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Introduction

The complicated dependence of electron cooling friction force on para-
meters brings many difficulties at an attempt of analytical calculation of
the cooling process. And the problem becomes practically unresolvable
when one tries to take into account the influence of such very important
effects like particle betatron oscillations, storage ring dispersion, space
charge of the cooling electron beam and electron energy variation. Only
rough estimations can be done in such cases {1, 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 particle 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. The 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 Ze and mass M = Am,, (e -
the electron charge, m, - 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 iz, instead of
dimensional ones X,

Loy = %‘X’()s a = X,z (11)
5
where ). - betatron numbers of the storage ring, R, = C/2m — its

average radius. The transverse components F, of the particle momentum
relate to z, by expressions

P dX
b, = = <. =z, 1.2
) P, ds azhs (1.2)

here s — the coordinate along the particle trajectory, and Fy is the average
value of the particle momentum

Py = 3yMe, 3= —. v =

where vg is the average particle velocity in the particle beam to be cooled,
¢ - the light velocity. Besides.

AP

2
0

0, =

is the relative difference between longitudinal particle momentum P, and
average momentum I, For convenience and uniform, hereinafter one
uses rs = 0 and (J, = 0. Then, the change of the coordinates xq and 0,
(a = x.z.5) from exit of the cooling section to its entrance, after a turn
in the storage ring. is given hy the following matrix eXPression:

€T, Cos, S, T, )
_ ) v ‘ iy v ( 1 3\)
a, —sin i, CosY, 0., _
entrance exit
where
v, o= 2wl

Here one neglects the deviation of betatron phase along the cooling sec-
tion. The exact formula is ¢, = 27Q, (1 —n), v = 1/C, where [
is the cooliug section length. The cooling friction force decreases the
particle momentuin components and does not change coordinates X, of



the particle on each certain pass of the particle through the cooling sec-
tion. Therefore.

(70 ot = 0 Dot e - (On)exic = {00) cerance T+ Fol—'l; (1.1)
where [, 15 a-component of the friction force in laboratory reference
frame (LRF) (sce (2.6) and (2.7) below). This approximate formula is
used instead of exact mtegration 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 computations abso-
lutely unrealistic A special “trick”™ is used to reach necessary precision
of calculations (see itemn 8 in section 2.2).

The next question is how to adapt the friction force formulae. written
for a particle vest frame (PRIE) [2], to LRF where equations (I.1y - (1.4)
are given. The simplest way is the transformation of friction force and
particle momentnm components {rom one reference frame to another one.
Sothe friction forec i PRI is deseribed in 2] by the formulae (1.36).
(1.37).

To find ot the tricnion foree magnitude o each step of integration.
one has to know the particle veloeity components in PRF [2]

Voo el Vi = Jet,,

to usert them in fornnitac cited above. and to transforin the friction force
compounent from PRE 1o LREF

I

A R e FE e = (Fopy

)I,IH-

One needs also to nse well-known relations between average {over a
particle turn) electron density {0,y in PRF and electron current dens-
iy J in LRE:

nJ

ey 3o

Mg =y =

After such a procedure one obtais the formula for friction force in LRI
presented below (see (2.6) and (2.7)).

In presence of RE aceelerating voltage (bunched beam) and cooling
clectron heam the computation of the particle dynamics is performed

with the use of the equations of the particle phase motion. They give the



particle momentum change § P which occurs at radio-frequency cavity

(RFC) crossing:

$p Zeh sy S = sP, ZeVising (1.5)
P, = ——7——. oy = T w— D
’ Fe Py A F2ym,c?

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

(Su} (S])s 1 1
&L= =l = = - 1.6
T =37 (1.6)

where v, is so-called traunsition cnergy factor, which corresponds to the
ring transition energy &, = (i — 1) Amy, et

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 below are written in these units.

