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Abstract 
An achromat-based cooing ring using dipoles and 

solenoids is introduced and it can cool muons by large 
factors in six dimensions to achieve the necessary 
luminosity for a muon collider. The ring is designed with 
sufficient space in each superperiod for injection and 
extraction magnets. We estimate the parameters for the 
injection system into the solenoid-dipole ring cooler. We 
also present some simulations for injection/extraction 
system and discuss the injection/extraction requirements. 

INTRODUCTION 
Six dimensional cooling of large emittance µ+ and µ- 

beams is required in order to obtain the desired luminosity 
for a muon collider [1]. In recent years, we have 
developed a lattice concept for muon cooling called the 
achromatic ring cooler. We show a schematic of the ring 
cooler with an injection system in Figure 1, using a 
superconducting flux pipe [2]. The magnet system of such 
a ring uses solenoids and dipoles. The ring is composed of 
two or more modules (or superperiods), each consisting of 
an arc and a straight section. The arc provides dispersion 
in spaces for the wedge absorbers needed for 6D cooling. 
The straight sections are dispersion-free and provide 
spaces for injection and extraction and RF cavities. This 
achromatic ring lattice design can be converted to one for 
a single-pass snake-like device by alternating the polarity 
of the dipole fields from one arc to the next [3]. We have 
previously published our results of a four-sided ring 
cooler at NIMA journal [4]. We demonstrate that this ring 
cooler can give substantial cooling in all 6 phase space 
dimensions. 

It is known that the biggest challenges in our compact 
Dipole/Solenoid ring cooler and the similar RFOFO 
cooling ring [5] have been injection and extraction. 
Because of little space in the basic lattice cell, a powerful 
kicker is expected. As an estimate of the required kicker 
[6] we assume a beam at 220 MeV/c with a normalized 
emittance of 0.012 m-rad and assume * = 1m at 
injection/extraction. The kicker must be great than the 
divergence width of the beam (the rms width is 
~(/(*))1/2  or ~ 75 mrad) by a fact of 4; so a kick of ~ 
300 mrad is needed. This means a total kick of B  0.3 
or 0.22 T-m is needed. Also the rms beam size at the 
kicker is  ~(*/)1/2   or ~ 7.5 cm; a  3 aperture would 
be 45 cm. 

In our proposed four-sided ring cooler [4], our 
simulation shows that the injected beam has to go through 
one or more solenoids before it can be merged into the 

circulating orbit and we must insert a device to create a 
field-free path inside those solenoids that the beam will go 
through. In the 1970s SLAC built a superconducting flux 
exclusion pipe, which is being used to create a field-free 
path through a transverse magnetic field of 1.5 T in an 
experiment at SLAC [2]. In our injection system, we can 
use this idea with a superconducting flux exclusion pipe 
and two or more induction kickers [7] to merge the beam 
into the cooling orbit.  

In this paper, we give an overview of our four-sided 
ring cooler with the lattice and 6D cooling performance 
included. We then estimate the parameters for the 
injection system into the solenoid-dipole ring cooler. 
Finally, we will present some simulations for 
injection/extraction system and discuss the 
injection/extraction requirements.  

 
Figure 1: Schematic drawing of an achromatic 6D ring 
cooler with superconducting flux pipe injection system. 

THE ACHROMATIC SOLENOID-DIPOLE 
RING COOLER 

We have studied the lattice and 6D cooling 
performance in detail in Ref. [4] for an achromatic four-
sided ring cooler, as shown in Fig. 2. In Fig. 3, we show 
the ring quadrant for the four-sided solenoid-dipole ring 
cooler.  We see each quadrant or basic cell of our ring 
cooler consists of an arc and a straight section and has an 
internal eight-fold symmetry. The arc is achromatic at a 
particular reference energy. To generate dispersion 
primarily in one of the two transverse phase space planes, 
thereby simplifying the task of making the arc achromatic, 
we alternate the field directions of successive solenoids. 
Transverse focusing is primarily provided by solenoids, 
and bending is provided by the dipoles in the arcs.  

Evolution of the beam parameters in the cooling 
process during 30 turns of the four-sided ring cooler is 
presented in Fig. 4.  

