BROOKHFAVEN

NATIONAL LABORATORY

BNL-96696-2012-CP

MW-class 800 MeV/n H," SC-cyclotron for ADS
application, design study and goals

F. Meot, T. Roser, W. Weng
BNL, Upton, Long Island, New York

L. Calabretta
INFN/LNS, Catania

A. Calanna
CSFNSM, Catania

Presented at the International Particle Accelerator Conference 2012 (IPAC’12)
New Orleans, LA
May 20-25, 2012

Collider-Accelerator Department
Brookhaven National Laboratory

U.S. Department of Energy
DOE Office of Science

Notice: This manuscript has been authored by employees of Brookhaven Science Associates, LLC under
Contract No. DE-AC02-98CH10886 with the U.S. Department of Energy. The publisher by accepting the
manuscript for publication acknowledges that the United States Government retains a non-exclusive, paid-up,
irrevocable, world-wide license to publish or reproduce the published form of this manuscript, or allow others
to do so, for United States Government purposes.

This preprint is intended for publication in a journal or proceedings. Since changes may be made before
publication, it may not be cited or reproduced without the author’s permission.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or any
third party’s use or the results of such use of any information, apparatus, product,
or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service
by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof or its contractors or subcontractors.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



IPAC 2012, New Orleans IPAC 2012, New Orleans

MW-CLASS 800 MeV/n Hy SC-CYCLOTRON FOR ADSAPPLICATION,
DESIGN STUDY AND GOALS

F. Méot, T. Roser, W. Weng (BNL, Upton, Long Island, New York)
L. Calabretta (INFN/LNS, Catania), A. Calanna (CSFNSM, Catania)

S e _

Abstract

This paper addresses an attempt to start investigating t i |
use of the Superconducting Ring Cyclotron (SRC) deve EEh 25
oped for DABBALUS experiment for ADS application [1], R %
focusing on the magnet design and its implication for lat J|
tice parameters and dynamic aperture performance. =

INTRODUCTION

Accelerator Driven Sub-critical (ADS) fission is a
promising candidate basis for nuclear waste transmutati
and for nuclear power generation. ADS can use Thoriu

or depleted Uranium as fuel, operate below criticality, an o . ;
P P y a cyclotron, it is possible to increase the beam power

consume rather than .produc.e long-lived act!n|des. A'.:) rom the others and maintain a total 12.5 MW per unit [1].
systems offer several interesting advantages in compariso

to traditional critical reactors :

Figure 1: Possible arrangement of a pair (out of a series) of
92 5 MW beam power sub-critical units, based on a 10 MW
RC and its two 60 MeV/amu injectors. In case of failure

1. ADS provides_gr(_eater fI(_exibiIity _for_ the composition Table 1:Parameters of the SRC.
and placement of fissile, fertile, or fission product waste lon type Hy
within the core, and require less enrichment of fissile con-lon mass MeV/e 1876.635
tent; Injection-extraction energy MeV/amu 60.44 — 800
2. The core can be operated with a reactivity; that ~ '"l--ext"- Bp Tm 2.283 — 9.809
Bpxtr/Bpinj 4.2969

cannot reach criticality by any failure mode.

: . Inj.-extr. 8~ 0.3647 — 1.567

_3. Coupling the fast ne_utron spectrum_of the Spa"at'on|njection-extraction radii m 1.99 — 4.90
drive to fast core neutronics offers a basis for more com-q it excursion m 2.935
plete burning of long-lived actinides. Max. field on orbit, inj.-extr. T 4-5.38

4. ADS designs can provide sufficient thermal mass thatLattice type spiral sector
meltdown cannot occur from radioactive heat after fissionSpiral angle deg. <12
is stopped. Furthermore, if a liquid Thorium fuel is used, Number of sectors 8
much less nuclear waste will be generated and the fuel caf- range (min.-max.) 1.085 — 1.927
be recycled continuously without stoppage of the opera-Q- range (min.-max.) 0.486 — 1.161
tion. Number of RF cavities >6

A modular reactor capable of delivering few hundred RF frequency MHz 492
MW of electrical ! idered 0 b ibl Peak voltage MV 1

of electrical power is considered to be one possible g o ain per turn MeV 46

type of application of immediate use. In order to drive &
~GWe fission core, a CW proton beam»800 MeV and

