desirable, it is
often more advantageous to trade resolution for
profiles made on a single pulse. This may be done
by the use of an array of many wires placed in the
beam pipe at the desired location. The signals from
the array may be strobed, stored and scanned
electronically to produce the beam profile from a
single beam pulse.

Several multiwire units have been installed in the
linac output lines. One unit consists of a fixed array
of 24 secondary-emission wires over a 10-cm span
and is located at a point of maximum dispersion
in the 13.5° bend of the AGS injection line. This
location (SEM 6) is a (1, -1) transformation plane
from a point upstream of the bend and is thus able
to provide a measure of the momentum spread of
the beam. Figure III.6.c.2 shows a typical output
signal.

Other units are installed in the BLIP and CLIF
lines. These units employ 30 wires in each of the
horizontal and vertical planes. The arrays are
housed in an atmosphere of helium at STP so the
signals are due to positive-ion collection rather than
secondary-electron emission. A strong dependence
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FIGURE III. 7.b.4 Single-wire SEM unit showing copper spoilers.
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on bias voltage is observed, in contrast to the
vacuum unit in which no such effect was ever
noted.

4. Position Monitors The position of the beam
centroid as a function of time is monitored by the
device shown in Figure III.7.b.5.68 It consists of a
single-turn rectangular loop with its sides folded
to form a channel. A beam passing through the

channel induces a larger current in the closer side
of the loop, which is directly proportioned to
position and intensity. The signal from this single
turn loop is coupled out by means of a transformer
which matches the loop resistance to the cable
impedance.

Ferrite is placed around the single-turn loop to
make the magnetic field lines parallel to the loop
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FERR\TE

COOPER P\CKUP LOOP

FIGURE I1I.7.b.5 Bcanl-position nl0inotor.

computer. Measurements were made in both planes
at three locations in the 750-keV drift space or at
10.4 MeV. Later, provision was made for perform
ing the measurement on a PDP-8 computer.
Equipment to perform the measurement at 200
MeV was added at a later date. This utilized the
PDP-8 for data acquisition and the PDP-10 for
data analysis.

The emittance system utilizes up to 100 beam
pulses to obtain a measurement in one plane. The
emittance is measured by allowing the beam to
pass through a slit which defines the position
location. The slit is moved through a sequence
of positions by means of a stepping motor and gear
drive. Divergence information is obtained by
means of an array of thirty detectors whose position
with respect to the slit defines the angular spread.

For the 750-keV and 10-MeV units, a 0.004-in. slit
is formed by two k-in. thick tungsten plates mounted
to a copper water-cooled heat sink which also forms
the support for the pickup assembly. The edges of
the tungsten plates are ground at 45° to within
0.015 in. of the back edge; this gives a thinner slit
depth and a larger surface area in the -region of the
slit. In the low-energy beam transport (LEBT),
the spacing between the slit and the pickups may
be varied allowing a choice of I, 2, or 2.5 mrad per
foil. Normally 2 mrad is used in LEBT and 2.5
mrads in front and after tank 1.

For those units which were to be used to measure
up to 10-MeV beams, it was decided to use a copper
foil-mica sandwich as the proton collectors. This
allows sufficient depth for absorption of the 19-MeV
particles (range approximately 0.010 in. in copper)
with good heat conduction away from the front
edge and close stacking of the pickups. The thick
ness of the foil used was 0.002 in. separated by mica
0.004 in. thick. Each foil was soldered to a printed
alumina plate (Figure III.7.b.6). Teflon-coated
wires carry the signals from the terminating plate
through the drive shaft to a vacuum-tight multipin
connector.

