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Ionization Cooling Principle
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Loss of transverse momentum

in absorber:
0 dp As ]
Px — Px _dS SR T
p v ad ~a > I
—
Changes transverse emittance: ™ =,
-
- S —
1 5 < ) 2]1/2 5 ) H 12 - - o~ .
N m < > < > < > < > ‘ Small emittance
Large emittance
dp AS Absorber Accelerator
SD N - 8D N 1 - Momentum loss is Momentum gain
’ ’ dS p opposite to motion, is purely longitudinal
P, Pxs Py, AE decrease

(Reacceleration does not change
normalized emittance)
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T
W Heating by multiple scattering

Multiple Scattering in material increases rms emittance

E A
(07) - (0)+ (Bcp)ziR

2 2 E*As .
EON = BVBX >[<9X > + (BC;)zLR j —<x9x>]
— Depy = By<X2>[ E"As j _ BV[ BoE,*As j

€n 2(Bcp)2 Lgr 2([3cp)2 Lgr

Combining cooling and heating:

2
dey __ 1 dE_ By B d<9rms >_ I dE_ BoE?
N ds BE ds 2B’m,c’LgE

ds B’E ds
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L. Ionization Cooling Considerations  J¢¢
Material Symbol Z A dE/ds (min.) L; LzdE/ds Density G,¢\/Bo
MeV/cm Cm MeV Gm/cm®  mm-mrad/cm
Hydrogen  H, 1 101 0292 865 2526 0071 37
Li 3 6.94 0.848 155  130.8 0.534 71
LiH 3+1 7+ 1.34 102 137 0.9 68
Beryllium Be 4 9.01 2098 353 105.2 1.848 88
Carbon C 6 12.01 4.032 188 75.8 2.265 122
Aluminum Al 13 26.98 4.37 89 389 2.70 238
Copper Cu 29 6355 1290 143 18.45 8.96 503
Tungsten W 74 183.8 22.1 035 7.73 19.3 1200

» Want materials with small multiple scattering (large L),
but relatively large dE/ds, density (p)

« Want small 3* at absorbers => strong focusing

o -equilibrium emittances (/ 3*) smallest for low-Z materials
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T
W Longitudinal (energy) cooling

* Longitudinal “cooling” follows energy dependence of dE/ds:

ﬁ -, a(ccillg)o-% . d<AErm52>
ds 0E ds

In radiation damping, dE/ds [0 E2, = strong energy cooling effect

But in ionization cooling dE/ds has a less favorable energy dependence.

2,202
d—E:4T[‘[\1Arezmec2p Z) 1 In 2meCyP —1—i
ds A I 2B

2..2n2
9E 030712 | L 2MeCYB || MeV
ds Al p? | cm
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W Energy “Cooling T"/(
« Energy cooling occurs 10

the derivative d(dE/ds)/0E = 8
g (dp/ds)lp = 0

« O H, liquid
de /ds g2 O(dE/ds) RS
S OE oo 4 -
EL = "ap/ds dE/ds =
p E S 3
S L
 0(dE/ds)/0E is negative for N 20
P<~0.3GeV/c
and only weakly positive for T TTHI TS T T
0.1 1.0 10 100 1000 10000
P>~ 0.3 GeV/c By = p/ Mc
n n ] 1 |||||||| 1 IIIIIII| 1 IIIIII|| 1 |||||||| 1 ||||||||
lonization cooling does not 0T rorkmentul Gevig 100 1000
effectively cool longitudinally
But

Energy cooling can be enhanced by “emittance exchange”
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W Partition Numbers Tl
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de; /ds Bz O(dE/ds) )

&L — oE
SL = Tdp/ds dE/ds

N p E

can be evaluated as:

- 2Ln[K(y* =]+ 2Vy? |

gL’O = 2 2 7 Pu/m“c
y"Lo[K(y" =D]=(y" =)
Where: g, is negative (AE - heating)
i = 2mee” 2 (311000, for P /mc <3

I 127 +7
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Energy loss in material is accompanied by energy straggling

d<AEm2>
ds

2 2
=4 remecz)zney2(1—[32] DO.157piy{1—sz (MeV)?cm*/gm

“Cooling” term + energy straggling
obtains energy spread (Og) cooling equation:

2 dE 2
dog =-2 ng & G52 +4 remecz)zne\/2 1‘B—
ds B°E 2

10



Optimal Emittance Exchange Energy ?
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Equation for increase
in energy spread:

