
(}j-'--~11- • 

E9-95-317 

A.Yu.Lavrentev, I.N.Meshkov 

THE COMPUTATION OF ELECTRON COOLING 

PROCESS IN A STORAGE RING 

Submitted to the International Conference «Crystal Beams», 
Erice, Italy, November, 1995 



JlaspeHTheB A.IO., MewKOB 11.H. 
Pac'-!eT ·npouecca sneKTpOHHoro oxna~etiH}I B HaKonHTene 

E9-95-317 

·• Ope)lCTaBneHa nporpaMMa paC'-leTa npouecca Snei(Tpotrnoro oxn~eHH}I B HOH
HOM HaKOOHTene. nporpaMMa n03B0n}leT y'-leCTb rnaBHble oco6eHHOCTH JlHHaMHKH 
oxna)KJl.eHilOH .'-lacrnuh1 B 11aKOllHTene: 6ernTpoHHb1e KOJJe6auirn, 'A.Hcm;pcmo ua
KOnHTen}I, Bnlf}ll!He npOCTpaHCTBetlllOro 3ap}IJla SneKTpOHIIOfO ny'-IKa,. !pa30B0e 
JlBIDKeHHe B npHCYTCTBHH BY-uanp}l)KeHirn (pe,imM crpynnHpOBaHHOro nyqKa). 

O'nporpaMMa CB06onno pacnpocTpamteTC}I aBTOpaMH no npocb6aM nonb30BaTe
neii. 

P_a6oTa BbinOnHeHa B Jla6opaTOp11H ~nepllblX ·npo6neM 0115111; 

npenpm1T 06'Le11HHem1oro 1111crnTyra llUep11b1X 11ccne11osa1111ii. Jly611a._ 1995· 

Lavrentev A:Yu., Meshkov I.N. . E9-95-317 
. The Computation of EI~ctron Cooling Process.in a Storage Ring ·. 

. . . . . . : ... 

The program of computation of electron cooling process in ~ cooler-storage ring 
is presented. This program per111its to ta)<e into account the main peculiarities 

. of the particle dynamics in the storage ring: the partide betatronosciUations, the ring- . 
dispersion, the influence. of electron beain space charge and phase space motion 
in presence of RF voltage (the bunched.ion beam ·regime):· ' . . . -
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Introduction 

, The complicated depende,nce of electron ccioling friction force on para
meters brings many diffi~ulties at an attempt of an'alytical calculation of 
the cooling process. And the problem becomes practically unresolvable 
~hen one tries to take i1{to 'account the influenc~ of such·'very ir~portant 
effects like particle betatron oscillations, sto~age ring dispe;;ion, ~pace 
charge of the cooling electron beam and electrop energy variation. Only 
rough estimations can be done in such cases [f,' 2]; However, a practical 
application of electron cooling methods needs knowledge of cooling time 
value and its dependence on parameters. , 

A certain attempt of numerical integration of cooling process was made 
in [3]. However the way used there,does not permit to consider the effects 
mentioned above. The computation program, presented in this report, 
calculates the evolution of particlei oscillation amplitude, using analytical 
formulae for ,friction force from [2], and takes into account the particle 
motion in focusing and radio-frequency (RF) systems. of.a storage ring 
and the influence of cooling electron beam space charge. , 

The principle of the program is described and a few examples are 
given for demonstration of the program efficiency. Th~ method is applied 
to the case of coasting and bunched beam. 

1 Principle of the particle motion computa
tion 

One considers the particle with charge Z e and mass M = Amp ( e -
the electroffcharge, mp - the proton mass), which moves in a constant 
magnetic field of a storage ring of circumference.C and interacts with elec
trons of an electron beam in the cooling section of the storage ring. One 



can introduce dimensionless transverse particle coordinates x 0 instead of 
dimensional ones X 0 

Xa = ~: X0 , a = x, z, (1.1) 

where Qx,z - betatron numbers of the storage ring, R, = C /21r - its 
average radius. The transverse components P0 of the particle momentum 
relate to x 0 by expressions · . t' : ' 

. () . ~',Pa ...:. dXa 
0 

· . ... Po - ds ' a=x,·z, (1.2) 

here s - the, c~'ordin;te alo_ng the particle trajedory, and Po _is the average 
value of the p~rticle mo~e-ri.tum · · ···· · · · 

• ~ i 'I f ! . ,, 

,Po·= /37Mc, 
·, . ' 

/3 = Vo 
. ·c' ··' =, ✓1 -(32':' 

where Vo is the average particle velocity.in the particle beam to be cooled, 
c:- the light velo,ci,tJ. Besides, 

fip ,, . 
0 - s 
s·=· Po. ,. '. I -. } ~: 

is the relative difference between longitudinal particle momentum P; and 
average 1nomentmri'P0. · For convenience and uniform, hereinafter· one 
uses x, = 0 and Q;'= 0. Then; the change of the coordinates.x 0 and 00 

( a = x, i, s) from exit of the cooling section to its entrance, after a turn 
in the storage ring; is given by the:following matrix expression: 

'; ~ f ; 
( Xa) _ 

O a entrance -

' 

( 
c?s ¢ 0 sin 7Pa ) ( Xa ) 