2.1 Input

The following parameters are to be introduced (default values are
shown in the rightmost colmn, they are chosen for the casce of **Pb™""
ion beam cooling in LEAR storage ring at CERNY):

lon beam characteristics

(Xy:),. initial coordinates'. cm 0,0

(0,.-.5),- initial angles. mrasl 3,3, 3

Bunched beam No
lon characteristics

£, energy per nucleon. MeV/amu 4.2327

A, atomic mass. amu 208

Z, charge unmber. - 53

(to be continued on the next page)



(continued)

o, initial phase?, rad m
Electron beamn characteristics
I, current. Amp 0.5
a, beam radius. cm 2.5
0., angular spread, mrad 3
B, magnetic field, kG 0.6
1,,, neutralization coefficient, — 0
Hﬁ, initial momentum shift, mrad 0
Sweeping No
Tsweepy SWeePINg time?>, ms 20
Ring characteristics
(', circumference, m 78
1, ratio of cooling section length to C, — 0.02
D, dispersion in cooling section, m 3.6
Q... betatron numbers®, — 2.305, 2.73
Yees transition energy factor?, — 10
V, RF voltage®. keV 1
Result representation
Y ax, Mmaximal result value, mrad 4
tmax, Maximal time, ms 200

2.2 Procedure. Coasting beam

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

1. the relativistic factors:

£ f:[MeV/amu]
= = \ =1 R = —
¢ myc? 938 K +¢ B -

X, =0

2The input is available only if beam is bunched.
3The input is available only if sweeping is on.
1Q,=0.



2. the relative velocity spread of electrons (see [2]) aud the lower limit
of ion parameters 02MP! (see (2.10), (2.11)):

1 1/3
0= =

n
3 mcz ‘

y 1 m
— 1.068 - 10724 %’L [mrad],  Ouin = 0.056); (2.1)
7 a[cm]

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

(' C/v m (;’ m
Ty = 5T 3.333 l()'B—[,—}—] {s), Ry, = - [1n);

e / 2m

4. the constant in the friction force formula:

72
_ / 77( el —18-10- QZ I[Amp] 77( [m]
ds r’ A @ me3 A 355 a,.

[em]

[mrad], (2.2)

where r, - the proton classic radius, mn - electron mass.

To obtain the approximate cooling time, which is widely used for
estimation, the following formula is used (it’s convenient for comparison
with numerical integration results):

( 1347 meia? A ( )3
Te = -
ool Jtheor ()'CT';, 77(‘[ ZZ *0frad)
245 .
o 2;” Y A 3 .

The initial values of dimensionless coordinates are calculated:

Qu )
Lo Ofmrad] — =10 —— [{s[m] X 0cm]? a=1xI,z,8.

To simulate the cooling process occurring in time, on each step on
tims) from 0 to ¢, the following computations are taken place (the time
t is stepped by Tp):

1. The square of the particle distance from the electron beam axis

, & r, 2nD : z, : . .
I yps (<C_2: + —0—05> + (52) ) % 107? [em). (2.4)



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

Sweeping = Yes:

t
oﬁ I - 0 .<_ t S Tsweep
Tsweep
H' = t N (2.1—)
L oh) -2 v Tsweep <t S 27-s»weep
Tsweep
0, otherwise

Sweeping = No
- _ 9o
Oy = Oy

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

2 2
Ay = (1 - ) ‘(I—'L = (1 - 1) ! r [mrad].

I3ymet a? 1733 o?
4. The difference hetween particle velocity and electron one’
0; =0, (0; +60y)

5. The full particle velocity in PREF in units y3¢

0:\°
H = |02+ 02+ (~> :
b

6. The friction force calenlation. One mtroduces

0 = {0,.0..07}.
The friction force F= {Fp, oo B} can be represented as following
(see details in [2] and section 1),
Lj('

= —AT'ﬁ. F o= {F.. F.. Fs}. (2.6)
1

50mne should mention that the worst case corresponds to the cooling of the particle
with 6, < 0. Moreover, ()ﬁ relates to cathode potential shift A/ by formula All =

szyﬂﬁ me?fe



). If the condition 1 > a (see (2.4))
the ion is ont of the electron beam, then the friction force

where A is given by formula (2.2
1s met i.e.

is equal to zero. and values of function F is set to zero. Otherwise

0. .
(2L kL) o ]
( 1+L.\1)()() ) {1}
]:f . (*—) - Z(LL + A\'H,|[‘_,1) 05 -+ lx I/\] )V‘: {”}
0, . 0. .
2L+ Newla) - 0‘ + [,,,\1—5—'"—3. {111}
(2Lp+ ks Ly +2) 55 (n
2sgn 07 (Ly + Neala) (;2
fs( ’) = 0‘

+ (hgLar + -())*9—; {11}
(@T {1, 11}
(2.7)

oI = 11, w . and 11 for 9 are shown in Fig. | which

2{Ly + Newl 4) + L

()”ih

Domains
correspouds to the domain choice defined in [2].

