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I. INTRODUCTION 

By s u i t a b l e  choice of magnet parameters i t  is p r a c t i c a l  to e x c i t e  iron magnets of 
the window frame type t o  f i e l d s  exceeding 40 kG while re ta ining useful  f i e l d  propert ies .  

High f i e l d  performance i s  obtained by employing exc i t a t ion  current  densi ty  values 
intermediate between normal 300°K pract ice  and the very high current  dens i t i e s  required 
fo r  moderately t h i n  s h e l l  air  core magnets of smal1,cross section. 

Cryogenic aluminum e x c i t i n g  c o i l s  are  competitive with superconducting c o i l s  from 
an ac loss  point of view and appear t o  have many p r a c t i c a l  advantages. 

In t h i s  paper a b r i e f  desc r ip t ion  of high current dens i ty  i ron magnet performance 
i s  given together  with a summary of some parameters as applied t o  a 2 TeV (2000 GeV) 
machine l a t t  i ce .  

11. STUDIES ON EXCITATION OF HIGH CURRENT DENSITY WINDOW FRAME DIPOLES 

Variaus papers have been wr i t t en  by the authors on the subject of a separated 
function magnet l a t t i c e  f o r  l a rge  ~ y n c h r o t r o n s . 1 ' ~  
f l e x i b l e  operat ion and control  o f . a n  operating acce le ra to r ,  and i n  f l e x i b i l i t y  and 
economy i n  construct ing an expandable machine, i t  was recognized t h a t  e f f i c i e n t  opera- 
t i o n  a t  high f i e l d s  i s  l imited by the low current d e n s i t i e s  p rac t i ca l  at  300°K. It w a s  
s t a t ed  t h a t  with superconducting o r  cryogenic exc i t i ng  c o i l s  of about f i v e  t i m e s  small- 
e r  cross  sec t ion  than a re  t y p i c a l  a t  300°K, useful f i e l d s  would be obtained t o  about 
30 kG. This work has been'pursued fur ther .  

In  addi t ion t o  the  advantages i n  

For very l a rge  machines, various f ac to r s  lead one t o  the conclusion tha t  the ver- 
t i c a l  aper ture 'can useful ly  be a t  l ea s t  as large a s  the horizontal ,  i.e., a c i r c u l a r  
vacuum p i p e  would be qu i t e  s a t i s f ac to ry .  Typically the v e r t i c a l  a p e r t u r e  has been one- 
half  t o  one-third of the horizontal .  Scaling up the aspect r a t i o  of the v e r t i c a l  t o  
horizontal..  aper ture  dimensions leads t o  equivalent l e v e l s  of s a tu ra t ion  and of harmful 
aberrat ions s e t t i n g  i n  a t  s i g n i f i c a n t l y  higher values of the f i e l d .  

A modeling program has been carr ied out.  A f l e x i b l e  "kit" magnet was constructed 
i n  which the  s i d e  yokes and pole p l a t e s  zre separate s t ruc tu res  so tha t  t he  basic  
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aperture parameters can be easily changed. The steel is M-3.6 silicon steel sheet left 
over from the AGS construction. 

Figure 1 shows an assembly containing a matrix of search coils inserted in the . 
aperture. The entire structure is simply immersed in liquid nitrogen. 

Figure 2 illustrates schematically the type of construction. The top and bottom 
yokes (12 in. X 1 2  in. X 4 in.) are always used, and various side yokes, pole pieces, 
and coils are employed. 

Figure 3 shows the effect on saturation of increasing the vertical gap dimension 
for a constant coil thickness of 1 in. and a constant aperture width of 1.8 in. 

The slope of the saturation curve is inversely proportional to the vertical aper- 
ture; the aberrations similarly diminish with increasing vertical aperture. One is 
approaching more closely the uniform field between two parallel current sheets of in- 
finite extent. For a synchrotron (or general beam transport) one can expand the field 
in multipolarities about its center and ask what terms are present over the necess.ary 
high field aperture. . .  

For the present geometry, the field aberrations are predominantly sextupole. On 
the horizontal and vertical mid-planes the 10-pole term is quite small even at full 
aperture in the case of an approximately square aperture. At maximum extent on the 
45' axes, i.e., in the corners, the 10-pole term is four times larger. However, exper- 
imentally at - 90% of the way to the corner the fit is still good to sextupole and 
10-pole terms, and in agreement with the horizontal mid-piane data. Practically speak- 
ing, an inserted vacuum pipe would be roughly circular, and the 10-pole field aberra- 
tion at the vacuum pipe at all angles would have the same magnitude as on the mid-plane 
at full aperture. Figure 4 shows aberrations on the horizontal mid-plane for a 2.4 in. 
version. 