- SIU 'lp0 COS 'lp0 00 • 
. . exit 

{1.3) 

where 

7Pa = 27rQo• 

Here one 11eglects the deviation .of betatron phase along the cooling sec
tion., ·The· exact• formula is· ¢0 = 21rQ"' (J - 77), 17 = L/C, wliere·:l 
is ,the ·cooling section length.: The cooling, friction foi:ce decreases the 
particle ;momentum components and •does not change coordinates X 0 of 

2 

l 
). 

l 

··I 
j 

j 

I 

the particle 011 each 'certain pass of the particle through the'cooling sec-· 
tion. Therefore, 1 

(:ro)exit = {~·o)enttance' 
L 

( 0,, )exit = ( 0o )entrance +· Fo-, 
Vo 

( 1.4) 

wlwre F,~ is a-component of the friction force in laboratory reference 
frame (LRF) (see {2.6) and (2.7) b·elow). This approximate formula is 
used instead of exact integration of the particle motion equations in ,the 
cooling section to decrease the computation time, which arises drastically 
in opposite case, that makes an use of PC for such co111putations abso
lutely unrealistic; A SJ)·ecial "trick" is used to' \·each necessary precision 
of calcuiations (see item,8 in .section 2.2). . . , 

The next question is how to adapt the friction force fon~mlae, written 
for a par~icle rest frame {PRF) [2], to LRF where equ'ations (1:1) - (1.4) 
are given. The simplest way is the transformation of frictioii force and 
particle mcimentum components from one reference frame to another one. 
So, the friction force in PRF is described in [2] by the formulae (1.36), 
( 1.:37). . , 

To find out the friction force magnitude on each step of integration, 
one has to know the particle velocity components in PRF [2] 

Vx,z = ":'(/Jc0;r,z, \Iii = /Jc0,, 

to insert them in formulae cited above, and to transform the friction force 
component from PRF to LRF: 

. . l 
Fx,z = (Fx,z)LRF = - (Fcr,z)pf{F • 

'Y . 
. F. = (F.)LRF = (F.)PRF. 

One needs also to use well-known relations between average ( over a 
particle turn) electron density (ne) in PRF and electron current dei1s
ity Jin LRF: 

17J 
(ne) = 1J1ie = c,/3c. 

After such a procedure one obtains the formula for friction' force in LRF 
prei;ented below (st;e (2.6) and (2.7)). 

In presen~e of RF accelerating voltage (bunched beam) and cooling 
electron bea1u the computation of the particle dynamics is performed 
with the use of the equations of the 1'>a.rticle phase motion. They giw the 
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particle momentum change J Ps which occurs at radio-frequency cavity 
(RFC) crossing: 

JPs = ZcV si11 <p 
{Jc , 

JPs Z eV sin <p 
J0s = Po = A f32,mpc2. (1.5) 

Here V, <p - RF voltage amplitude and phase (when the particle crosses 
RFC). This momentum change leads to the change the particle circulation 
frequency w: 

Jw JP ·-=r, _,s:_ ,, J 
w w Po '. - T/w 0 s, 

1 1 ---z, 
1Jw - 1 2 ,· /tr 

(1.6) 

where 'Ytr is so-called transition energy factor, which corresponds to the 
ring transition energy ft, = ( 'Ytr ~ 1) Ampc2. 

The equations ( 1.5) and ( 1.6) are used for 'calculation of the particle 
phase motion (see section 2.3). 

2 Program scheme 

The program consists of several parts, described below. The concrete 
units, which are used for all the parameters, are given in section 2.1 and 
the final formulae helow ~re· written in these units. 

2.1 Input 

The following parameters are to be introduced ( default values are 
shown in the rightmost column, they are chosen for the case of 208 Pb53+ 

ion beam cooling in LEAR storage ring at CERN): 

Ion beam characteristics 
(Xx,z) 0 , initial coordinates1 , 

(0x,z,s) 0 , initial angles, 
Bunched beam 

Ion characteristics 

cm 
mrad 

£, energy per nucleon, MeV /amu 
A, atomic mass, amu 
Z, charge num~er, 

(to be continued on th~ next page) 
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0, 0 
3, 3,3 
No 

4.2327 
208 
,53 

1 

<p0 , initial phase2
, 

Electron beam characteristics 
I, current, 
a, beam radius, 
0e, angular spread, 
B, rnagnetic field, 

( continued) 

r7,,, neutralization coefficient, 
00, initia.1 mo~entum shift, 
Sweeping 

, • • 3 
Tsweep, S~eepmg time , 

Ring characteristics 
C, circumference, 
r7, ratio of cooling section length to C, 
D, dispersion in cooling section, 
Qx,z'; betatron numbers4, 
'Ytr, transition energy factor2

, 

V, RF voltage2
, 

Result representation 
Y.nax, maximal result y~l~e, 
tm~x, maximal time, · · · 

2.2 Procedure. Coa~tin
1
g bea~ 

rad 1r, 

Amp 0.5 
cm 2.5· 

mrad 3 
kG-· 0.6 

0 
mrad 0 

No··, 

ms 80 
' 

m 78 
0.02 

m 3.6 
· 2.305; 2. 73 

10 
keV 1 · ··'.·:, 

inr~d . · 4· 

ms 200 

This part of the program calculates the cooling process. It starts with 
calculations of all the constants: 

,:' . , ,4•; , ' ' 

1. the relativistic factors: 

I •:f= m~c2 := f[M;~~a,mu)' 
. ;, 

.':'f = i +e, 

1 x. = 0. 
2The input is available only if beam is bunched. 
3 The input is available only if sweeping is on, · 
4Q, = o. 
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2. the relative velocity spread of electrons (see [2]) and the lower limit 
of ion parameters 0~mpl (see (2.IO), (2.11)): . 

