
A

c
f
t
t
a
t
g
b
(

d
h

r
i
t
t
c
p
a

C
t
t

v
i
c
r
c
b

e
a
T
e

m
y
a
e
m
t
t

FLUX-C

A. Sattaro

Abstract 
The sector 

configured as 
forming an in
to accommoda
ties. The stack
amount of pro
tions of each i
gregate power 
by optimum c
(ADS) fission 

A half centu
duced a substa
high level radi
secure long ter
rently US SNF
is growing at a
the operation 
that make ~20
composed of u
plutonium and
are fissionable
spectrum in o
Critical system
tent were foun
the low fractio

An accelera
vides a safe w
in an ADS sy
created by an 
rich target. A s
cyclotrons, cap
being develope
salt core. The 
ergy of 2.5 Me
accelerates the
TAMU800 wh
energy of 800
shown in Fig. 
mA current at 
yond any spall
and split the 
each delivering
molten salt co
through a wind
the core, so tha
 ____________________________

* Work supported
and by State of Te
# dior@phyacc.tam
1 present address: 

COUPLED

ov, S. Assad
Tex

magnets for a
a flux-coupl

dependent cyc
ate independen
k strategy mak
oton beam pow
individual cyc
to a number o

coupling for a
and by limitati

INTROD
ury of nuclear

antial inventory
ioactive waste,
rm disposal pl
F inventory is 
a rate ~2000 m
of 104 comm

0% of the US 
uranium and tr
d minor actinid
e, but an actinid
order to preve
ms loaded with 
nd to have pote
on of delayed n
ator driven su

way to drive a p
ystem are sust

energetic prot
system of flux-
pable of accele
ed as the drive
injection line 
eV to the TAM
e protons to 10
hich will accele
 MeV. The ov
1.  The design
800 MeV = 8 
lation target de
beam from T
g 2.7 MW bea

ore is done by
dow that is im
at the fluid flow
________________  

d by the grants from
exas ASE Fund. 
mu.edu 
Argonne National

D STACK
A

di, K. Badgle
xas A&M U

an isochronous
ed stack of a

clotron, separat
nt supercondu
kes it possible 

wer consistent w
lotron, and to 
f spallation tar
accelerator-dri
ions in target tr

DUCTION 
r power produ
y of spent nucl
, for which no 
an has been es
about 65,000 m

metric tons per 
mercial nuclear

electricity. SN
ransuranic (TR
des (MA). All 
de burner need
ent further bre

pure TRU and
ential safety p

neutrons.  
bcritical (ADS
pure-TRU cor

tained by spal
ton beam strik
-coupled stack

erating protons 
er for ADS fiss
will deliver pr

MU100 cyclotr
00 MeV and tra
erate the proton
verview of the
n goal for each 

MW CW.  Th
esign, so we p

TAMU800 into
am power.  Sp
y delivering th
mersed in the 
w for the heat e

m the Mitchell Fam

l Laboratory, Argo

KING OF C
ADS FISSI

ey, J. Kellam
University, C

s cyclotron ar
apertures, each
ted sufficiently
cting RF cavi
to deliver any

with the limita
deliver the ag

rgets as dictated
ven subcritica
ransfer. 

uction has pro
lear fuel (SNF)
comprehensiv

stablished. Cur
metric tons and
year [1] due to
r power plant
NF is primarily
RU) elements –

TRU element
ds a fast neutron
eeding of MA
d high MA con
roblems due to

S) system pro
e [2].  Fission
lation neutron
king a neutron
ked isochronou

to 800 MeV, i
ion in a molten
rotons with en
ron. TAMU100
ansfers them to
ns to their fina
 ADS driver i
cyclotron is 10

his power is be
propose to chop
o three beams
pallation for th
he spread beam
fuel salt within
exchanger of 