Each collector is interfaced to a single amplifier
channel. It is then directly interfaced to a com
parator for the noncomputer display mode, or, to
a sample-and-hold circuit which is multiplexed into
an ADC for the computer readout. The transfer
characteristics of the amplifiers vary from 1.5 x 103

at the entrance to LEBT, to 5.4 x 104 at 10 MeV.
Emittance measurements have been made at

750 keV with beams in excess of 250 rnA for
200 J.1sec with diameters of less than 5 mm. Melting
of the tungsten occurs at these densities except in

(

COPPE.~

PiCKUP
,--OOP

A

&AM

walls, thus producing a very linear dependence of
the signal upon position. The entire device is
located in vacuum. It is 24 em long and provides a
clear aperture of 7.5 cm.

The electronics to process the signal are located
outside the beam tunnel. Shielded twisted-pair
cable is used to obtain good common-mode noise
rejection for the input amplifier. This stage is
followed by an integrator, since the L/R of the
transformer and cable inpedance result in a dif
ferentiated signal. The approximate transfer co
efficient is V == 6 mVj(mA-cm). Thus a 50-rnA
beam which is 1 cm offset will produce a signal of
300 mV at the output of the electronics. Noise
picked up on the cable and in the electronics limits
the resolution of this position measurement to
2 mm. With care in cable routing and better choice
of operational amplifiers this figure could be
reduced to under I mm.

5. Enlittance Devices (Destructive) During the
first years of the Linac a hardwired system was used
for rapidly obtaining and displaying beam emit
tance. 69 The technique utilized followed that·
employed earlier at FNAL,67 but the signal
processing and display were performed without a
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FIGURE III.7.b.6 Emittance-unit head assembly.

IJ7

the tapered area of the slit. Only slight marking
occurred on the face of the slit plate at 10 MeV
with beams up to 100 rnA. No damage has occurred
on the pickup head.

The emittance at 200 MeV is measured by inter
cepting the beam with a partially degrading slit.
This slit operates by scattering the beam which
does not pass through the 1 mm gap. The solid
angle over which the beam is spread is sufficiently
large that the background level from all sources
represents less than 1% of the peak beam signal.
The slit is made of stainless steel, 0.25 in. thick,
resulting in a degradation in energy of approxi
mately 20 MeV for those particles which are inter
cepted.

The detector array consists of 30 secondary
emission tungsten wires of 0.004-in. diameter on a
I-mm spacing. This array is located approximately
7 m from the slit, giving an angular resolution of
0.154 milliradians. Each secondary emission wire
is connected to an amplifier having a transfer
coefficient 106 V/A of signal. These outputs are
each connected to sample-and-hold circuits which
are scanned in sequence by a solid-state multi
plexer. The data are digitized and read into the
PDP-8 via the Datacon system.

6. Radiation Monitors The linac beam loss
represents a huge potential for thermal damage as
well as activation of tunnel components. To prevent
this a Fast Beam Interrupt (FBI) signal is produced
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by an array of 32 Long Radiation Monitors
(LRM) which monitor radiation during the linac
pulse. These are sufficiently sensitive to trip the
beam off if the loss exceeds a fraction of a milli
ampere at any single detector.

The detectors consist of approximately 10 m
lengths (8 m in the accelerating region) of ~-in.

diameter heliax cable which is filled with argon
gas to 10 psig. A potential of 100 V is applied
between the center conductor and the shield, which
results in a current flow proportional to radiation
incident on the detector. The cables are long enough
that complete coverage of the linac and its transport
lines is obtained. The ability to detect local losses is
enhanced because the cable exists at all locations
rather than at discrete points, as is the case with
conventional ion chambers or scintillators. At the
same time, there is no loss of spatial resolution
compared to discrete point monitors since this is
limited by the number of detectors and this can be
made equal in the two cases.

The signal from the cable is processed by the
circuits shown in Figure III.7.b.7. The input stage
(head, amplifier) is located at the cable and serves as
a current amplifier. For the LRM's in the acceler
ating region, a gain of approximately 15 is obtained
from the amplifier. For those LRM's in the
transport region, no gain is required over the signal
from the cable itself, since the radiation sources are
not shielded by the thick cavity walls, but because
of the longer lengths of signal coax, the head
amplifiers perform an impedance transformation
which allows higher frequency response.