It can be seen from Figs. 3 and 4 that the '2.4 in. gap model has about 20% satura- 
tion of the B vs I curve at 41 kG, and about 3.7% sextupole. This aberration can be 
corrected with properly distributed exciting coils in the magnet. Figure 5 illustrates 
a partial correction with a three-turn pole face winding. However, passive improvement 
with crenolations or pole shaping is very attractive. It should be borne in mind that 
a synchrotron should have sextupole control in each half cell in any case for beam 
manipulation and high intensity operation, even for "perfect" magnets with zero aber- 
rations. As a result, reducing the above aberrations by about a factor of two is suf- 
ficient to keep combined control and aberration correction sextupole elements 'to modest 
proportions. 

Tests to further improve magnet performance are in progress. This interacts with 
broader considerations of economically and operationally optimum current densities for 
a given application. 

In summary, practical iron dipole magnets of > 40 kG peak excitation have been 
demonstrated. The flux density in the yoke is of normal magnitude, and saturation 
OCCUKS only in the pole regions adjacent to the aperture. In principle, small cross 
section insertions in this region of either high field magnet steel (- 3 kG improvement) 
or of low temperature ferromagnetic rare earths could further enhance performance. 

These magnets are very compact: because of the high current density. This leads 
to a structure of small over-all cross section. The ratio of useful aperture stored - 
energy to total stored energy is very large. 
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1x1. CHOICE OF IRON CORE MAGNETS 

Since . t h i s  i s  not pr imar i ly  an  acce le ra to r  meeting no at tempt  is  made t o  j u s t i f y  
i n  d e t a i l  t h e  use  of  window frame i r o n  d ipoles  i n  preference t o  a i r  c o r e  c y l i n d r i c a l  
cu r ren t  d i s t r i b u t i o n s .  

I n  t h e  p re sen t  design t o  a very  good approximation the  EYeld i s  everywhere p a r a l l e l  
t o  t h e  plane of  t h e  current  shee t s  both in s ide  and outs ide the  conductor. 
t he  tu rns  are almost uniformly outward, and modest i n  magnitude 
-u 1200 p s i  a t  40 kG). Window frame d ipo le  magnet c o i l s  a r e  not  "pole face windings" 
except i n  a q u i t e  weak sense. With good but common to le rances  on t h e  inne r  t u r n s  
(which a r e  wound f i r s t  i n  a c o i l )  abe r ra t ions  due t o  c o i l  l o c a t i o n a l  e r r o r s  a r e  very  
small. 

Pressures  on 
( the  c o i l  p re s su re  i s  

, 

High c u r r e n t  dens i ty  a i r  core  magnets of small bore can have, i n  p r i n c i p l e ,  n e g l i -  
g i b l e  two-dimensional aber ra t ions .  However, they requi re  h igh  mechanical and e l e c t r o -  
magnetic s t a b i l i t y  of the  cu r ren t  elements i n  the  presence of  complex f o r c e s  of l a rge  
magnitude. 

I n  p r a c t i c e ,  f o r  air  core  cu r ren t  d i s t r i b u t i o n s ,  an i r o n  shea th  may be a t t r a c t i v e  
as a s h i e l d  and t o  enhance somewhat the  f i e l d ,  un less  workable magnets can be made with 
much h igher  f i e ld -cu r ren t  d e n s i t y  ( B j  product) mater ia l  than  i s  p r e s e n t l y  contemplated. 
However, t he  m u l t i p o l a r i t i e s  generated by the cur ren t  d i s t r i b u t i o n  s t i l l  l a r g e l y  de t e r -  
mine t h e  f i e l d  p rope r t i e s ,  so  the  bas i c  advantages and disadvantages of  such t h i n  s h e l l  
c y l i n d r i c a l  a i r  co re  magnets are not  g r e a t l y  a f f ec t ed  by concen t r i c  s h i e l d s .  

. 

I n  t h i s  paper we concentrate  on d ipo le  magnets. Figure 6 shows reasonable  l a t t i c e  
parameters €o r  a 2 TeV synchrotron of 40 kG peak f i e l d ,  w i th  v va lues  o f -  20. With a 
ha l f  cel l  l eng th  of - 185 f t ,  only an - 8 €t Length of room temperature  quadrupoles  
would be r equ i r ed .  Quadrupoles a r e  a minor considerat ion a t  t h i s  s t age .  However, one 
could a l s o  use c ryogenica l ly  exc i ted  quadrupoles f o r  compactness. 
h igher  cu r ren t  d e n s i t y  c o i l s  w i l l  l e a d  t o  considerably h igher  g rad ien t s  being .p rac t i ca l .  