Coulomb logarithms are defined by the formulae

l{ 2</)J_>

Ly =lu———. La=In =ln—.
2<()L> Pr Pmin

Note that if argmment of a logarithm is less than 1. then the logar-

Lp=1n£E

ithm value is set to zero.

— A 2 /2 P [ m NEY A

= e { (‘/I +Vo+ L|l> m’ n, } -
j:;a:sr [ BvarZ

= max {0.()653:’) aby/* [’ , 0.00355\‘/’—1([’——}

is the maximun impact parameter;

LT 10780,

- Larmor radius;

L S0, mc?
e B
9
T VT

B

the intermediate impact parameter;



Zet | L 7 Z
Pmin = — 5 = 2818 - 107
A0+ 0) By (04 00

1s the minimum impact parameter;

€

Na=1+ m

:| - the number of adiabatic collisions®;

2 \°
/ll'—l_;< ). ks:2+ki_
~0

7. The deviation of the particle angular spread after crossing of the
cooling section

No=AF(67). (2.8)

8. Here the “trick”™ mentioned above is used: if for any « the deviation
is large, i.e. [AG,] > 0.05]0,}, then the cooling section is divided
into two equal segments, 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 g
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 Af 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

d P

dt <§*) '

"11

or its form

- = < < )
7 e’ where 0 < 5 < nC,

slows down the program significantly.

5[] stands for the whole part.
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Figure 1: Domains in the velocity space for F (5‘)

6., 0)/y the electron velocity spread in units ~yi3e.

9. The calculation of new particle coordinates after crossing the cooling
section, at its exit:

./ _ ! —_—
o= ra 0 =0, — Ab,.

(3]

10. If the ion beam is not bunched. new values of @ and 6, which arc
used on the next turn at the entrance of the cooling section, can be

found: ‘
o\ COS 1,  SILY, x! (2.9)
6, )\ —sinyg, cosu, 0, |- B

Here 1, = 270,

10



2.3

Procedure. Bunched beam

When one wishes to compute a bunched beam regime, the answer
“Yes' has to be introduced in the line “Bunched beam?” and the program
asks to input parameters oy, Y.,. and V. Afterwards, the program takes

into account phase motion of the particle.
The constant 7, (1.6) is calculated as well as the parameters to be
displayed on the screen.

('\ﬂ e 809 10-%C
Tphase — — = m
phase =\ 2T A [m]

~ the period of small phase oscillations,

If2 vV Z I /2 Vike VA
(05 )sr!paratrn = ,} __(;—2 - _—“’[k,—vl“‘— [mrad]
T 1), YMpC A 3\ 70938y, A

- the separatrix value of momentum spread.
Additional computations are following:

11. The ring is divided into two parts:

12.

13.

(1) the half of the ring from the cooling section exit up to RFC;
(2) the hall of the ring from RFC up to the cooling section en-

trance,

Values . 0, at RF(C (after exit from the cooler) can be obtained
from formula {(2.9) when ¢, = 7(J.,.

The phase shift during the time. when particle travels along the
part (1):

, ' . ™
Al i ot o2y

) —_ . v T ——— — T = P + _—_— -
T 4 v | —n,0, 1073

w — Aw
Note that #, is measured in mrad and the initial value of ¢ o) s

specified as y during the input.

14. The deviation of 0, due to crossing of RFC is given by formula

77, eV ,7 V[keV]

A ety sin ! = 1.066 - 107 3 Ay sin " [mrad)].

60RF( .
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15. The value of 8, after RFC equals
OL{F( — 05 + (;()L{F('.
the other 1., 0, remain unchanged:
REC . HHF(‘ =0
o - [a R}

T, =r,, O =I,2,5

16. The phase shift during the particle travel along the part (2) (the
value is used on the next turn):

A2) D) i
— 1 HRFC 1073

17. The uew values of .. 0., which are used on the next turn at the
entrance of the cooling section can be found:

I, B COS Y, SN Y, acf:LP ¢
A, )\ —smmy, cosy, HSFC ’
where v, = 70).,.

2.4 Output

The magnitudes

g2 = /02 4+ £2 [mrad], gt = /62 + r? [mrad] (2.10)

and 0, in mrad as functions of time {[u) taken at the entrance of the
cooling section are plotted on the screen. The program computes auto-
matically two cooling processes (see section 2.5): the first one with 0s.0.
and another one with —0,.