The remaining electronics are located outside of
the linac tunnel and are packaged in NIM modules.
These consist of a conventional amplifier with gain
of 30. The output is applied to an FET sample-and
hold circuit and a comparator as well as to a video
multiplexer. This multiplexer may be switched via
the computer to allow the time history of any two
LRM's to be displayed in the MeR. The sample
and-hold outputs are connected to a sequential
multiplexer which is scanned every pulse to produce
a hard-wired histogram of the losses. This same
data may be read by the computer at a 10 pulse per
second rate.

The comparators which view each LRM signal
have individual reference voltages, thus allowing
any tolerable loss pattern to be preset. If any
LRM signal exceeds its allowable level, the
comparator output is used to turn off the beam
within 5 flsec, and display the location on a map
board.

7. Nondestructive Emittance Measurements
Measurement of the emittance at the exit of tank 9
is necessary to properly match the beam into the
HEBT and BLIP lines. This has been done in a
nondestructive manner by taking a set of four
beam-density distributions in each plane using the
SEMS at points down the HEBT line. These
distributions are then transported to the exit of
tank 9, where a least-squares fit is performed to
evaluate the parameters of the ellipse which would
have given the observed distributions. The fitted
parameters are then transported back down the
HEBT line to evaluate the error at each observation
point. Typical mean-square errors are of the order
of 1 percent. In addition, the emittance measured
in the HEBT line and propagated down the BLIP
line was found to give errors of 5 % between the
calculations and the observed distributions.

The calculation of the emittance was originally
performed on a PDP-8L in the linac using a FOCAL
program, which required 30 sec of processor time.
Later this computation was transcribed into
Fortran for PDP-lO and required 1 sec.

8. Momentum Measurements Measurement of
the mean momentum and momentum spread are
made in the HEBT line using bending magnet 4
(BM4). The design of the HEBT line is such that
the section between BM4 and BM5 constitutes a
momentum-recombining bending system. At the
point of maximum dispersion (7.5 cm/%~p/p) are
located a position monitor, a multiwire SEM and a
single wire SEM. It is thus possible to monitor the
variation of the mean momentum with time using
the position monitor and the profile at a given time
in a coarse manner (5 mm/step) using the multi
wire or a higher resolution (0.5 mm/step) using the
single wire SEM. While this profile alone does not
measure momentum spread, since the finite emit
tance of the beam at the object point is folded into
it, it does provide a coarse monitor which can be
used for on-line observation. If a measurement is
made of the profile at SEM 5, which is at the object
point of this achromatic system, a quantitative
measure of momentum spread can be obtained
from the relation

tJ.: = 7~5 J r?mage - r~bjec..
where ~p/p is in percent and r is in cm. This result
takes account of the unit transformation from
object to image in the beam line.

If a higher-resolution measurement is required,
the emittance at SEM 5 can be further restricted by
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TABLE I1L8.b.1

Linac building areas

IIL8.d) Linac Equipment Bay The Equipment
Bay has been divided into three areas: A second
floor space 28 ft wide by 560 ft long, which houses
rf drive equipment, a lower level which houses
wireways, service distribution, mechanical equip
ment and power supplies for magnets, and an
attached 30 ft by 80 ft lean-to structure to house
heavy mechanical equipment. The two story
arrangement was selected to place rf drive, magnet
power supplies, vacuum pumps, cooling and other
equipment close to the linac, to provide unlimited
longitudinal service ways close to all equipment, to
provide 10-ton crane coverage for rapid change of

electric crane and two I-ton hand-operated hoists.
Radiation shielding consists of 3 ft to 12 ft of earth
over the tunnel and 14 ft of earth and concrete
between the tunnel and the Equipment Bay. The
space is ventilated by drawing excess air from the
Preinjector Building and the Service Bay and
ejecting it at the high-energy ends of the tunnels.
Temperature control to within 1°F and dehumidi
fication is provided by room air conditioners using
chilled or hot water from the central system. An
underfloor drainage system is provided. Service
connections to the Equipment Bay are provided
through steel sleeves varying in size from 6 to 24 in.
in size. A 60-ton high-density concrete shield door
provides personnel and equipment access to the
high-cnergy end of the enclosure.