As w i t h  t h e  dipoles, '  

TABLE I 

Coeff ic ien ts  of Nonlinear Terms i n  a Typical  
Brookhaven 3-in. Quadrupole 

= 16.3 kG Bt i p  = 13.5 kG Bt i p  = 7.1 kG B t i p  Rat io  of 
Coef f i c i en t s  

4 8 / 2 8  0.025% 0.048% 0.068% 

68/28 4-0.052 -16'39' 1-0 io57 -16°401 t-0.160 -,16°30' 

109/28 -0.415 - 8'19' -0'.372 - 7'47' -0.286 - 6'22 ' 
1 4 0 / 2 8  1-1.096 - 8O09' 1-1.059 - 8O15' +0.925 - 8'26' 

. .  

39/28 

56/28 

0.03 

0.01 

0.05 

0.03 

0.07 

0.05 

79/28  0.02 0.02 0.02 

Table I l ists  the  amplitudes of abe r ra t ions  measured almost touching t h e  i r o n  
poles  i n  a 3-in. diam Brookhaven quadrupole. 
as a percentage of  the quadrupole f i e l d  a t  the measurement r a d i u s ,  which i s  - 0.025 i n .  

The abe r ra t ion  m u l t i p o l a r i t i e s  are given 
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from the iron. The true quadrupole aberration terms are 68, 108, and 140; these depend 
on the details of the particular-design. For the magnet concerned, 68 can be made ar- 
bitrarily small, and all vary slowly with excitation. However these terms vary in am- 
plitude with very rapidly increasing powers of radius, so that over a useful aperture 
of 80-907' of the pole aperture these effects can be made completely negligible. The 
38,  48, 58, and 78 terms represent "noise" either due to structural asymmetry or to 
errors in the measurements. These results are typical and illustrate the high stabil- 
ity of such iron magnets. 

IV. PROPERTIES OF LOW TEMPERATURE PURE ALUMINUM COILS 

Magnet coils of pure metals operating at cryogenic temperatures have been consider- 
ed for a long time.4 
have been overshadowed by the advantages of superconductors for such devices. Air core 
cryogenic synchrotron magnets have also been considered by several groups, but, unless 
a quite low duty factor was assumed, the high current density required for'efficient 
small bore magnets has led to formidable refrigerator requirements. Considerable in- 
terest exists in the USA and other countries in various power frequency systems using 
either cryogenic or superconducting conductors. 

Large stored energy magnets have been built, but, in general, 

The great promise of superconductivity has perhaps overshadowed too greatly con- 
siderations of pure metals. 
very high resistivity ratio aluminum could be made available by large-scale commercial 
processes. As a result, even at the very low temperatures associated with supercon- 
ductivity, aluminum may be very attractive for many applications. 

In the paper by Arp in these Wo~eedings,~ it appears that 

For the present application it appears that the refrigerator requirements for the 
resistive losses in aluminum coils of existing material may be about the same as for 
optimistic superconductor ac losses. The aluminum coil system seems fairly straight- 
forward. It is our judgment that, in addition, there are great practical operational 
and over-all cost advantages €or Dewars, transfer lines, etc,, by operating a t  higher 
temperatures (18-270K); 
rangeS although very low resistance appears practical at the helium temperatures asso- 
ciated with superconductors. 

A s  a result, we arbitrarily concentrate the discussion in this 

We now very briefly summarize some resis.tance properties, for which we are prin- 
cipally indebted to Arp. 

The resistivity, for no magnetic field present, is given by 

The term pi(T) represents the lattice resistivity and varies approximately as the cube 
of the temperature below 20°R. Above 20°K it approaches the fifth power law with tem- 
perature. 
sistivity ratio p(3OOQK) /p(4OK) gives Po, since pi(4OK) is extremely small. 

The term po is due to impurities and lattice defects. In practice the re- 

.For aluminum in a magizetic field p~ saturates at - 2 . 8 ~ .  The saturation occurs at 
lower fields as p decreases. Zn the present case, saturation occurs at a few kilogauss. 

4 .  R.F. Post and C.E. Taylor, in Advances in Cryogenic Engineering (Plenum Press, 

5. V. Arp, these Proceedings, p. 1095. 

1959), Vol. 5, p. 13. 
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. .  

Anomalous resistive behavior occurs for thin material when the electron mean free 
path becomes appreciable compared to the thickness. However, in a magnetic.field, the 
cyclotron radius reduces this effect. 