mily Foundation 

onne 

CYCLOTR
ION DRIV

ms, T. Mann1

ollege Statio

e 
h 
y 
i-
y 

a-
g-
d 
al 

o-
), 
e 
r-
d 
o 
ts 
y 
– 
ts 
n 

A. 
n-
o 

o-
ns 
ns 
n-
us 
is 
n 

n-
0 
o 
al 
is 
0 

e-
p 
s, 
e 

m 
n 

Figure 1:
from injec

the core i
simulation
parameter

M
In orde

ate in CW
chosen to
maximize
method fo
trons deve
A&M Un

Sufficie
actions am
mize beam
pose we 
cyclotron 
Supercond
vide >20 
is thereby
on succe
(QFC) are
ing-gradie
throughou
provide e
bunches.
flux-coup
desired n
grated wit

The siz
main cycl
perspectiv
provide a
the sector
spiral) wh
of rf cavit
betatron tu
to extracti

RONS FO
VER* 

, A. McIntur
on, TX 7784

Accelerator sy
ction through t

is used to coo
ns indicate tha
r for that appro

MAGNET D
er to make room
W mode, TAM
o be isochronou
e the total beam
for flux-couple
eloped at the A

niversity [3].  
ent orbit separ
mong bunches
m loss at injec
have develope
(SFC) [4] th

ducting quarte
MV/turn acce

y opened so tha
essive orbits.
e incorporated 
ent strong-foc
ut.  Dipole win
enhanced contr

Finally each 
pled stack of in
number of ind
thin a common
ze and numbe
lotron were op
ve. Since the q
a strong-focusin
r dipoles can be
hich greatly a
ties.  The FOD

tunes to a favor
ion. 

OR A HIG

urff, P. McInt
43, USA

ystem showing
the booster and

l the target wi
at 2.7 MW sh

oach. 

DESIGN STR
m for the RF c

MU100 and TA
us separated-s

m current, both 
ed stacking of 
Accelerator Re

ration is neede
s on adjacent 
ction and extra
ed a design fo
hat incorporate
er-wave cavitie
eleration [5].  T
at bunches are 
 Quadrupole 
within the sec

cusing transp
ndings on the in
rol for injectio
sector magnet
ndependent ap
ependent cycl

n footprint. 
er of sectors f
ptimized from 
quadrupole fo
ng FODO tran
e configured a

accommodates 
DO transport a
rable working 

TAMU80

GH-POWE

tyre, N. Pog

g the four beam
d main cyclotro

indow.  Prelim
hould be a re

RATEGY 
cavities and to 
AMU800 were
ector cyclotron
designs utilize

f isochronous c
search Lab of 

d to eliminate 
orbits and to 

action.  For thi
or a strong-foc
es four innova
es are used to
The orbit sepa
completely is
focusing cha

ctors so that alt
port is maint
nner and outer 
on and extracti
t is configured
pertures, so tha
lotrons can be

for the booste
a cost/perform

cusing channe
nsport for all o
s simple wedg
efficient plac

allows us to loc
point from inj

00 

TAM

ER 

gue 

m lines 
ons. 

minary 
ealistic 

 oper-
e both 
ns. To 
e a  
cyclo-
Texas 

inter-
mini-

is pur-
cusing 
ations. 
o pro-
aration 
olated 
annels 
ternat-
tained 
orbits 
ion of 
d as a 
at any 
e inte-

er and 
mance 
els [4] 
orbits, 
es (no 
ement 
ck the 
ection 

MU100 

Proceedings of IPAC2012, New Orleans, Louisiana, USA MOPPD034

04 Hadron Accelerators

A13 Cyclotrons

ISBN 978-3-95450-115-1

439 C
op

yr
ig

ht
c ○

20
12

by
IE

E
E

–
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
B

Y
3.