1 
011 :== -g e2 

t/3 _ 
--ne -
rnc2 

-2 ,I /[Amp] ] = 1.068 · IO :1 /F 2 [mrad, 
i a[cm] 

.0,'n;11 = 0.05011; (2.1) 

3. the particle revolution period and the average ring radius: 

1To = £ '= 3.333 · 10_3 C[m] [µs], 
/Jc /3 

: C[m) [ ] R=--m; 
s 2rr · 

4. the constant in the friction force formula: 

A ~ 2rp Z
2 ,,,c el - I 8 .. o_:9Z2 /[Amp] ,,,c[m] [ •:d] 

u . f35 5 A 2 c3 . 1 A f35 5 2 tnra ' 
. i a m . i . a[cm] . 

(2.2) 

where rp - the proton classic radius, m - electron mass. 

To obtain the approximate cooling time, which 'is ~idely used 'for 
estimation, the follo~ing formula is used (it's conveniei1t for, comp~rison 
with numerical integration results): · 

/34;5 mc3a2 A 3 

(rcool)theor = 6crp nel,. ,z2 (~x·~[rad_J)., i = 
2/34,5 A .. , .... 3 , , 

= 61~ a -;,y- Z2 (ox,O[mrad]) [ms]. 

The initial values of dimensionless coordiJ~tes 'are calculated: 

Xa,O[mrad] = IO RQa Xa,O[cm]' 
s[m] 

a= x,z,s. 

(2.3) 

To simulate the cooling process occ~~ring in time, on each step on 
trmsJ from O to tmax the following computation~ are taken place ( the time 
t is stepped by T0 ): 

1. The square of the particle distanc~ from ,the eiectron: b~~~n axis 

1_2 =~((Xx 2rrD O )
2 (2.) 2

) 
4rr2 Qx + C s + . Qz 

x 10-2 [cm]. (2.4) 

;6 

2. The shift in velocities of the particle and average electron velocity 
; 

Sweeping = Yes: , 

01i =· 
o t t ·~ 

011 1- -- , 
Tsweep 

00 t •) 
II ----' 

Tsweep 

·O, 

Sweeping= No: 

O ::; i :s; Tsweep 

Tsweep < ,t '.S 2Tsweep 

otherwise 

0~ = 011. 

(2.5) 

3. The shift in electrop velocity due to electron beam space, charge 

el r2 ' I r 2 

8011 == (1 - 1711 ) 
3 

. 
3 2 = (1 - 1711 ) ---;:;----/33 2 [mrad]. . /3 1mc a . l I 1 a 

4. The difference between particle velocity and electron one5 

' 
o; = o s - ( o~ + 80 11) : •• · 

5. The fullparticle velocit~ in PRF in UI~its;/Jc 

o = ,Io~+ O; ~ ( ~ )\ , 

6. The friction force calculation. One introduces 

O* = {Ox, oz, o;}. 

The friction force F = { Fx; Fz, F. r can be represented as following 
(see details in [2] and section 1). 

F = -~/Jc J 
• 17C ' 

j = {F,x, Fz, Fs}, (2.6) 

5One should mention that the wor~t case corresponds to the cooling of the particlP 
with O, < 0. M?reover, Ott relates to cathode potential,shift 1).U by formula i).lf = 
.B2;01jmc2 /e. 
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f 
I 

where~ is given by formula (2.2). If the condition r > a (see (2.4)) 
is met i.e. the ion is out of the electron beam, then the friction force 
is equal to zero, and values of function :f is set to zero. Otherwise 

Fx,z (tJ*) = 

I (2LF+ k,L,,i°;t, ' {I} 

2 (LF + NcolLA) 
0
;~· + k1_~,./;~=, {II} I o' o 2(LF + NcolLA) ;~= + LM' /'\, {Ill} 

e . (~) 

o· 
(2LF + ksLM + 2) 

0
;, {I} 

Fs (if•) 
2 sgn o; ( LF + NcolLA); + 

e ,· , o· 
+ (ksLM + 2) O;' {Ila} 

O* O* -
2 (LF + NcolLA) -r + LM~, {IIb, III} 

02~ (~)' 
e "I "I 

{2.7) 
Domains I, II = Ila U Ilb, and III for if• are shown in Fig. 1 which 
corresponds to the domain choice defined in [2]. 

Coulomb logarithms are defined by the formulae 

R 
LM = In 2(p1-)' 

LA= In 2(P1-) 
PF ' 

LF = In PF 
Pmin • 

Note that if argument of a logarithm is less than 1, then the logar
ithm value is set to zero. 

{ ( 
2 2 2)1/2 m ·f!:3z} R = max Vx + Vz + '1i1 2 , - = 

411"nee ne 

{ ~ 3~} = max 0.06535 aoy T' o.00355y ~ 

is the maximum impact parameter; 

( ) /3i0emc2 
1.7 · 10-3/3-yOe L cl" 

p 1- = ---- = - armor ra ms; 
cB B 

I -(J I ·. o+ :'.JI. . 
PF= (p1-) () "I - the intermediate impact parameter; 

e 

8 

7. 