For our case where we consider 0.015 in. tape coils and an effective resistivity 
of 2 . 7 5  x l o m 9  n*cm, anomalous effects are very small. 

Strain also incr.eases p ,  The effect conunences to be noticeable at 3000 psi and 
becomes quite appreciable about 10 000 psi. For the present coils, the pressures at 
40 kG are only 1200 psi, so strain is not a problem. 

In summary, for the coils considered herein, which are - 0.015 in. 1.000 in. 
tape, operating in the 18-27OK range, the resistivity is effectively the bulk resistiv- 
ity. 

We define a constant resistivity for the magnet coil (p eff.) which gives the cor- 
rect dissipation for the assumed magnet cycle. Actually, the field in the coil varies 
with time and with location, so the effect of magnetic field should be somewhat below 
saturation. We assume (p eff.: = 2 .75  X LO+ R-cm at an operating temperature T. 

0 Assuming effectively pure aluminum, Pi(T) at T - 25 K is - 2000 times less than 
at 300'K. As a result, the resistivity ratio of the material should be a number large 
compared with 2000 to give this almost ideal aluminum behavior (i.e., perhaps 10 000). 

Assume a power duty factor of 40% to 40 kG. This corresponds, for example, to a 
1 sec dwell time, 1 sec rise time, 1 sec flat-top, and a 1 sec invest. (These equal 
time intervals can be changed from 1 sec without affecting the heat load.) This c.or- 
responds to a 25% flat-top duty factor. For a 2.25 in. magnet gap and a coil cross 
section of 5.33 in.2 of aluminum the dissipation is 60 W/ft. 

Additional Losses (all €or 1 sec rise time): 

(1) Vacuum chamber eddy currents. Assume a 0.020 in. cylinder of 2 in. 

(2)  0.0'15 in. aluminum tape coil eddy currents: 2 W/ft. 
(3) Iron eddy currents (0 .025 in. steel): 2 W/ft. 

diam and of p = 10 x This gives 0.8 W/ft. 

( 4 )  Hysteresis in iron: 6 W/ft. 
(5) Dewar and transfer line losses: 1 or 2 W/ft. 

V . REFRIGERATION REQUIREMENT 

The over-all dissipative load is about 70 W/ft. This is approximately independent 
of  rise rate, the dominant loss  being resistive. For a given magnet design the dissi- 
pation is invariant with absolute scaling of aperture, if the same relative cross- 
sectional dimensions are maintained. 

There are, however, several mechanisms by which this load can be varied by large 
amounts. 

1. Refrigerant 

For 27OK (neon), the dissipation should be increased by about 50% (this is a lumped 
correction which includes both the higher (p eff.) at 27'K and the higher refrigerator 
temperature, since refrigerator efficiency is considered at 20°K) . 
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For 20% (hydrogen), t he  d i s s i p a t i o n  would be reduced t o  two-thirds of the 
70 w/f t .  

A t  18OK, the  d i s s i p a t i v e  loads  would be reduced to  one-half of the 70 Wlft .  
(At 1O0K, and with very pure A l ,  i .e . ,  - 50 000 r e s i s t ance  r a t i o ,  the r e s i s t i v e  d i s -  
s ipa t ion  goes down an order  of magnitude; the o the r  f ac to r s  become more s i g n i f i c a n t . )  

2 .  Coil Area and Sa tu ra t ion  

The d i s s i p a t i o n  w a s  computed f o r  a comparatively large c o i l  of 5 . 3 3  in.2 of 
2 ac tua l  conductor. It now seems more probable t h a t  one would u s e  a c o i l  of - 4 in .  

over-all  c ros s  sec t ion ,  which could be made with a very high packing f ac to r .  This 
would increase the d i s s i p a t i o n  by about 35%. 
and prolonged operat ion a t  peak f i e l d  with long f l a t - t o p s  would increase the  power by 
about 50%. 

Magnet s a tu ra t ion  a l s o  was not included, 

3 .  D u t y  Factor  

S ix ty  percent of t h e  d i s s i p a t i o n  i s  i n  the f l a t - t o p ,  and only 40% $n the rise 
and f a l l  of f i e l d .  With s a t u r a t i o n  included almost a l l  the excess is i n  the f l a t - top .  
Present l a r g e  synchrotrons do not  have such long f l a t - t o p s  (and i t  is not c e r t a i n  
t h a t  one could use them e f f e c t i v e l y  i f  they w e r e  ava i l ab le ) .  Furthermore, t he  power 
supply and r f  cos t s  and problems of  a 1 sec r i s e  time are formidable and i t  i s  prob- 
ab le  t h a t  f o r  2 TeV operat ion,  a t  least 2 o r  3 sec of r ise t i m e  w i l l  be used. A 2 or  
3 sec f l a t - t o p  a t  top energy is luxurious. 