37,000 SF
8,800 SF

33,700
3,000

82,500

2268 SF
7968
3758
833

1528
2072
4806
1815
1093
630

3217
4899

34,887 SF
2113 SF

Preinjector building
Cockcroft-Walton pits
Shop- Assembly areas
Terminal room and tnezzaninc
Ion source test area
Preinjection transport area
Lahoratories
R F and electronics shop
Control room
Offices
Toilets, lounges, closets
Stairs, corridors, elevator, lobhy
Mechanical equipment space

Total gross area

Total net area
Walls radiation shielding

Gross area
Linac enclosure
Linac equipment bay
Beam transport tunnels

IIL8. Design and Construction of the 200-MeV
Linac Building

IIL8.a) Introduction The 200-MeV linac building
was designed to be an acceptable balance bctween
space requirements, radiation shielding, closeness
of all support facilities, rapid interchangeability of
all linac components, ease of construction, and
cost. In addition, the building was designed to pro
vide shop and other support facilities during linac
construction and to permit an ongoing research
and development program directed toward ion
source, preinjector, and accelerating column im
provements. This resulted in a building complex
consisting of 82,500 gross sq ft, constructed at a
cost of $3,895,000, including all mechanical and
electrical support systems. Figure III.8.a.l is a
floor plan of the Linac Building and Figure
IIL8.a.2 a section through the building. Charles T.
Main, Inc. of Boston, Massachusetts, acted as
AlE on this Project.

IIL8.b) Preinjector Building The 37,000 sq ft
Preinjector Building was designed around two
Cockcroft-Walton vaults, each 42 ft long, 27 ft
wide and 32 ft high, lined with a sheet-aluminium
ground shield and equipped with 2-ton capacity
hand-operated cranes. Radiation shielding around
the vaults consists of 16 in. of normal concrete.
The Control Room is 30 ft by 60 ft in plan, with a
removable section floor which connects to a wire
terminal room just below. The balance of the
building houses laboratories, shops, assembly areas
and offices, as set forth in Table IIL8.b.l. The build
ing is fully air-conditioned, with separate units
provided for the Control Room, control equipment
and Cockcroft-Walton vaults.

inserting a partially degrading watercooled slit
of 1 mm full width into the beam at SEM 5 location.
Running the single wire SEM 6 is required, be
cause the image at that point is quite narrow,
since it is only the result of the momentum spread.
Using this technique a momentum spread of 0.16 %
FWHM was measured for the linac. A measure
ment made at the same time using the "two-profile"
method gave a corresponding value of 0.2 %,
which is sufficiently good to serve as a non
destructive coarse monitor of momentum spread.

IIL8.c) Linac Enclosures The Linac Enclosure is
520 ft long, 14 ft wide and 15 ft high, constructed
of reinforced concrete and serviced with a 10-ton
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rf drive components, to facilitate air-cooling of
components, and for economy. Key areas of the
upper floor are composed of removable steel plate
access under all equipment. Construction is alu
minum sandwich panel over steel frame. In order
to prolong the life of the solid-state components
and improve machine reliability, electronics racks
are provided with constant 60°F cooling air. The
balance of the building, except for the pump room, is
temperature controlled to maintain a maximum
of 80°F.

III.8.e) Beam-Transport Tunnel From the end
of the linac a 10ft by 10ft tunnel extends 290 ft to
connect with the Alternating Gradient Synchro
tron. A spur tunnel 12 ft wide, 10ft high and 50 ft
long leads to a beam stop, the isotope-production
unit and the chemistry-research facility.