8. 

. - ze2 I I , - 2 818 . 10-1 Z 
Pmm - m f32-y2(0+0e)2 - . f32,2(0+0e)2 

is the minimum impact pa,ram~ter; 

Nern = i + ·[ / 8 

1
] - the number of adiabatic collisions6

; 
11" O+:'.JI. • . ")' 

k1- =iI -3 (0=)
2 

,o ' k; = 2 + k1_. 

. " 

The deviation of th~ particle angular spread after crossing of the 
cooling section 

~o = ~. :f (o·)'. (2.8) 

Here the ''trick" mentioned above is used: if for any a the deviation 
is large, i.e. J~Ocrl > 0.05 IOcrl, then tl:ie cooling section is divided 
into t~o equal segme1its, all the calculations (items 1 - 7) are re
peated for the first segment and for this segment from (2.8) one 
obtains the partial deviation value, by means of which the value 0 
can be revised and used on the rest of the cooling section. The 
partitioning procedure can be applied several times until all partial 
deviations become sufficiently small. Their sum gives ~() for the 
whole cooling section. The constant 0.05 is chosen experimentally. 

One has to stress that the use of the straightforward computation 
is impossible here: an application of Runge-Kutt method to the 
equation 

dP = ff (ii•), 
dt 

or its form 

dif . F (ii*) 
ds = Po/3c ' 

where O ~ s ~ r,C, 

slows down the program significantly. 

6 [-] stands for the whole part. 
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• ) I I ~ 

,;:: 

i•····: 

0r,z 

,.,,, 

. ' 

·~·,L '\!,,..,. 
' ' 12,., 

··. Figure·]:· Doma1iis ifrthe velocity space for-f(o'*). · 

0,,, 011h·~ the·electron velocity spread in units 1/Jc; 

' 

9. The calculation of new particle co<?rdinates aftei· crossing the cooling 
section, at its exit: 

10. 

X~ = Xa, 0~ = 00 - fl.0a. 

If the ion beam is notJmnched, 1i~t1value~ qf x and 0, which are 
used on the next· tur~1 at.the entr~nce 'of the cooling section, can be 
found: 

( :: ) = C-:71:~:· ·:~:~:')·C~t"}.-: - (2·9) 

Here 1Pa = 21TQa. 

1:0 

2.3 Procedure. Bunched beam 

When one wishes to ~6mpute a bunched beam regime, the answer 
'Yes' has to be introduced in the 'line "Bunched beam?" and the program 
asks to input parameters c.p0 , , 1,, and· V. Afterwards, the prograi11 takes 
into account phase motion.of the particle. . 

The cor~stant 1/w {1.6) is calculate'd as well as the parameters· t~ be 
displayed on the screen: · 

C V A ni c2 · ; _: · :i · I A ,11 · 
Tphase = - 21TZ......J!._V 11/w = 8.09 · 10-JCrmJ\ Z-\,_ w [ms] 

C C '(keV) 

- the period of small phase oscillations, 

I 
{Os)separatrix = /J 

2 cV Z I 

71' 1/w'Ym~c2 A'= /3 
- the separatrix value of momentum spread. 

Additional computations are following: · 

11. The ring is divided into tvvo parts: 

~ V[keV) •· Z 
71' 0.93811.:,, A [mrad] 

(I) the half of the ring from the cooling section exit up to RFC; 

(2) the half of the ring from RFC up to the cooling section en
trance. 

12 .. Values x 0 , 00 at RFC ( after exit from the cooler) .can be obtained 
from formula (2.9) when 1Pa = 1TQ0 • 

13., Tl;~ 'phase shift during the time, ~hen p~rticle frave)s along. the 
part (I): . . . . 1 

c.p(I) = c.p(2) + lT W - 71' = c.p{2) + :'. :71' ' ._ 71'. 

w.:... fl.w : · . l·-:- 11wOi • 10-3 

Note that 08 is measured in mrad and the initial value of c.p< 2> ts 
specified as c.p0 during the input. 

14. The deviation of O& due to crossir;g of RFC is given by formula 

J0~Fc ~ AZ e;
2 

sin c.p(l) = 1.066 · 10-3 ZA Vr/J(~eVJ sin ip< 1> [mrad]. 
mvc 1 , 
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15. The value of Os after RFC equals 
~" i > -_'. ~ 

',. :.~ .O!{FC =}s+ cW!ffc, 

·. th~ o,t,IJ~r--x_0 , 00 re1~1ain u~clmnged: 

' RFC = x
0

, J?~, '~· ,...!, 

a=~,z,s; '. RFC ::_:-0' ·: 
0 - '" 0: 

a= x,z. 

16. The phase shift duriqg the particle travel al~ng ti~e pa,:t· (2) ( the 
value is- use~ 011 the next turn): 

. ', ! • • . . ... ' . ; . ,_, 

: (2) _ {I) 1T . 
cp - cp + 1 - r7 ORFC. 10-3 - 1T. 

w s . 

17. The new~valties of Xa, Or;, whi,ch areused on the next turn at the 
entrance ofth~ cooli~g section can 9~-found; 

f ' <' ~ '' ' ' ' • •. } < l •' ' .; \: '. 