Additionally the program traces the condition

G2 < Brin (2.11)

and the minimal [, at which the condition is held, is logged as Tcool for
either process.

12



2.5 Usage

The program” is casy to use, but without perfect user-friendly inter-
face, so the basic principles of input and output are discussed here.

To start the program a user should supply a data file name that can
be the name of a new file or the name of an existing file created by the
program past time. This file is used to keep all the parameters and
supplemental information after computation. The command line looks

like
BOSCOOL data_file_name

After initialization (including file reading), the user is in the input
parameter phase. Here, any parameter has a default value (read from
file or kept in the program core) and the user can change the parameter,
putting a new value, or left the parameter unchanged, just pressing the
ENTER key. The programn asks the next parameter and so on.

All the parameters are divided into several groups and the header of
the each group appears first. In the most cases the user can skip the
rest of parameters within the group, pressing the ESC key. Doing so,
the program enters the current parameter (either explicitly typed by the
user or implicitly entered by default), assigns default values to the rest
of parameters in the group and goes to the next group. This fast input
is unavailable when the input file was empty, bad or damaged, and to
ensure that all the numbers are correct user should supply all of them.

After all the parameters are accepted, the program carries out com-
putations stated in the previous sections, and draws curves of 627! and
6, in two passes. The first pass takes initial values X0 and 8,0 as they
are entered during the input, and the second pass just reverses the sign of
8,0. Graphics screen consists of two plots and some useful information.
The first plot contains two curves:

e 6> [mrad] over ¢ [ms], shown in magenta for the first pass, and
shown in green for the second pass;

e 6> [mrad] over t [ms], shown in yellow for the first pass, and
shown in cyan for the second pass.

"The program name BOSCOOL stands for “Betatron OScillations with electron
COOLing”.

13



The second plot contains one curve of 8, [mrad] over ¢ {ms]. The curve is
shown in magenta for the first pass, or in green for the second pass.
The red dashed line drawn on either plot denotes the calculated Tyeor
(2.3). The textual information on the screen shows some input parameters
and other ones calculated from them.
An example of the parameters displayed on the screen is given here:

Z =53, A = 208 — the ion charge Z and atomic mass A
numbers

E = 4.2327 MeV/amu - the energy per nucleon &

I = 0.5000 Amp - the electron beam current /

B = 0.6000 kG - the magnetic field B

Theta_ long = 0.1096 mrad - the relative longitudinal spread of
electron velocities spread 6| (see

(2.1))

Theta_e = 3.0000 mrad - the electron beam angular spread,
O
Thetamin = 0.0055 mrad - the low level of the ion angular

spread, 6,,;,. which fixes the cooling

time (see {2.1) and (2.11))

Tau_theor = 292.4010 ms - the “theoretical” value of cooling
time, (Teool )ge0r S€€ (2'3)

Tau_sweep = 67.0000 ms the sweeping time Tyyeep if sweeping
18 on

Tau_phase = 1.2523 ms - the period of small phase oscilla-

tions, Tphase, If beam is bunched
Th_s_separ = 4.3824 mrad - the separatrix value of momen-
tum spread, (6,)... if beam is

separatrix’
bunched

Tau.cool = 142.3767 ms - the cooling time 7., (see (2.11)) for
the first pass

Tau_cool = 112.4472 ms - the cooling time 7¢,q for the second
pass

To be sure that program works the “propeller” bar is shown on the
right side in the middle of the screen.

During the drawing, the user can terminate calculations by pressing
the ESC key. '

14



When drawing is completed, the additional possibilities appear as to
print the screen contents (the "P* key) and to revert to the parameter
input (the ENTER kev) and then to perform computations with a new set
of parameters again.

The file created (or updated) by the program is a plain text file, which
contains all the iuput parameters specified last time and some calculated
values: Typeor (2.3). Teool (2.11). and others worthless to mention.

2.6 Troubleshooting

Any error/warning condition is signaled by double beep sound, and
the correspondent message (if appropriate).

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

lllegal parameter input can be intercepted prior the computations with
banner message on the graphics screen. In this case you should reenter
parameters or quit the program. But the program is not completely fool-
proven, so any input that can cause the computation to over/underflow
or to divide by 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 locks. try to use the CTRL/BREAK or CTRL/C command.