For E, <400 MeV,
g, 1s negative
(antidamping)

Sample parameters:
Og = 20 MeV

Sum of heating
terms is minimum

for E,=~400 MeV _|

25 |
20

15 +

doy g% 2 2\ 2 B’
=2="=%5 g: +4mrm.c” | n y|1-—
ds g ° ©° ) oY 2

Pulmuc

Shouldn’t we cool where longitudinal heating is minimiz?ld ?
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Dipole (bend)

Dipole X=>X% +NOPP  \wedge Absorber

introduces reduces energy spread
dispersion (n)

« Cooling derivative is changed by use of dispersion + wedge
(Dependence of energy loss on energy can be increased)

geE g '
ds — ds +dE np :gL dp/dS
OE  OE| ds Bcpp, p

12
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L. Partition Numbers T"./(
With emittance exchange the | |
longitudinal partition number g = 0
changes: , |2, // o
np |
gL =>8Lot——
Po :
But the transverse cooling / 1
partition number decreases:
: R
_ne i
g X =1 : P, (MeV/c)
pO I [

u] 100 200 300 400 500

The sum of the cooling partition numbers
(at P = P, ) remains constant:

2,(Py) =gy +gytgL = 2+gL

13



)
By

Muon Collaboration

het

Longitudinal motion (AE-@ space)
% =eV'(cos(@p+@,)—cos@,) LI—eV'sin@, @

S
d(pDI I _1|2mAE _ 1 O(Z_]TA_E
ds Byly* vi)home® By " Agme?

Where M,/ = 1/y?=n/R indicates a (possibly) nonisochronous transport

Equilibrium trajectories follow:

o
eV'sin @, (P2 + i =il p2 AE? = constant
B’y Ao mc
which implies:
<(P2> _ 1 o2t o, _ _ , ,Wwhere[,is a“longitudinal

<AE2> ) By eV'sin@, Ag mc”

¢ betatron function”

Note: longitudinal cooling requires reducing ; (by smaller a, A; larger V')

14
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Use AE-@coordinates: g = \/ <(p2><AE2 > - <(pAE>2

Cooling term: AE - (1 ;L c(liE dsjAE = & - [l—ngEdsJeL
’E ds

ds  2&; ds 2 ds

Heating term: dep, _ <(p2> d<AEm‘32> _By d<AErm32>

Combining these obtains:

2
di_ gL d_E " B@ d<AErms >
ds  PB’E ds LT s

15
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T .
L2 Emittance exchange

Dispersion: Wedge: Dispersion Absorber
d +Nnd
X —>X+n6 6_)6_(115)taneX:6_61X ! - e —
P
(n, &, are in dp/p units) - — _’
Emittance exchange: . L
o 2 -
6 — 60\/(1_n6')2 +6,2 0);2 Eﬁi?)r;es

* transverse emittance change is

opposite: - - ﬂ
0X2

T 8"’O/\/(l-né')2 +3" 052 L

Dispersion - Wedge

16
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L .
L2 Emittance Exchange

Dispersion and wedge

Dispersion Absorber
n 8. o e are equivalent
to transport elements
— 0 (in x - d space) (6p = op/p)
. Dispersion:
X - X+
Beam Ellipses - nap
Wedge:

ﬁ d Ptan O ,
> X=0,—-0X

D p

17
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Emittance Exchange - Matrix formalism

Dispersion + wedge - equivalent to transport matrix:
X| _[ 1 N } X0
Op1 [=8 1-n& [0

From linear transport matrix formalism:

02 - (1-nd)202 +5%02 ; 0,2 - 02 +n’0s

€L — 8L\/(l_rlé') +5'2 3 5.2
] 2 12 X
-no')” +9d o5

Changes in betatron functlons

n1-nd)-o il

n- 5o
-nd')? +& ”
6

(1-nd")? +6'2 <

18
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Rewrite exchange equations

Dispersion + wedge - equivalent to transport matrix:
X1 _{ 1 n } X0
6p,1 -0 1- n o 6p,0

From linear transport matrix formalism:

2 2

05>~ (1-nd3) 05 +8%0, ; 0,° - 0,° +n’oy

_ 2 \2 0-Xz SX N 8X -
8L - 8L\/(l r]6) +(r]6) (n06)2 \/(1_n61)2 +(r.]6!)2 (nc: )2

Changes in betatron functions:

{1 -0 5 5 B
(1_n6,)2+(r]6')2 o ) ’ \/(1_n5')2 _|_(n5:)2 ox 2

(nos)? (rlces)

r]—)

dp 3p
I — ds —
(All equations are in units of ¢ =Ntan e;’mf’ ~N7 %)

19



= . . . . fm}}
W (Calculation of Dispersion, emittances , T¢¢

| itbin shtionss ) = (o) TR

_ (<X Pp> - <X><Pu >)<Pu> ) nn’[<Pu2>—<Pu>2}
(R)=() Y

' = (<X’ P”> _ <X,><P“ z)<Pu> <X'2 >Corr = <X'2> _ n’2[<P<“;>>_2<Pu>2}

P’)—(P - -
u < p> Emittance, betatron functions:

N

N

&0 = Y0 (e = e

o) ’
<X >corr a, = <XX>COH

BX: x — e

X

X

20
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* ° ° °
A Other optics considerations T

*Previous case assumed waist at absorber (0=0, N'=0)

If a # 0 at (wedge) absorber, n' changes....

(x), 0 = (), ()

21
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€ — €y(1+Nnyd)

Thin wedge example: ,
0 — 0p(1—1(0)

With & =3 . small: ~ n; - Ny(1+nyd)-0 02

Bi - Bo(1+Nnyd)
Adding intrinsic cooling, and using tan@ =p'/p,
dE
dEL _ ag ' gL dE

- - €L —nNoe. =

= ds 0E

B°E ds -

These results are the same obtainable from small increments
in the continuous cooling case.

(notation note: o, and g, indicate o, = op/p rms widths (T;)
after and before wedge, respectively)

22
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Maximum Exchange (occurs at o' = 1/n,):

0 =9 o0 €1 =€ 6% B =By 00

9r]1 - _r]()
NoOo O Oy

* Dispersion beam size (nd,) and emittance beam size (g,)
are simply exchanged.

23
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L. Exchange Matrix examples - I1I T'C/(
Dispersion matched to zero after absorber:
Occurs when: Q' = 1
No| 1+
r]02502
5 25 2 25 2
0 = 02 > ,81:80\/1+n0 20 ,Blzﬁo\/1+n0 20 ,N; =0.
o o
1+ n() 60 0 0
002

This solution greatly simplifies downstream optics;
requires ,0, Lo , for good solutions.

24
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¢ Conditions for “optimal” emittance exchange

‘Wedge angle limited to tan © [11 by geometry considerations

‘Wedge material should have small multiple scattering (low-Z: | Li, Be, ...)

‘Need strong focussing (small [3') at wedge

If no continuous focusing (solenoid, Li lens), need short wedge (L < 2[3)
from “hour-glass” effect

For maximal exchange in single wedge, need high density (Be ?)

25
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Emittance exchange at parameters
at ~ beginning of cooling:
Be wedge; 0=45°
n=Im - ~20
nd, = 7.3cm, 0,=3.7cm

0.45
0.40}-
0.350 -

0.30f

P,.=391 - 340 MeV/c g
5P =28.6 - 13.9 MeV/c <
€on= 1.5ecm - 2.76 (x); 1.37 (y)

0.45 [
0.40[
0.35 -

thick wedge: 6-D € cools by 0.78

0.30f

SIMUCOOL results; NIM A405, 1 (1998) 025}

x (cm)

26
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MW Exchange in AE-increase mode (anti-wedge) 7T¢ (
* Emittance exchange can run in o _
Beam ellipses in energy-spread increase mode
“reverse”, with transverse emittance (anti-wedge)
decreasing while longitudinal emittance Elipses
increases

e Obtain withn <0 (or6 <0)

)2 X dispersion

5, :60\/(1+r]6' 2

€ o Di Absorber
{819[3190-]} - { ® BO, O} ISpersmn (anti-wedge)

\/(1 +‘n6 (n30)? i
! I 002
N = n0(1+ ' o, j '
(1+ 1N\ 2 "2 002
03,

27
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L. 2 “Anti-wedge” example

« Example of low-energy emittance
anti-exchange (near end of scenario)

Initial beam:

T,=25MeV; P =77 MeVic :

& = 0.0061 cm; dop = 0.77 MeV/c ool 1

LiH wedge: tan® = 1, 0.8cm long; | -

n=-0.105m; B~1.3cm S R A E AN U BN

-0.4 -0.2 0.0 0.2 0.4
X (cm)

REVERSE WEDGE LiH ¢ = 0.0061 cmsrad n - 10.5 em P-0.0760 GeV/c Ap/p = 0.00981 Z - 0.0 cm AFTER