( 
Xo: ) _ (. ,cos 1Pa:. sin ,1Pa ) ( /f~F_C.) 

0 - · ,I. ,/, ORFC , 
a - sm '!-'a ~o,s '!-'a . , . a,. 

where tp0 = 1rQa,. I 

' • .. ~ t '. -~ £ 

2.4 Output 
.-· - . , ' ~J' ~ f - • 

The magnitudes 

,:;•.•o~mpl =\!O; + x; [mrad]; - '· o;mpl ~\/0; ·+ :i:; [rnrad] '(2.10) 
l '. -y , '. '! ' i '. · ~ ' ~ : 

and Os in mrad as fu11ctions of time_ t[ms) taken at. the entrance of the 
cooli,ig ~ectioi1' are pl~tt~d ·~11 the s'ci;eeii. Tl;e l;;ogram COII~putes auto
matically two cooling processes (see section 2.5): the first oi1e ~ith 0s,o, 
and another one with -Os O· 

Addition~lly the1>rogr~m traces th~ ~onclition -

Oarnpl. < () · . J • 
'1 ,· x _ min ,,;:(2.11) 

;n 

and ~l~e minimal t[ms], at_ whic~1 the condition is h~l4, is logged_ as Tcool _fe>r 
either JJiocess.' : -- - - ·, ,i · ~_.,,, ·· l! " --, ' -' ': ,·. ''··' . ''' ., ! 1 1 ' 

.,·.' 
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2.5,. Usage .. ;:r:·, \; .. 

The prograri17 is ·easy to use;· but witho'ut perfectu·ser-fr1endly inter.:.· 
face; so the basic''principles ciinptit a11d output are 'discussed'here:' 

To start 'the'pr'ogrann1. user should suppl,y'a da:tidile·uam<ttl~at' ~ad 
be the name of a new file or the nairil~f'an' e~istirtg file created by 'the 
prograih pa~t tinie. Thfs' file is ·used ·to;kee·p'·all -the ·µar'ameteis' and 
supplemental information after computation. The command line. looks like . , .,. . - . -· ., •: . __ ,. .. ,.-. . ''' ,. -

;_; ~ > '. 

f l ~;, 

''si:Jsc□□L. dat'a_file..name 
\ ~! '.·• ,r 

f~- ft C ~f."/~,,:· 

After initialization• (including. fill reading),. the us'~f _ i's c'irt th~ 1niut 
par~meter"phase:. Here; _a11y parameter has a a·ef~ult ;al~i'(rea~frr'om 
file o'r kept in the'piograni core) ahd _the user can change the parameter, 
putting a new value, or left the parameter unchanged, just pressing _the 

. • 7 -::,··~ ... J :·.:- t . 'ii.·,... ,._,._ '\ \.11.:•,;, t , ... ~>;._ .• ~._-:r::~·", 
ENTER key. The pfogram asks the next parameter arid so on. · · : · · 

All the parameters are divided into several groups il,nd the he9-der. of 
,. .·· ' . ,. :· , .. )·•- '.''_"·'. ._.,., . ~ ~-' -·· ' : .~ ~ ·,"' ~-- .. ,, 

the ea'.ch group_ ap'pea:rs firs'f. In the most ·cases the· user 'ca~ ·skip' the 
rest of 'paranieters 0i'tl1i~- the iro'up; pressing the ESC key. Doing so, 

· ' , l , i · -~ < , . ( • ·-c· ., i.{t · 

the prngram enters the_ current P.!!-rameter ( either explicitly _typed by. the 
. . •. l . • ~' • • : .. ,.. ·,. • : ? • ~- ' - • - ·- '· ' • • " • ., - I ' , • 

user or' implicitly' ·entered by 'ciefault ); assigns·· default· vaiues'•to' the' rest 
of para_n~eters' in 'tl~e

1

group a11d g&es· )to the ~~xt group: 'fhi~ .f~~t _input 
is unav~il~ble when: the' i1i'i,'ut file· ~ks emp-ty, b'ad or 'dama'.g~d;. and to 
ensure that all the.numbers are coi~~a user should supply all of them. 

Arte'r ~11 thtp~iai-hetirs '~{~ accepted, t11<fpr6gram' carries ~ufc~m
putations'stated'in :th~ p:revioi.t~se~ti6ns, and draws curves of 0!~P1 and 
0s in ~·\V?Jas~es. The first pii:~s t'a½~f in,iti;l ~ilues·x;;o a~a'o~,o 'as they 
are ent'ered during the ihim·t; 'and th~ s~cond pass just reverses the sign of 
Os,O• Graph~cs screen wnsists ~ftwo;plots and some useful informaticm. 
The'first. plot contains 1;;0; cui-~es': . ··' ··' .. , . ·-... ,, .. : · · · '-· 

• -0:mpl [mrad] overt [tns]/shown in magenta for'the first'pass,•and 
shown in green for the second pass; 

, • ,.~;''.'P~ (Il,lra,d] over t[~~J, shown ju ye}low, for the fir~~ pass,. _and 
shown in cyan for .the second pas~:. 

7Tlie · program name aoscoor. stand's '.for "Betatron ·0S cillatioris \vith 'electron 
COO Ling". . :: :, 
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The second plot contains one curve of 0,, [mrad] over t [ms]. ·The curve is 
shown in magenta for the first pass, or in green for the second pass .. 
. The .red ·dashed lin~ drawn o~ either plot denotes the calculated Ttheor 
(2'.3). The textualinfor_mationou th~.~creen shows some input parameters 
and other ones calculated from them. 