~15 MW beam power is sufficient. A previous study of they, 4y ADS facility. Our previous study [3] indicates that a
accelerator performance required for ADS systems [2] CORvnfiguration consisting of-35 high power cyclotrons and

cluded that present accelerator performance is approgiChisg g ciated target systems can best meet the requirement of

those requirements, but accelerator system cost and relia: o jium size power generation facility.

bility remain particular concerns. The obvious candidates The present paper addresses an attempt to start investi-
| d ducting li agting the use of the cyclotron developed for DIWEUS
cyclotrons and supercon uctln'g inacs. ) experiment for ADS application, focusing on the magnet

The target system, reactor interface, neutronics perfolfgign and its implication for lattice parameters and dy-
mance, and reliability are also |mportaqt concerns. At Culs, 1ic aperture performance. The Multi-MegaWatt Super-
rent technology level, a t_arget system in the range of 3 t@onducting Ring Cyclotron (SRC), which has to supply the
5 MW can be developed in few years time for deployment, . \iw beam for the DABALUS experiment, is shown

*Work supported by Brookhaven Science Associates, LLC uGder inFig. 1. Prellmlnary parametgrs are prgsgnted in table 1.
tract No. DE-AC02-98CH10886 with the U.S. Department of Byer The cyclotron complex consists of an injector cyclotron,
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which accelerates moleculdd,” from injection energy the beam losses should be lower thapA along the to-

50 keV/amu about, up to 60 MeV/amu. Raising the injectal acceleration path. This value of beam losses is lower
tor energy to 88-120 MeV/amu according to DAEALUS  than the estimated beam losses at the TRIUMF cyclotron
concerns is now in discussion. The beam is then injectd820 MeV) and the required vacuum is achieved in the lat-
into the SRC along a valley, by one or more superconducter which is also larger (6 m extraction radius) than the pre-
ing injector magnets and one electrostatic deflector, and esented solution.

celerated up to 800 MeV/amu by means of a series of 6 RF

cavities, 4 single-gap and 2 double-gap. The extraction is

performed by insertion of a pyrolytic graphite stripper foi OPTICSASSESSMENTS

with thickness less than 2 mg/émit is possible to use one
or two stripper foils depending on the power limitations o
the beam dump.

+ We essentially focus here on lattice parameters and dy-
namic aperture performance in relation with the design of
the SRC 45 degrees spiral sector superconducting magnet.
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Figure 2: Closed orbits across one of the eight cells of the o6 b oo
. . . P . =}
cyclotron, at six different energies. | i
Bz (T) vs. Angl e (rd) 0.4 I N ‘ L I '
s ————i \* eV 1.2 1.4 1.6 1.8 2
5 Qr
s R \
N 3 . . . - .
z N % Figure 5. Beam path in tune diagram, from injection (up-
2 brapged % per left end) to extraction energy (upper right end). Reso-
o | = nance lines up to 3rd order, normal multipoles, random, are
-t -1 0.0 0.2 0.4 ShOWﬂ.

Figure 3: Field on closed orbits across a cell, featuring
"shimming” bumps.

TIME OF FLIGHT Orbits, time of flight

009322 22225 Orbits at various energies from injection to extraction,
0.978 4 0.0015 across a single 45 degree sector, are shown in Fig. 2. Fig. 3
0.9775 ~ 0.001 @& shows the magnetic field (purely vertical) on these orbits.
0.977 7 0.0005 % Note the presence of overshoots on the downstream end of
e B . the hill and of the valley ; these are an artifact and result
0.9755 40001 from the following : the original, smooth, OPERA field
0.975 -0.0015 map yielded about-0.5% isochronism defect. In order