111.8.f) Linac Cooling System After consider
able study, it was determined that three basic
cooling-water systems would be provided: A
2600-gpm, 2100-kW, lOO-psig, 105°F, 5.0-MQ/cm
system for the rf amplifiers; a 200-gpm, 220-kW,
lOO-psig, 75°F, 0.5-MQ/cm system for beam
transport equipment which should be stabilized at
ambient temperature; and a 1800-gpm, 2500-kW,
50-psig, 45°F system for the nine special cavity
systems, other machine loads and for air-condition
ing requirements.

IIL8.g) Electrical Utilities The linac complex
is fed from the 13.8-kV underground system through
three 13.8/0.480 kV transformers, two rated at
2500/3125 kVA and one at 1500/1750 kVA. From
the transformers, it is distributed through motor
control centers and switchboards to the various
loads. 120/208 V three-phase is distributed to all
areas and 480-V power is available in all work areas
and tunnels. Emergency power is provided by a
187-kVA diesel generator.

111.9. Overall Beam Performance

The beam performance of the Preinjector, low
energy beam transport and the first accelerating
cavity has been described in detail elsewhere70

and resulted in a maximum peak 10-MeV beam
current of 220 rnA with a normalized radial
emittance (pyA) of 6 cm-mrad. (See Figure 111.9.1.)
The corresponding input normalized radial emit
tance at 780 keV was 2.4 cm-mrad and the overall
trapping efficiency using two bunchers was 72 %.
These figures correspond to a growth in emittance

through the first cavity of between 2 and 2.5.
Emittance data taken at other current levels showed
an almost linear change of emittance with beam
current, with a total normalized radial emittance
of approximately 2.4 cm-mrad for 100-mA current
at 10 MeV.

Comparisons between emittance data at 10 MeV
and 200 MeV show little or no growth beyond the
10-MeV point. Figures 111.9.2, 111.9.3 and 111.9.4
show a typical set of data for 750 keY, 10 MeV and
200 MeV for a 60-mA beam current accelerated
to 200 MeV. The methods used to measure these
emittances are discussed in Section 111.7 of this
report.

Energy measurements of the beam at various
energies corresponding to the output energies for
cavities 2 through 9 have been made for various
values of rf field amplitude and phase ofeach cavity.
The measurements were made by monitoring the
beam size before and after a bending magnet in
the High-Energy Beam Transport Line using both
secondary-emission monitor and beam-position
monitor data to give beam-direction information
and a precision shunt to measure the bending
magnet current. The shunt was calibrated for the
magnetic field by comparison with results ob
tained from a nuclear magnetic resonance measure
ment. Each cavity in sequence was set up by plotting
energy vs rfphase for a number of rf field levels and
comparing the measured data with that obtained
from the longitudinal-motion program described
in Section 11.2. A typical set of data for tank # 3 is
shown in Figure 111.9.5. An estimate of the energy
spread may be obtained by measuring the beam
profiles before and after this bending magnet,
where for correct values of quadrupole and magnet

EMITTANCE AREA (A)

NORMALIZED EMITTANCE (!3YA)

40 ao (ern - .rad,)

30 4.5 ENERGV 10 M.V

20 3.0

10 IS

40 rnA )

FIGURE 111.9.1 IO-MeV emittance versus output current.
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BNL 200-MeV LINEAR ACCELERATOR 147

SCALES: BM4(100DIVS=3.2MEV)PHASE (lOOODIVSE400DEGREES TABLE 111.9.1

Change in output mean energy for II,';) amplitude change

Constant synchronous phase
Variable

synchronous phase

20±20
-18± 18
+20±20

Measured
value
(keV)

40
-60

80
-50
170

-155
-140

55
175

Calculated
value
(keV)

44
-208

80
28

-104
220

Measured
value
(keV)

Calculated
value

Tank (keV)

I -25
2 29
3 47
4 68
5 -149
6 103
7 53
8 -177
9 115

£45. ~70. 695. 728. 74~. 778. 79~. 828. 845. 878.

F'HA~ '. (lU:-~S .)