 ___________________________________________  

#xding@bnl.gov             

Proceedings of IPAC2012, New Orleans, Louisiana, USA MOPPC043

01 Circular and Linear Colliders

A09 Muon Accelerators and Neutrino Factories

ISBN 978-3-95450-115-1

229 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)



F
u

F

F

Figure 2: Sc
utilizing dipole

 

Figure 3: Sch
and beta func
sided and achr

Figure 4: Beam
of full ring turn

SOLS+ SOLS−

RFRF

0

0.5

1

1.5

2

0


(m
)

hematic draw
es and solenoid

hematic drawin
ction and disp
romatic ring co

m emittance an
ns. 

B

SOL−SOL+
LH

2 4
Path le

Dipole Soleno

wing of the f
ds. 

ng of the ring 
persion (bottom
ooler. 

nd transmissio

SOL+ SOL
LH

6 8
ength (m)

id

 func
Dispers

 
four-sided rin

quadrant (top
m) in the four

on as a functio

L− SOLS+ SOLS−

RF RF

10
0

0.5

1

1.5

2

D
(
)

ction
sion

ng 

 

 
p) 
r-

n 

ESTIM
THE IN

As sho
injected b
away in 
the�centr
current, a
change th
acceptanc

Figure 5:
system. 

Table 1: T
3 Sigma A

Name 

Brho 

Emit 

Ampl 

Offset 

Kicker 

Length 

Kick 

Flux 

Current 

Voltage 

 

SIMUL

First, w
long strai
[3]. As sh
injected b
straight s
solenoids
0.5 m for 
kicker of 
separation
before t
supercond
magnetic 
through t
from the 
then merg

D
(m
)

MATE OF T
NJECTION

RIN
own in Fig. 5
beam and the

betatron ph
ral orbit.  In T

and flux in the 
he field in o
ce.  

 Schematic dia

The Parameter
Acceptance) 

Unit 

Tm 

m 

m 

m 

Tm 

m 

T 

W 

Amp

Volt 

LATION OF
THE

we study the b
ight section of
hown in Fig. 6
beam away f

section that a k
s in straight se

less hard edge
f K2 between 
n between inje
the second 
ducting flux 

field from S
the Sol2 magn
right to left in

ged into the co

THE PARAM
N INTO THE
NG COOLE
5, we calculat
e kick�angle 

hase to make
Table 1 we list

kicker and the
one revolution

agram for estim

rs of the Kicke

V

7

5

2

5

3

8

3

6

5

4

F INJECTIO
E FLUX PIP
behavior of a 
f our four-side
6, it is not eno
from the cool
kicker of K1 i
ection is modif
e focusing). We
the solenoids 

ected beam an
solenoid for

pipe. This tu
Sol2 and crea
netic field. W
nside this flux
oling orbit usin

METERS F
E FOUR-SI
R 
te the offset 
needed 90 d

 the beam f
t the estimated
e voltage requi
n, etc. for 3 

mation of the 

er System (Bas

Value 

7.3384E-01 

5.9553E-03 

2.5361E-01 

5.0721E-01 

3.1001E-01 

8.0000E-01 

3.8751E-01 

6.1057E-01 

5.2166E+04 

4.0263E+05 

ON THROU
PE 

single muon 
d ring for extr
ough to separa
ling orbit in 
is located (len
fied from 0.25
e could add a s
to obtain nec

nd cooling orb
r insertion 
ube will shiel
ate a field-free

We envision inj
x exclusion tub
ng two kickers

FOR 
IDED 

of the 
degrees 
follow 

d field, 
ired to 
sigma 

 
kicker 

sed on 

UGH 

in the 
raction 
ate the 
single 

ngth of 
5 m to 
second 
cessary 
bit just 

of a 
ld the 
e path 
jection 
be and 
s.   

MOPPC043 Proceedings of IPAC2012, New Orleans, Louisiana, USA

ISBN 978-3-95450-115-1

230C
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)

01 Circular and Linear Colliders

A09 Muon Accelerators and Neutrino Factories



F

p

F

b
n

p

 

Figure 6: Layo
exclusion tube
particle simula

Figure 7:  Sim
injection/extra

Second, we 
beam comes f
normalized ho
emittance of 
obtain necessa
entire initial b
impose a rec
particles trans
limit the Px t
85% from th
separation betw

out of the injec
e are required f
ation (bottom).

mulation of 85%
action (r-z plot)

simulate the r
from our prev

orizontal emitta
1.48 cm. Our
ary separation 
beam is launc
ctangular or 
sverse coordina
to 0.03 GeV/c
he entire initia
ween this beam

ction system (K
for injection) (

% of the initial 
).  