0.070 —

0.065 ]

P, (GeV/c)

ReSUItS(SlMUCOOL) O'OBDEI': ; —— T
op — 1.76 MeVic, P, — 73 MeVic b

&, — 0.0039; &, - 0.0061 5

86D — 1.45 X 0@‘; 0.055:—

Low-Energy wedge heats beam wossl- , _

28
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Similar anti-exchange can be

obtained using low-energy Li lens
(Palmer 1996)

“End of cooling” Example MO a2

Lens:
14cm Li, 10000T/m, r=0.2cm

Beam:

P,=100 MeVic, £, = 0.01 cm; % |

dp =2 MeVic ”
Results(SIMUCOOL):

op — 4.36 MeV/c, P, - 68 MeV/c

&N — 0.0077; g5, —» 1.29 x

- still some 6-D heating

D,mm

8144.45

2150

29
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¥  Bent Solenoid emittance exchange

Bent Solenoid emittance exchange

Example of bent solenoid (n, = B8/Bp, Bu= 2 Bp/B)

+ wedges for emittance exchange
(Muon Collider R&D Status Report, 1998)

Double bend/wedge to keep €, g, equal
B,~3.5T; B,~ 1T, 1 00.6m
P, =180 - 150 MeVic
Tranverse emittance increases:

0.087 - 0.17 Ttecm-rad (norm.)
Longitudinal &P decreases:

9.26 — 3.35 MeV/c

5-D emittance increases (x1.37)
Longitudinal position not controlled
(6-D not solved yet ...)

30
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Need: decreasing [3;to keep 0, . ~constant (multiple scattering)

0.5 0.3 0.3 0.5

182[364 _182% 1'821— T 182 - \Y
L . S

204 m

What is needed

D D I ' Cooling in an usual ring accelerator
Solenoid Cavity LiH rod Wedge absorber

Solution: set tune (x, y, and z) at integer (or half integer); Cooling naturally damps betatron
functions. T

4.
1.0
5 @0 & -25-20-15 5 @ e

-5-0-5 0 5 0 4 A5-w-5 0 5 W 1
Wartical coordinate, cm Weartical coordinate, cm

s

“Wartical momentum, me

-0
25 -0

Figurs 6 Initial and final trangverse digtributions,

Emittance and transmission

Energy deviation, mo'2

o

T

-250 [] 250 - a0 [ Z50 S0 10
Longitudinal coordnate, cm Longitudiral coodinate, cm

0 10 20 30 40 50 60
Number of periods

Figure 7. Initial and final transverse distributions.
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5-D simulation of “complete cooling scenario”™
includes 2 emittance exchanges
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Py, GeV/c

-0.05 [—

-0.10 — —

INITIAL

FINAL ]

0.05 |— —]

0.00 [~

P TS ST

-5 [+ 5

X, cm

Long - term Li-lens Cooling results:
(5 %1/100; 6-D cooling by 10-4)

10

0.01

0.001

0.0001

—e— Epsx
—m— Epsy
—a—Eps-6D

32
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L - Collider
requires energy cooling
and emittance exchange

to obtain small g, (AE-¢),
and small x,y emittances
required for high-luminosity

I r T
O 5 10 1B 20 25 30
stage No.

33
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Cooling Status (Map)
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1000 g

100 =

£ C
c i
E =
2 10 =
w -
1 =

m W
-
.

L | L LI L I L] :
SRAS1 Start 3

—
1]
<

FS1FL5 -
FS1FO3]

Collider
xL\EGN contour

Baseline
scenario __

L1 1.1 SH"“‘:S:jI]I 1 1 1 aal '] '] L

0.1 1 10

gy [TMmM ]

Cooling sections that have beem simulated in some detail
e JCOOL, Geant, VLB simulations

From R. Fernow

34
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Summary

. | het

Emittance exchange is necessary to obtain longitudinal

lonization cooling

Emittance exchange requires:

Dispersion () at absorber

wedge-type absorber, with more material for higher-E beam
small-B* optics at absorber to minimize multiple scattering
matched optics, with large momentum acceptance

longitudinal beam matching ....

Round emittances require similar exchanges in both x and y

Detailed solutions with all of these features have not yet been

developed

Integration into complete cooling scenario 1s also required

35
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Post-Snowmass Status

OUR DISASTER

RECOVERY PLAMN
GOES SOMETHING
LIKE THIS. ..

Ing
L e
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