TAtIK ~ 17-.JlIL-7:; e4·~7 GFHOIEHT- 7ee

B 4(.0.0,..
4

44£4.00
A
C 420.0
0
S• ~oe.c;

389.8

52(1.':'

,:.(u~ (1

~:::(1 (1

E; 4 c.':' I)

'"4
(I ~4(1 I)

M
( 4:'1) .0

~
• 4('(' .l)

3'::(1.0

'3';.1) 0

.340.0

Change in output mean energy for I () phase change

Variable
Constant synchronous phase synchronous phase

Calculated Measured Calculated Measured
value value value value

Tank (keV) (keV) (keV) (keY)

2 33 34 -43 -70±30
3 40 42 23 50±30
4 50 81 -32 -2± 10
5 -170 -212 76 80±20
6 110 158 -63 - 85 ± 15
7 51 12 -42 -IIO± 10
8 -200 -185 13 II ±7
9 120 123 40 75± 15

RMS output energy error for 0.3/0 amplitude error and 10

phase error:

FIGURE 111.9.5 Tank #3 energy versus input phase plot. Constant synchronous phase:
Variable synchronous phase:

336 keY
172 keY

fields a I to - I transformation of phase space exist.
Measurements were also made in which the rf level
and phase in each cavity were independently
changed and the 200-MeV output energy variation
recorded. The theoretical and measured data are
shown in Table 111.9.1. Since it is not possible to
achieve perfect rf field and phase compensation
during the beam-pulse length, these tolerances
give rise to a net change of energy during the beam
pulse. No radial emittance variations during the
beam pulse are observed.

IlL I O. Parasitic Uses of the Linac

Early in the design phase of the linac, it was realized
that there would be an excess mean current

capability over that required for AGS injection and
this fact caused three areas of study to be under
taken for utilizing this beam. Out of these studies
the Brookhaven Linac Isotope Producer (BLIP),
the chemistry Linac Irradiation Facility (CLIF)
and the medical beam line were developed.

III.IO.a) BLIP Facility This facility makes use
of the spallation process72 to produce radio
isotopes of high purity, i.e. a minimum of unwanted
isotopes, and of high activity after relatively short
irradiation times (from four hours to two weeks
typically).

The proton beam emerging from the end of the
BLIP transport line passes through a water-cooled
window and after drifting for about 8 ft passes
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through a series of targets (Figure II1.1 O.a.l ) which
are watercooled and situated in helium at a pressure
of 2 atmospheres. The targets are inserted into the
beam through a series of U-tubes as shown in
Figure III.I0.a.2. The complete U-tube and target
assembly is immersed in a 40-ft deep tank of water,
which acts as a biological shield. The U-tubes
themselves are also water-filled. Two atmospheres
of helium gas in the beam line are sufficient to hold
up this head of water.

Table IILIO.a.! gives the quantities and types of

isotopes produced in BLIP for shipment to the
institutions shown in Figure III.10.a.3. It can be
seen that over the past two years, the emphasis has
moved from 52Fe to 1231 and 127Xe production.
This last isotope, which is used in gaseous form
for organ scanning, has a 36-hr half life, compared
with 13 hr for 1231and 8 hr for 52Fe, which makes it
ideal for production and off-line processing and
shipment. Extensive clinical tests are being carried
out using 127Xe as an alternative to reactor
produced 133Xe to determine whether its apparent

FIGURE III. IO.a.2 BLIP target tube assembly.
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(a) Xenon 127