0)
—

cc
C

re
at

iv
e

C
om

m
on

sA
tt

ri
bu

tio
n

3.
0

(C
C

B
Y

3.
0)



u
b
w

w

g

R
b
t
o
w
a
c

r
e
r

r
f
e

S

p
i
t
O
c
F
I

m
t
w

T

t

Figu

Each QFC 
used for fine-c
bits.  On the 
winding will 
strong arc sept
which should i

Initial linear
gap between p
size at full en
RF-cavities pu
between succe
the refrigerated
on the RIKEN
with coils are a
are warm. Ad
cyclotrons serv
sary gap betwe
suspended col
roring to comp
each cyclotron
requires prope
simple L shape
reduce the fri
fields will be s
encloses the R

Sector Magn
Each sector 

planes housed 
in Fig. 3. The 
the total proto
Our current de
cyclotrons eac
Fig. 3 shows a
In order to pr
strong focusin
mized, leaving
their mu-metal
wedges with p

The wedge an

sectors in the 
the main fields

ure 2: Layout o

also has a dip
control to mai
injection and 
be made mor
tum, integrated
improve low-lo
r beam optics
pole faces to a
nergy, while th
ut constraints 
essive flux-co
d cold mass w

N ring cyclotron
at cryogenic te

dditional warm
ve several purp
een beam plane
d pole pieces, 
pensate the ver
n. The use of 
er shielding o
ed brackets atta
inge fields to 
screened by a h

RF-cavity [4].   

net 
consists of a 

in one commo
number of sta

on current nee
esign of the AD
h delivering a 

a sector of the 
ovide continuo

ng quads, gaps
g only enough
l housing. Sect
properly round

ngle is equal to

cyclotron. Us
s in both cyclot

of TAMU800 S

pole winding, 
ntain isochron
extraction orb

re robust and 
d through succ
oss injection an

calculations s
accommodate 
he height of su

on the beam 
upled cyclotro
e are following
n [6], where o

emperatures wh
m inserts betw
poses- they pro
es, serve as a ri
and provide p
rtical forces be
superconducti

f the fringe fi
ached to the w
<3 T. The 

high mu materi

flux-coupled 
on warm iron re
cked cyclotron
ded to drive t
DS system req
10mA 800MeV
TAMU 800 w
ous focusing o
s between sect
h space for R
tors are in the f

ded corners and

o , where N 

sing wedge m
trons sector ma

SFC. 

which will b
nicity on all or
bits, the dipol
will provide 

ceeding sectors
nd extraction.
set the vertica
expected beam
uperconducting
plane spacing

ons. To reduc
g an idea based
nly pole piece

hile flux return
ween successiv
ovide the neces
igid support fo

proper coil mir
etween coils o
ing RF-cavitie
fields. A set o

warm inserts can
residual fring
ial housing tha

stack of beam
eturn, as shown
ns is defined by
the ADS cores
quires 4 stacked
V proton beam

with four stacks
of the beam by
tors were mini
RF-cavities and
form of straigh
d radial off set

is a number o

agnets allowed
agnets to vary 

e 
r-
e 
a 
s, 

al 
m 
g 
g 
e 
d 

es 
ns 
e 

s-
or 
r-
of 
es 
of 
n 
e 

at 

m 
n 
y 
s. 
d 

m. 
s. 
y 
i-
d 

ht 
t. 

of 

d 

Figure 3:
flux-coup
ing the qu

little radia
turns of th
will be res
harmonic 
Table 1 su
TAMU10

Cold Po
Aside f

pole piec
ducting co
main coil
low field 
and comm
temperatu
densities ~
didate for
is also pr
pole focu
as the ma
react fabri

warm

warm ir

a) TAMU 800
pled SFCs; b) d
uad focusing ch

ally, < 0.2T, w
the booster cyc
served for inje

cavity, leavin
ummarizes the

00 and TAMU8

ole Piece and
from serving p
e is a rigid m
oil will be wou
s will be faste
would allow t

mercially avail
ure, 39 K [7],
~200 A/mm2 a

r these coils. F
referential to h
sing channels 

ain dipole coils
ication is used

m iron flux retu

ron plates 

0 sector contai
detail view of o
hannels and M

with the except
clotron. Two o
ection, extractio
ng N-2 valley

e main magnet 
800.  