2.7 Copyright. Comments and suggestions
© An. Lavrentev, Nov 1994, Feb 1995, FLNR JINR, Dubna, RUSSIA
This software can be distributed freely in whole or part. Anyway the
copyright notice must not be changed.
Comments and suggestions are welcomed and should be sent to the au-

thors An. Lavrentev {e-mail: antonisunvas.jinr.dubna.su) or I. Meshkov
(e-mail: meshkovanusun.jinr.dubna.su).

3 Some results of computations

The computation, performed with the described program, demon-
strates the peenliarities of clectron cooling process very well (Fig. 2

15



8 and Table 2). As an example, the cooling of #*Pb™* jons in LEAR
storage ring at CERN is chosen (see Table 1).

3.1 Particle dynamics

The nonlinear character of the cooling (friction) force as a function
of particle velocity (see forinula (2.7)) influences significantly on the be-
haviour of parameters §2"P 2™ and 0, = AP/P 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 clectrons. which have different velocity
due to the beam space charge. Such an effect is taken into account and
neutralization factor 1, let nus to choose different states of the e-beam
neutralization. Comparing Fig. 2 and Fig. 3 one can sec that cooling time
shortens very essentially. when the space charge s neutralized (7, = 1).

The cooling time enlarges even more. if dispersion in cooling section
presents and 7, = 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 differ if angular or equivalent
coordinate amplitudes are chosen as initial parameter values. In other
words, the value 8., is absolutely equivalent to .0 (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 dependence of cooling time on 8y 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 cool fast a particle
beam with large momentum spread. The method, discussed since very
beginning of electron cooling method development (see [1]) but never
tested, is so called sweeping - the variation of electron energy during
cooling process. This method is demonstrated by computations presented
here. The curves “a" (Fig. 5) correspond to the particle with positive
momentum difference 4,5 = 5 mrad. The sweeping time chosen in this
case is equal to 5 ms, and one can see that the decrease of 8, decelerates
at { > Toweep When the electron velocity shift changes its sing (see (2.5)).
The curves “b", which correspond to 8,9 = —5 mrad, demonstrate just
opposite behaviour. If sweeping is off, the cooling process is much slower
(Fig. 6).

Oue should mention that 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 of the 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 n, = 1.

Acknowledgements

The authors thank Dr J.Bosser for his permanent interest to this work
and inspiring discussions.

17



Fig
Parameters 3 l 3 I 3 l 5 l 5 l 7 ‘ 3
Xz0, cm 0
Xz_g, cm 0
0.0, mrad 3
oz,o, mrad 3
0,,0, mra,d 3 l 8 3
Bunched beam No Yes
£, MeV/amu 4.2327
A, amu 208
Z 53
Yo, rad l T |
I, Amp 0.5 J
a, cm 2.5
4., mrad 3
B, kG 06
T o [ 1 ] o 1 [0 [ 1
o, mrad 0 8 0
Sweeping No Yes No
Tsweeps ms - 10 —
C, m 78
7 0.02
D, m| 0 3.6 | 0 [ 3.6
Q- 2.305
Q. T 2.73
Yo — 10
V. T keV o I
r Yiax mrad 4 10 4
Ervax s || 250 | 40 ] 250 | 50 | 150 | 200 | 40 |

Table 1: Input parameters for Fig. 2 - 8.
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Figure 3: The cooling with neutralized electron beam, /) = 3.6 m.

(Tevol ) geor = 63.1586 s

6 sce Fig. 2.
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Figure 4: The cooling with non-neutralized electron heam, [ = 3.6 m.
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Figure 5: The cooling of large momentum spread in
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Figure 6: The cooling of the same momentum spread as in Fig. 5 without

“sweeping’.
(Teool ) ghenr = 03.1986 ms
1 -6 - see Fig. 2.
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Figure 7: The cool

ing of the bunched 1on beamm with non-neutralized
electron beam.

(Teool ) iheyr = 031586 ms
1 -6 — see Fig. 2.
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Figure 91 The dependence of fransverse cooling time on ion beam angular
spread. see Table 2

I 1, = 0 {space charge presents). 00 < O
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Phe asymptotic behaviour of these curves is Teon = Const (8:2)¢- where
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Pacuer HPOUECCH DACKTPOITHOIO DT ICHHE B HAROTTHITCHY
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