User

Quarterly Shipments in Millicuries
1975 1976

1st 2n-d---3rd 4th 1st 2nd 3rd

100

1622.5 355 1565 2145

5 20
100

25 75
50 70

sample 250
50

100
200 50 100 200
80.5 100 670 800

280 100 100
200 100 300 600

40
300 200
200
222

75

30

45

1976
1st

100

200

200
100

450

4th

50
100

40

1240

150

100
125
100

50

300

250
100
400

1575

10 15

50
50

30 100

21

30

10

41 15

1975
2nd--3rd

30

30

2.89 9

100

100

4th 1st

18.6 89.7 28
2 48.3

6 48.7

165

15
30

105
15

3.5
12
12 9.5 52.14-

24 39.6 241.73 37

67

63

63
13

100
200
100

12
120

1974
2nd--3rd

130

52

13

10
9 36
5.6 87

23

19

47.6 155

608

(b) Iodine 123

(c) Iron

1973
4th 1st

National Bureau of Standards
Children's Hospital, Boston
Arizona Medical Center
Northport VAH
Rosewell Park Memorial Institute
Cincinnati General Hospital
N.I.H. Bethesda Bldg. #21
University of Tennessee
McMaster Medical Centre (Canada)
Harbor General Hospital (California)
Southampton General Hospital (England)
Hammersmith Hospital (England)
Diagnostic Isotopes, Inc.
Radiofysiska Cent. Lab (Sweden)
Massachusetts General Hospital
University Hospital, London, Ont. (Canada)
Hospital of U. of Pennsylvania
Nort.h Carolina Baptist Hospital
Isotope Pharmacy (Denmark)
Institute for Nuclear Medicine, Hannover (Germany)
Radpharm Inc., San Francisco (California)
Johns Hopkins Medical Center
Armed Forces Radiobiology Res. Institute
Methodist Hospital, Indianapolis (Indiana)

127Total Shipments Xe (mCi)

Children's Hospital, Boston
Cincinnati General Hospital
Johns Hopkins, Baltimore, Md.
National Institutes of Health
Rush-Pres. St. Luke's Medical Center
Sloan-Kettering Inst.,. N.Y.C.
State U. Hospital Syracuse
Upstate Medical Center (SUNY)
VAH, Denver, Colorado

52Total Shipments Fe (mCi)

Cincinnati General Hospital
Indiana University Hospital
University of" Pennsylvania
Northport VAH
National Bureau of Standards
VA Hospital Roxbury, Ma.

123Total Shipments I (mCi)

FIGURE IILIO.a.3. Institutions receiving isotopes from BLIP.
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TABLE IlL IO.a.1

Blip productivity for three years operation

151

Quantity of isotopes shipped (mCi)

Period

Jul 73-Jun 74
Jut"74-Jun 75
Jul 75-Jun 76

Beam quantity
JlA hrs

82066
121388
145012

Average
bca";

current ILA

35
59
483

Iron 52

227
364
90

Iodine 123

483
564
230

Xenon 127

o
2843
5640

a Average current reduced to increase reliability.

superior physical characteristics are born out in
practice.

III.IO.b) CLIF Facility The Chemistry Linac
Irradiation .. Facility is a spur line to the BLIP line,
the beam being diverted to it by means of a de
magnet situated about 10 ft upstream of the BLIP

vacuum window (see Figure IILIO.b.I). The facility
comprises a rabbit system for proton irradiation
and a second rabbit system situated immediately
downstream of a water-cooled copper beam stop63
which is used for neutron irradiations. The primary
use of this facility has been the investigation of
neutron-rich nuclei and a number of new isotopes

FIGURE III.IO.b.1 View of chemistry bCalTI line and rabbit.
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FIGURE IV.l 200-MeV linac operational data tables.

----~ RAOIO- FREQUENCY
SYSTEMS

200 HEV LINAC OPERATIONAL DATA
TOTAL SCtU:DULEO HOURS • n. ~90
TOTAL OPERATIONAL 1«)U1tS • 23.278
OVEIlALL OPERATING PERCENTACE • 917.

FY 12 FY 73 FY 74 FY 75 FY 76
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The design and construction of this machine led
to many new concepts. In the theoretical area, the
analysis of six-dimensional phase-space effects in
the presence of space charge has been carried out
and improved calculations of resonant dimensions
of accelerating cavities have been made. Improve
ment of the Alvarez structure by the introduction
of multistems has been demonstrated, as has
sophisticated fast control of phase and amplitude
of the radio-frequency field in the accelerating
cavities in the presence of heavy beam loading.