I • • 

An ex_ample of. the p~rameters displayed on the screen is given he.re: 

. Z = '53, A = 208 

E = 4.2327 MeV/amu 
I= 0.5000 Amp 
B = 0.6000 kG 
Theta-1.ong = 0. 1096 

" .. > ' , . 

·· - the ion charge Z and atomic mass' A'. 
numbers 

- the energy per, nucleon £ 
- the electron beam current I 
- the. magnetic field .B 

mrad - the relath;e longitudinal spread of 
electron velocities spread 0u (see 
(2. 1)) 

. ,; ;-i -· ,,; 

Theta~e = 3.0000 mrad - the electron beam angular spread, , 
0~ 

Thetajnih = 0. 0055 mrad - the lov/'1evel of the ion, a1igular 
••.• , ' j - ; .- ,, . ill 

spread, 001; 0 , which fixes the cooling 
.. , , tim~ (se~·(2~1\ ~ri-d (2.11)) . · .. 

Tau'_theor = 292. 4010' ms ~ the '''theoretical" value of 1«::oolirig . 
. . .. ~ime; (rcoo;)theo,,·s~e,:(i3) . . . 

. Tau_sweep. = 67. oo~o ms . -· t~e -~~eeping time ·i~we~p if sw~er,ing' 
.•; •! i... ·. ! ~S'~n ... r _:c1; .· j .. , :, • • ,. ,. ·" 

Tau_pha~e = 1 . 2523 mk' - the .. period'' ~f. s1riall phase oscilla-
. ' .. ' . ',' ' ·. ::. • .,,. ti?ns; Tpl,.:,.;;)f bea~1. is h~nche,d ... 

Th_s_separ = 4.3824,'mrad - the) sepai-atrix. 'value of ·momen.:. , .. 
. . . . tmi1 spread, (0s)se~aratri~;Jf ~~an1 is 

bunched . ·· · ' · · · · 

Ta~_cool = 142.3767 ms - the cooli~g tim~:~cool (see (2'.H))for. 
the first pass . . .. 

Tau_cool = 112.4472 ms · ~ the cooling time Tcool for, the second 
pass 

, To be>sure that program works the "propeller" bar is shown 011 the 
right side in the middle of the screen. 

, puring _the drawing, the user can terminate. calculations by pressi1ig 
the ESCkey. . . 
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Wl;en drawing is con1pletecl, the additional possibiiities· ap~ear as to 
print the screPn contents (tlie 'P' key) ai1d to revert' t~· the 'pai·ahietet' 
input ( the ENTER key) and then to perform computations with a new set 
of parameters again. ,, ; L ., ·-' i ,, • ; , 

The file created . .( or updated) by the program is a plain text file, which 
coiitain·s all the ii1put pa1'amete1:s specifi~d last time and soihe ca}culated 
valttes: 'Tt1,eor (2.3), Tcool (2.11 ), and others worthless t'o mention. . ' 

2.6 'Iroub~~~hooting 

Any error/warning condition is signaled by double beep sound, and 
the correspqndeut message (if approp1:iate }. • . , , :. , . , ; .. : · · •:· 

The CTRL/BREAK combination can be used to abort the. program in 
the most cases. However, rt may hang your computer. Be carefoL 

Illegal pqrameter input can be intercepted ·prior thi~ computations ,vith 
banne11.message on. the graphics screen. In this case you should. reente1: : 
parameters or quit the program. But the program is, not completely fool- · 
pro\fen; so any-input that can cause the computation to over/underflow ' 
or to divide bJ•zero, aborts:,the program immediately (see the message , 
on. the screen, it. will appear:Without beeping) ... ·, · 

· While drawing if the "propeller" bar stops to twist, then.probably the 
program.Jocks, try .to use the CTRL/BREAK or CTRL/C command. · 

2. 7 Copyright. Comments and suggesti011s 
,' ' .'' .! ·" ' . , ;<' - '! ··;·_' .:1· .·. ,. : ;, \ 

@ An. Layrentev, Nov 19~4, Feb 19p5, FLNR JINR, Dubna, RUS,SIA 
r 

This ~oftware can be distributed _fr.edy .f;1 whole or p~rL Anyway the 
copy1)ght .. noticf must not ht; changed. . . . . , ; 

CoimJ1ents, and sugge:sti.01,s are we_lcome~l <!,lld should be sent to the au~ 
thor~ A,n. Lavre!1tev (e-:mail; a~1ty;1~s~nyas.jinr.dubna.su) ~r I. M~sii'kov 
(e-mail: meshkov@uusun.jinr.dubna.su). 

:.:. :'"~.· j t ~--· ~;;._ ! 

3 Sqm~ results of cqmputations 
• ; \ • l - • : _ , , • · ; ! , ; , ';.~ ,. ; ; : i 7 • ; •. , '. , • i , • i - ' , • 

. Tl;e' \:o'n1i'><lfati'o11, J)eHorined j w'ith tlie describt.~d progi·a1i1/ detIH>n
strate's· t!ie'•peri1liarities of eledron· ccioling pro'cess very \veil (Fig. 2 ,:_ ' 
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i 

8 and Table 2)'. As an example, the cooling of 2
,
08Pb53

+ ions .in LEAR 
storage ring a~, CERN is chosen (see Table I). 