0 200 400 600 800 10001200140016001800

E-kin (MeV/u) to perform acceleration simulations including space oharg

effects, it is necessary to ensure isochronism at a level of
0.01%. In the present stage of the studies however, refined
Figure 4: Time of flight (left axis), its average vale&d™>,  3-D field simulations are not needed, the engineering of
and (right axis) the relative differen¢@ — <7>)/ <I'>.  the magnet still has to be done and serious changes will
occur. For this reason isochronism in this first approach
The superconducting coils are simply wound around thieas been obtained by “shimming” the field map at radii
hills, like in the RIKEN SRC [4]. The shape of the iron and at azimuthal locations as necessary, namely, around the
of the hill and consequently the shape of the coils has bedoundary of the hills. In doing so, care has been taking
chosen to assure the isochronism as well as the focalizaet to spoil the vertical focusing. A smooth OPERA de-
tion of the beam. A preliminary study has been carried owign, including lower stray fields in the central region s i
along the past two years, including evaluations using 3-progress.
magnet code, and it proved the feasibility of the Cyclotron. The time of flight evolution so obtained is displayed in
To accelerate thél;” we need a good vacuum, prelimi- Fig. 4. It is still far from optimal and more work is needed
nary evaluation shows that with a vacuun2of 10=8 Torr  to achievelT /T < +0.01% departure from isochronism.
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Figure 7: Left axis : r-dependence of the surface of the
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) \ : DA window in physical (r,z) space. Right axis : Radial
- INAZ ; L $ 1 (dr, cm) and vertical extent (max[z], mm) of the acceptance
. . . . window.
Figure _6. Bea_m envelopes on injection orbit (top row) and DYNAMICAL ACCEPTANCE
extraction orbit (bottom row), horizontal (left col.) andrv 0.3 : : ‘ - 0.011
tical (right). Emittance value i8.357 mm.mrd, normal- 3,5 //ﬁ\ /7&’ X B Daviars0 x4 00003
ized, in both planes. £ 0.2 \ ;N PR 0.008 ¢
40.15 )V \; - 4 0.006
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' Pgramal tunes along the acceleration range are dlsplayea 0 190 290 390 250 590 600 700 800 °
in Fig. 5, the beam path crossesthe =1+ 1/3, Q, = E-kin (MeV/n)

1 +2/3 lines and the Walkinshaw resonance. Given thejgyre 8: 500-turn DA (normalized) as a function of en-
strong acceleration rate, this should not be harmful bt wikgy  Left axis : Horizontal DA, for eithedr < 0, or

be investigated with tracking simulations. dr > 0, wrt. closed orbit. Right axis : Vertical DA.
The variation of the tunes with motion amplitude (“am-

plitude” de-tuning) is further addressed below. TUNES AT MAX. AMPLITUDE
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Figs. 6 show the beam envelopes on the injection and ex- , ~; ¢ Qp ke X , o %%1

traction orbits. Horizontal betatron functions (not shown 1.18 M\x Xx"x ‘ ‘ %y d 1009

here) at extraction energy have about 50% larger value |7/ T o T KX 1008
than at injections, wherea®y is a factor about 4.3 larger. 0 100 200 300 400 500 600 700 800

Hence envelopes at extraction are smaller by a factor about E-kin (MeV/n)

\/6 o Batr[€ini Bing & \/(1 X 1.5)/(4.3 x 1) ~ 0.6 (left Figure 9: Tunes at stability limit, as a function of energy.
colljr;nwir: Fig_‘%)lf” Left axis : Q,, for eitherdr < 0, ordr > 0, wrt. closed

Vertical betatron functions at extraction energy ar@Pit: Rightaxis :Q).. The amplitude detuning effect is
about 3 times greater than injection. Hence a smaliSible by comparison with paraxial tunes, Fig. 5.
difference of a factor about\/emb’xtr [€injBin; =

V/(1x3)/(4.3 x 1) ~ 0.84 (right col. in Fig. 6). motion amplitude, either radial or axial, is an outcome of
DA computation. Fig. 9 shows that the effect is substantial.
Dynamical acceptance This will be investigated further.

The dynamical acceptance (DA) is the limit of stable mo-
tion in phase space (tracked at fixed energy over 500 turns REFERENCES
here), resulting from misalignments, field defects, norng1] L. calabretta, High Power Cyclotrons for Accelerator Driven
linearities, and is normally expected to exceed the geomet- System, APS meeting on 31 March (2012).
rical acceptance. Computational results are displayed B y A Abderrahim et al., “Accelerator and targettechnology
Figs. 7, 8. ) ] o for accelerator driven transmutation and energy production”,
Comparison with envelopes in Fig. 6 shows that the DA FERMILAB-FN-0907-DI (2010).
well exceeds;, . = 3.35m mm.mrd normalized emittance, [3] W. T. Weng, et al., “Comparison of accelerator technologies

in both radia_l and axi.al planes. . . . for use in ADSS”, Proc., PAC2011, New York, March 2011.
The DA gives an idea of possible radius values in thnﬁJ

ring where some local shape of the field could excite stro gl H. Okuno et Al, Magnets for the RIKEN Superconducting
9 P Ring Cyclotron, Int. Conf. on Cycl. and their Appl., Tokyo

resonant motion causing particle loss after a small number ,,,, page 373.
of turns, which is not desirable. Variation of tunes with ’
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