In the control area, the use of solid-state com
ponents has greatly increased the reliability and
digital-computer control and monitoring of the
accelerator has given the operator a new dimension
in which to work. The computer-generated dis
plays which are now possible have revolutionized
the area of beam and machine diagnostics and given
rise to a new generation of transparent beam
diagnostic equipment allowing on-line measure
ment of beam quality. First-line fault diagnostics
and recording have also become available via the
control computer.

IV. CONCLUSION

have been formed. 73 Initially, these were produced
by means of (P, 3p) type reactions using the proton
irradiation facility and an incident proton energy
of 92 MeV. More recently the neutron facility has
been used and a new isotope of iron 62Fe has been
found. The total neutron flux is approximately
1011 neutrons/sq. cm sec in the energy range
25-200 MeV.

The construction and operation of a third-genera
tion proton linear accelerator has been described
in the foregoing sections and is best summarized
by the operational data shown in Figure IV.1 and
Table IV.I. It can be seen that for the five years of
operation to date, the machine has operated for
approximately 91 %ofthe scheduled time. Over this
operational period, improvements have been made,
particularly in the areas of control and monitoring
of the machine, and these have improved the overall
beam quality.

IIL10.c) Medical Facility This facility 74 makes
use of a second pulsed bending magnet situated
between the fifth and sixth quadrupoles in the
High Energy Beam Transport Line to direct the
beam into ~ special spur line which is used to colli
mate and transport the beam to the medical facility,
where the proton intensity is approximately 7 x 107

protons per pulse (see Figure IIL1 O.c.!).
This facility is being used to study beam localiza

tion in vivo via 150 activity. One of the difficulties
in achieving precise dose distribution in the human
body is the effect of overlying tissue with varying
densities. 150 is a positron emitter and the positron
range averages 2 mm before annihilation, which
produces a gamma-ray pair emitted in opposite
directions at energies of 0.51 MeV. The positions
of these gamma rays outside the body is used to
determine the line on which annihilation occurred.
By employing coincidence-counting techniques,
the site of annihilation is determined. The dose
rate necessary to give a "picture" of the beam has
been calculated to be 20 rads maximum as com
pared with a typical therapeutic dose of 200 rads
and the overall resolution is expected to be about
0.75 cm. At the conclusion of the localization
experiment, work will proceed on the clinical
feasibility of the method by use of large animals.
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TABLE IV.I

Pre-inj. Quads &
& LEBT RF VAC B. Mag. Services Controls Misc.

Hrs sched. Downtime hrs hrs hrs hrs hrs hrs hrs
Period hrs hrs ~)On % 0/ % % % % %/0

Oct 71-Jun 72 4069.95 558.23 86.28 83.18 331.91 53.33 17.14 16.41 17.86 38.40
(14.90) (59.46) (9.55) (3.07) (2.94) (3.20) (6.88)

July 72-Jun 73 5697.17 430.46 92.44 51.36 229.46 74.52 38.53 8.97 24.03 3.59
(11.93) (53.31) (17.31) (8.95) (2.08) (5.58) (0.84)

July 73-Jun 74 6315.66 624.42 90.11 38.20 413.70 84.74 26.86 29.92 17.01 13.99
(6.12) (66.28) (13.57) (4.30) (4.79) (2.72) (2.24)

July 74-Jun 75 5419.26 548.11 89.89 95.29 268.87 120.07 36.80 13.65 6.15 7.28
(17.39) (49.05) (21.91) (6.71) (2.49) ( 1.12) ( 1.33)

July 75-Jun 76 5411.27 373.07 93.10 57.62 189.50 79.65 15.47 8.40 11.79 10.64
(15.45) (50.79) (21.35) (4.15) (2.25) (3.16) (2.85)

295.29 1317.68 384.07 122.71 68.35 75.75 48.15
Overall 25589.39 2312.00 90.97 (12.77) (56.99) (16.61) (5.31) 2.96) (3.28) (2.08)
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