d Main Coils
pure magnetic

mandrel onto w
und and all sup
ened. Although
the use of NbT
lable MgB2 w
and sufficient 
at 1T [8] is a m
rom a cryogen

have the windi
operating at th
s.  For the SF

d. 

urn 

quad f
sandwic
cold-iro

ining apertures
one flux plate, 
gB2 main wind

tion of the firs
of the sector v
on and a possib
ys for RF ca
parameters fo

s 
c purposes, the
which the supe
pporting eleme
h the sector ma
Ti, recently em

with a higher c
engineering c

more attractive
nics point of vi
ings for the qu
he same tempe
C windings a 

focusing chan
ched between 
on flux plates 

s for 4 
show-
ding. 

st few 
valleys 
ble 3rd 

avities.  
r both 

e cold 
ercon-
ents of 
agnets 

merged 
critical 
current 
e can-
iew, it 
uadru-
erature 

wind/ 
 

nnels 

MOPPD034 Proceedings of IPAC2012, New Orleans, Louisiana, USA

ISBN 978-3-95450-115-1

440C
op

yr
ig

ht
c ○

20
12

by
IE

E
E

–
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
B

Y
3.

0)
—

cc
C

re
at

iv
e

C
om

m
on

sA
tt

ri
bu

tio
n

3.
0

(C
C

B
Y

3.
0)

04 Hadron Accelerators

A13 Cyclotrons



w
a
m
b
d
p
f
e
p

T
T
d
c
r
i

t
t
t
t
f

C
i
b

f

c

 

Injection energ

Extraction ene

Injection radiu

Extraction radi

B (injection./ex

Aperture betwe

# of sectors 

# of RF cavitie

Frequency 

Harmonic 

rf cavity azimu

# of orbits 

Orbit separa
well-defined m
achieve that g
magnets to get
bits. As a next
design orbits, 
parameters for
focusing chann
eral energy ran
ples was tested

We started
TAMU800 us
Target operati
determined. C
cold pole piec
radial depend
isochronicity. 

The magnet
the level requi
the beam throu
to use OPAL [
tron beam dyn
from injection
space charge e

The main di
500 turns of 1
Cu stabilizing
iron flux plate
be fabricated u
size. A minimu
for the main w

All coils wil
cuit using cold

 
 

Table 1: Magn

gy 

rgy 

us 

ius 

xtraction) 

een flux plates 

es 

uthal length 

SIMUL
ation and qua
magnetic field
goal, we used 
t fully analytic
t step RF-cavi
anticipated m

r each cyclotron
nels and range
nges for given
d.  
d FEA mode
sing COMSOL
ing currents fo

Currently we a
ces to get des
ence of dipol

tic design is c
ired for the lin
ugh the SFC s
[10] developed
namics modelli
n to extractio
effects and long
ipole windings
 mm2 square M
jacket, woun

e (Fig. 3b). Th
using react-and
um bend radiu

windings to prev
ll be operated o

d He vapor.  

net Parameters

TAMU100 

2.5 MeV 

100 MeV 

0.66 m 

4.56 m 

1.5/.37 T 

7 cm 

4 

2 

100 MHz 

23 

1.02 m 

35 

LATION 
ad focusing ch
ds in the secto

hard edge mo
cal expressions
ties were adde

magnetic fields
n. Feasibility o
 for available 

n range of stren

elling sector 
L Multiphysics
or superconduc
re in process 

sign fields. Fig
le field that i

currently being
near dynamics 
equence.  The

d at PSI specifi
ing, to simulate
n with prope
gitudinal dynam
s for TAMU80
MgB2 conducto
d around a 5-

he main dipole
d-wind method 
us of 0.5 m has
vent strain deg
on a 15-20K re

s 

TAMU800

100 MeV 

800 MeV 

3.8 m 

7.6 m 

.98/.93 T 

7 cm 

12 

10 

100 MHz 

19 

1.24 m 

35 

hannels requir
or magnets. To
odel for secto
s for closed or
ed to determin
s and injection
of a strong quad
tunes over sev
ngth of quadru

magnets fo
s software [9]
cting coils wa
of shaping th

g. 4 shows th
is required fo

g completed a
of transporting
reafter we plan
cally for cyclo
e beam passag
r treatment o
mics.  
00 each contain
or, bonded to 
-cm-thick cold
e windings wil
due to its larg

s been designed
gradation.  
efrigeration cir

e 
o 

or 
r-
e 
n 
d 

v-
u-

or 
].  