3.1 Particle dynamics 

'fhe nonlinear 'dia'racter of the cooling (friction), force as a fu~1ction 
of particle velocity (see formula (2.7)) influences sig~ifi~antly on the be
haviour of parameters o;mpl, o;mpl and Os = b..Ps/ Po in time (Fig. 3). 
Particularly the cooling rate increases drastically and these parameters 
decrease very fast, when they reach sufficiently small· values:'' 

3.2 Betatron oscillations and electron beam space 
charge 

The influence of betatron ·oscillations and electron beam space charge 
appears in some averaging process, which smoothes the gaps in the fric
tion force function, described by formulae (2.6)·and (2.7). On the other 
hand the betatron oscillations bring the particle motion across the elec
tron beam, so it interacts with electrons, which have different velocity 
clue to the beam space charge. Such an effect is taken into account and 
neutralization factor T/n let us to choose different states of the e..cbeam 
neutralization. Comparing Fig. 2 and Fig. 3 one can see that cooling time 
shortens very essentially, when the space charge is neutralized {T/11 = 1). 

The cooling time enlarges even more, if dispersion in cooling section 
presents and T/n = 0 (do· compare Fig. 2 and Fig. 4). Meanwhile the 
computations demonstrate that dispersion influence is negligible when 
the space charge is neutralized (almost obvious result!). 

Also one should mention' the next well-understandable result of the 
computations: the. cooling processes·do· not cliffe1: if angular or equivalent 
coordinat<; amplitudes' are chosen as initial pararneter values. In other 
words, the value 00 ,~ is absolutely'equivalent to_x0 ,o {see (1.1) - (1.3)). 

3.3 Cooling time and initial conditions 

The estimation cooling time value {2.3) differs significantly with com
puted magnitudes - about 1.5 times for the cases, presented in Fig. 2 - 4. 
The clf:pendence of cooling time on Bo is also of practical interest (Table 2 
and Fig. 9). 
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3.4 "Sweeping" process 

The problem of special interest is a possibility to c~ci f~st a particle 
beam with la1·ge momentu111 spread. The method,.discussecl sjnce very 
beginning of electron cooling method development (see [I]) but never 
tested, is so called sweeping - the variatio·n of electron energy during 
cooling process. This method is demonstrated by c~mputations presented 
here. The curves "a" (Fig. 5) correspond to the particle with. positive 
momentum difference O~,o = 5 mrad. The sweepi~g time chosen in this 
case is equal to 5 ms, and one can see that the decre~e of00 decelerates 
at t > Tsweep when the electron velocity shift changes its si~g (see {2.5)). 
The curves "b", which correspond to Os,O = -5 mrad, demonstrate just 
opposite behaviour. If sweeping is off, the cooling process is much slower 
(Fig. 6). 

One should mention ti1at dispersion function does not influence signi
ficantly even in the sweeping regime, if the electron beam space charge is 
neutralized. 

3.5 Bunched beam · 

,. The cooling of a bunched particle beam has own peculiarities. One 
can say that the influence ofthe electron beam space charge and the ring 
dispersion is much more significant, then for a coasting beam (see Fig. 7 -
8): Even one can get regimes, when the particle beam does not reach the 
cooled state at all. And on the contrary, if electron beam is neutralized, 
the cooling of the bunched beam completed much more faster, and the 
effect of the fast cooling takes place in the final part of the process {see 
Fig. 8). The influence of dispersion is also unessential; when 1Jn = 1. 
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~ . Parameters lEo 3 

Fig 
4· 5 -1, 6 1 I 8 

'Xx,O, ·, · cm ·O ' ·. 

Xz,o, cm 0 
0x,o', . ' · · · mrad· ,•. 3 

0z,o; mrad 3· 

0s,o, inrad \ 3 8 I 3 
Bunched beam •' No I Yes 

£, MeV/amu 
' ' 4.2327 

A, amu 208 
.z 53 

'-Po, rad - I 71' 

I, , . Amp 'l:' .. ·. ;.0.5. 
... ,a, .. ·. ,, ,. .cm 

' 
2.5 

0e, mrad 3 
B, kG 0.6 

T]n 0 I 1 I o 1 . . I 0 I -1 . 
Off, mrad 0 •. 8 0 

J · Sweeping, • .-,~ .,. · , .. ·No .• Yes ··No 

Tii~~ep, · • · · ·'· IllS- l -
.. • ' 10 -

:-c, , .. m •· .... l 78 ' ·'). 

T] 
'. y. 1. . : . ·, 0.02 

·D,' ' " m o · I· 3.6' · ,. 0 ' ··I 3.6" 

Qx ' '· .. , 2.305 ' . 
Qz. ' ~ j ' .. ~ .• 

.. 2.7:3. ·• 

''"ti~ 
.: . , - - I lO 

V, keV - I I 

'Yinax, mrad· 4 .·· ;10 , .. ; 1, . 4 

lmax, ms 250 I 4o I 250 50 150 I 200 I 40 
! ~ ( ... t '"''. : • ' '. ; '.' • • 

Table 1: Input parameters for Fig-, 2 - 8 .. 