4 .  Energy Storage 

One g rea t  advantage t o  t h e  f l e x i b i l i t y  of cryogenic (or superconducting) acceler-  
a t o r s  is t h a t  the major e l e c t r i c a l  d i s s ipa t ion  i s  t ransferred from the power supplies 
t o  the r e f r i g e r a n t .  
t h a t  i t  would take hours of running t o  vaporize most of the r e f r ige ran t ,  even with 
the r e f r i g e r a t o r  o f f .  

The heat  of vaporization i s  so l a rge  fo r  neon or  even hydrogen 

(For neon 100 kW evaporates l l i t e r / s e c . )  

A 3OO0K synchrotron has  about a 1 sec time constant ,  so t h a t  unless ;i very large 
machine i s  pulsed formidably f a s t  the power supply sees  a very d i s s i p a t i v e  load. 
g rea t ly  increases  power supply c o s t  and power consumption. 
massive power supply (and r f  system). 

This 
A fast  cycle requires  a 

With a time constant  o f -  1000 sec,  one has complete freedom t o  t rade off the 
power supply cost  and complexity, assuming an adequate flywheel, and the r f  and refFig- 
e r a t o r  capaci ty .  I n  the  cryogenic case, one could, f o r  example, have a l t e r n a t e  p u l s e s  
t o  2 TaV and t o  1 TeV and thereby cu t  t h e  d i s s i p a t i o n  almost i n  h a l f .  (The 1 TeV load 
goes down by more than the  f a c t o r  due t o  Ez.) 

I n  suimnary, t h e  f i g u r e  of 70 W/ft r e f r i g e r a t i o n  capacity i s  a conservative one, 
and a machine of high performance could be constructed with r e f r i g e r a t o r  capac i t i e s  
two o r  t h r e e  times lower than t h i s .  

As an i l l u s t r a t i o n  of a l a r g e  r e f r i g e r a t o r  planr ,  a 33 000 hp hydrogen plant a t  
Sacramento, Cal i fornia ,  manufactured by Linde, would produce 530 kW a t  20°K, operating 
as a r e f r i g e r a t o r .  
Responsible designs a t  20°K f o r  l a r g e  systenis give a range of conversion r a t i o s  from 
35 t o  5Q. 
comparison t o  superconductors a d i s s i p a t i o n  of 50 W/ft a t  20°K is about equivalent . to 
5 w l f t  a t  ~OK.. 

This is a conversion r a t i o  of 50 €or input power t o  20% power. 

For By comparison, at 4% t he  range of conversion r a t i o s  i s  300 t o  500. 
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. 
Figure 7 shows a magnet and Dewar c ros s  .section. Neither the magnet nor the 

Dewar design o r  r e f r i g e r a n t  capacity are meant t o  be taken a s  more than an i l l u s t r a -  
t ion. 

Figure 8 i l l u s t r a t e s  a type of assembly of the ends of magnets and Dewars. 

CONCLUSION 

It appears t h a t  cryogenically powered magnets of the type described can be con- 
s t ruc t ed  with e x i s t i n g  pu r i ty  commercial aluminum and be competitive w i t h  projected 
superconductor c o i l  ac losses .  The compactness and high e f f i c i ency  of stored energy 
a c t u a l l y  in  the  u s e f u l  region, plus the inherent f l e x i b i l i t y  of a system with a very 
long time constant w i l l  be very bene f i c i a l  t o  over-all  accelerator  design. 
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Fig. 1. Magnet model. 
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GAP.: ... HT = 2.37" MAGNET STEEL' 
W T =  1.80" 5 COPPER COIL. 

HALF SCALE. 

Fig.  2 .  Schematic assembly drawing of "kit" rhagnet. 

28 

26 

- 
a 
s 
\ 

Y 
24 

v 

w \ 
m 

22 

20 

I I I I I I I I I ' I  I I 
I8 22 26 30 34 38 42 

B (kG)  

Fig. 3 .  S a t u r a t i o n  effects for  va r ious  magnet geometries. 
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Fig. 6. Typical lattice parameters for 2 TeV synchrotron. 

Fig. 7. Cross section of cryogenic magnet and Dewar (repfesentative only). 



F i g .  8. Possible end section of magnets and D e w a r s .  
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