as 
e 
e 

or 

at 
g 
n 

o-
e 

of 

n 
a 

d-
ll 
e 
d 

r-

Figure 4:
pared to is

The ma
and main
ADS syst
by stacki
novel high
by separat
extraction
low-loss d

 
[1]  Disp

Com
Ame

[2]  A. W
New

[3]  P. 
nucl
Beyo
100 

[4]  P. M
High

[5]  N. P
curre

[6]  T. K
for 
Proc
Con

[7]  J. N
mag

[8]  Priv
Colu

[9]  Com
[10]  A. A

acce
and 

Magnetic field
sochronous fie

CON
agnetic design

n cyclotron tha
tem are present
ing 4 identica
h energy gain 
ting and fully c

n.   Each cyclo
delivery of 8 M

REF

posal Subcom
mmission. Bl
erica's Nuclear
Waltar et al., F
w York. p. 16, 7

McIntyre, A
lear power fo
ond the Stand
(2011). 

McIntyre et al.
h-Current App

Pogue et al., Su
ent cyclotrons.

Kawaguchi et a
the RIKEN 

ceedings of 
nference, Vols 1
Nagamatsu et a
gnesium diborid
ate communi
umbus Superco

msol Multiphys
Adelmann et 
elerator library
application, IC

d on two of th
eld. 

NCLUSION
ns for the supe
at will serve a
ted. High beam

al flux-coupled
superconducti

controlling orb
otron is expect

MW CW proton

FERENCES

mmittee Rep
lue Ribbon 
r Future, Wash
Fast spectrum 
720 (2012). 
ccelerator-driv
r the new mi

dard Model., W

., Strong-Focu
lications. This 

uperconducting
. This conferen
al., Design of 
superconducti
the 1997 P

1-3, 1998: p. 3
al., Supercond
de. Nature 410
ications with
onductors. 
sics, www.com

al, The obje
y (OPAL), desi
CAP, San Franc

he beam planes

N 
erconducting b
as the driver f
m power is ach
d cyclotrons, 
ing RF-cavitie
bits from inject
ted to be capa
n beam at 800 

S 

port to the 
Commission

ington DC 201
reactors, Spri

ven fission: 
illennium, in 

World Sci. Pre

using Cyclotron
conference, 20

g RF cavity for
nce, 2012. 
f the sector ma
ing ring cycl

Particle Accel
419-3421. 

ductivity at 39
0, 63-64. (2001
h HyperTech 

msol.com 
ct oriented pa
ign, implemen
cisco 2009. 

s com-

ooster 
for an 
hieved 
using 

s, and 
tion to 

able of 
MeV. 

Full 
n on 
12. 
inger,: 

green 
Phys. 

ess. p. 

ns for 
012. 
r high-

agnets 
lotron. 
lerator 

 K in 
). 

and 

arallel 
ntation 

Proceedings of IPAC2012, New Orleans, Louisiana, USA MOPPD034

04 Hadron Accelerators

A13 Cyclotrons

ISBN 978-3-95450-115-1

441 C
op

yr
ig

ht
c ○

20
12

by
IE

E
E

–
cc

C
re

at
iv

e
C

om
m

on
sA

tt
ri

bu
tio

n
3.

0
(C

C
B

Y
3.

0)
—

cc
C

re
at

iv
e

C
om

m
on

sA
tt

ri
bu

tio
n

3.
0

(C
C

B
Y

3.
0)