real beam for e
vious 6D cool
ance of 1.26 c
r simulation sh

in front of th
ched. By addi
elliptical con

ates at this lo
c and pick out
al beam, we 
m and the circ

 
K1, K2 and flu
(top) and singl

entire beam fo

extraction. Thi
ling study wit
cm and vertica
hows we can’
he Sol2 if thi
ing aperture t
nstraint on al
ocation, we ca
t the remainin
found a clea

culating orbit i

 

ux 
le 

 

or 

is 
th 
al 
’t 
is 
to 
ll 

an 
g 

ar 
n 

Fig. 7 sho
enough se
for K1 an

We hav
using sol
demonstra
6 phase d
the kicker
degrees a
follow th
Furthermo
with both
kickers a
required 
simulation
of the So
entire ini
orbit. Th
process. 
from the 
through th
the coolin

This w
Energy 
92ER406
DE-FG02

[1] M. Y
(1971

[2] F. M
long 
for 
Instru
p. 50

[3] X. D
6D i
MOP

[4] A.Ga
“6D 
for a
(2011

[5] R. Pa
8 (20

[6] D. N
coole
376.

[7] R.B. 
Kick
COO

 

ows the simula
eparation for in

nd 0.55T for K2

CON
ve described an
lenoids and d
ate that the latt
dimensions. In
r parameters f

away in betatro
he central orb
ore, we have 
h single partic
and a superco

in our extrac
n shows a clea

ol2 between the
itial beam for

he injection is
So we can en
right to left i

he Sol2 with fi
ng orbit utilizin

ACKNO
work was supp

in part und
695 (UCLA), D
2-07ER84855 (

REF
Yu, Ado, V.I.
1) 731.  

Martin, S.J. St. L
superconducti
particle ph

uments and M
03. 
Ding, et al., “St
ionization coo
PZ030, San Seb
arren, J.S. Ber
 cooling us

a muon collide
1) 40-44. 
almer, et al., Ph
005) 061003. 
Neuffer, “Injec
er”, Nucl. Inst

Palmer, L. Re
ker for Muon
OL-THEORY-2

ating results. W
nserting the flu
2.  

NCLUSION
n achromatic r
dipoles as la
ttice gives subs
n addition, we 
for the injectio
on phase to mak
bit of the fou

simulated the
cle and the b
nducting flux 
ction system. 
ar separation ca
e extracted bea
r 6D cooling 
s exactly a re
nvision the be
inside this flux
ield-free path a
ng two kickers

OWLEDGM
ported by the 
der award n
DE-AC02-98C
(Particle Beam

FERENCES
. Balbekov, S

Lorant, W.T. T
ing magnetic 
hysics expe

Methods, Volum

tatus of studie
oling rings fo
bastian, Spain,
rg, D. Cline, X
sing a solenoid
er”, Nucl. Inst

hys. Rev. Spec

ction and/or ex
tr. And Meth. 

eginato, D. Sum
n Cooling R
256 (2002).  

We see the bea
ux tube using 0

NS 
ing cooler and

attice elements
stantial cooling
have also esti

on system need
ke the injected

ur-sided ring c
e extraction p
beam. We fin

exclusion tub
At this stage

an be created in
am from 85% 
and the circu

everse of extr
eam can be in
x exclusion tub
and then merge
. 

MENTS 
U.S. Departm

numbers DE-F
CH10886 (BNL
m Lasers, Inc.)”

S 
Sov. At. Ener

Toner, “A four
flux exclusion
riments”, N

me 103, Issue3,

es of achromat
or muons”, IPA
, 2011.  
X. Ding, H.G.
d-dipole ring 
tr. And Meth. 

c. Top. Accel. B

xtraction and 
A 503 (2003)

mmers, An Ind
ings, MUC-N

am has 
0.26 T 

d snake 
s. We 
g in all 
imated 
ded 90 
d beam 
cooler. 
process 
nd two 
be are 
e, our 
n front 
of the 

ulating 
raction 
njected 
be, go 
ed into 

ment of 
FG02-
L) and 
” 

rgy 31 

r-meter 
n tube 

Nuclear 
 1972, 

-based 
PAC11, 

. Kirk, 
cooler 
A 654 

Beams 

a ring 
) 374-

duction 
NOTE-

Proceedings of IPAC2012, New Orleans, Louisiana, USA MOPPC043

01 Circular and Linear Colliders

A09 Muon Accelerators and Neutrino Factories

ISBN 978-3-95450-115-1

231 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)