·1s 

~ 
4 

3 
'U 
l1J ... 
E 

o.." 2 
EN 
"' )( 
Cl:) 

1 

-0 
0 

4 

3 

2 
'U 1 
~ 
E_ 0 

• Cl:)"'~1 

:_2 

-3 
-4.. I I I I I I I I I I 

50 · 100. 150 200 250 _ ·0 50. 100 _150 200 250 
t, ms t, ms 

Figure 2: The cooling with, non-neutralized electron beam, D = 0 m. 
(Tcooi)the~r = 63.1586 ms 

I - oampl 
X ' 

2 _ oampl 
z ' 

5 - Os when Os,O > 0 
3 _ oampl 

X , 
4 _ oampl 

z , 6 - Os when Os.o < 0 

4 4 

3 
! 

3 2 
,'U 

'U ro ro 1 .... 
E .... 

0.." 2 E 0 
E"'. 

Cl:)"'-1 "' )( Cl:) 
1 -2 

-3 
o .I I I I II .4: 

0 20 40 0 20 
t, ms t, ms 

Figure 3: The cooling with neutralized electron lwam, D = 3.6 m. 
(rcoodtheor = 63.158(i ms 

I - 6 - see Fig. 2. 
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4 4· 
3 

3 2 
"C 

"C 1 . ca ,._ ~ 
E E_ 0 a. 2 
E "!. CDCl):.1 

i cu)( 

CD 
1 , -2 

-3 
0+·1 J I~~ U I I I I J I -4 

o· 50 100 150 200 250 0 50 100 150-200 250 
t, ms t, ms 

• ( •: • I . ' • , 

Figure 4: The cooling with non-neutralized electron beam, D = 3.6 m. 
( Tcoodtheor = 63 .1586 ms 

1 - 6 - see Fig. 2. 

10 10 
8 

8 6 
"C ' 4 
~ 

"C 

6 ~ 2 --· 
E E 0 a.'- -
~-~ 4 CD.,, -2 
CD -4 

2 ... ..., ~.d. ,-6 
' ·' -8 , I 

0 I I I I I I I\, I I I -10 
0 10-- 20 30 40 50 .o 10 20 30 40 50 

t, ms t, ms 

Figure 5: The cooling of large momentum spread in "sweeping" regime. 
(rcooi)theor = 63:1586 ms 

1 - 6 - see Fig. 2. 
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~ 6 ~ 2 
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E "!. 4 CD.,, -2 "' )( .. · 1-4 CD -4 

2 -6 
-8 

0 -10 
0 30 60 90 120 150 0 30 60 90 120 150 

t, ms t, ms 

Figure 6: The cooling of the same momentum spread as in Fig. 5 without 
"sweeping". 

4 

3 
"C 
~ 
E 

a. - 2 
E "!. "' )( 

CD 
1 

0 
0 40 80 

' ( Tcool)~h~or = 63.1586 'ms 
1 - 6 - see Fig. 2. 

4 
3 
2 

"C 1 
~ 
E_ 0 

CDCl)-1 

. -2 

-3 
-4 

120 160 200 0 40 
t, ms 

80 120 160 200 
t, ms 

Figure 7: The cooling of 'the bunched ion beam with 'non-neutralized 
electron beain. 

(rcool)theor = 63.1586 ms· 
1 - 6 - see Fig. 2. 
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3 

3 2 
"C 

. ~ 1 nJ ..... 
E !~-~ 1111111111111111111111111~ 

5

'

5 
a.- 2 

I E"!. 
OJ )( 

<::I:) 1,3 1 . -2 
-3 P''IT'"'. 

I o I I I I . 1 1 · I .... -4 . . 1 I 
. ~ ' . 

0 20 40 0 20 40 
t, ms t, ms 

Figure 8: The cooling of ~he bunched ion beam with neutralized electron 
beam. · · 

(rcool)~;,eor = 63.1.586 ms· 
1 - 6 - see Fig. 2. 

II (0x,z)0 II Neut~alized electron beam I Non-neutralized eledron beam 11 

1 13.5726 ·. 18.8968 46.2315 . 
2 21.6262°· 48.6643 92.2214 •. 
3 · 38.2604. 103.1526 223. 7412 
4 66.7182 237-.2479 489.7351 -~ ... -,~ .. 
5 .. 114.9679 . .492.7583 .. . 970.2306 

II ·.• 

6 224.1311 950.7242 1795.8905 

Table 2: The dependence of transverse cooling time Tcool on ion beam 
angular spread (u,~ed for F)g. 9). . 
Other parameters are the same as for Fig. 3 and Fig. 4 respectively. In 

the second column the values are given for two_ passes. 
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,J 

1000 

ti)' 

E 
-

· 8 100 
1,..0 

10 
0 1 2 3 4 5 6 7 

0 !;P'(O},_mrad 

Figure 9: The dependence of transverse cooling time 011 ion beam angular 
spread, se<> Table 2. 

I: 1/n = 0 ( space charge presents), 
2: 1/n = 0 (space charge prese11ts), 
3: 1/n = 1 (neutralized electron beam). 

Os,O < O; 
0s,O > O; 

The asymptotic behaviour of these curves is Tcool = Co11st ( O,.,z )~, where 
c:- _ {. 3.2 --;- 3.4 - curves I and 2 
" - 3 - curve ;3 
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