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Summary

In the work presented here experimental results on proton
cooling are given. At electron current 600 m4 and proton energy
65 MeV cooling time was 40 ms. The decrement and longitudinal
friction force dependences on parameters of electron and péptun
beams are presented. Possible limitatioms of electron ﬂnuling

efficiency are also discussed.
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The study of elecrton cooling carried out at the Institute
of Nuclear Physics, Novoelbirsk during last five yaafs allowed
to gather a reach experimental materlal and’ substantially advanc-
ed the primary theoretical concepts besed on the model of the
igsotropic and homogeneous electron-ion plasma with the Ha;ﬁﬂllian
distribution over the velncitiesaqu. It was ﬁnd;;;tnud'tha exis-
tence of the ﬂharp'aniaetrape function of electron distribution
over the wvelocities in the beam under electrostatic acceleration
/2.,3/, the role of a strong magnetic field in the installation
with electron beam /4/, the effects of a space charge in electron
cooling /5/.

Corresponding theoretical descriptions based on the detailed

account of microscopic structure of beam pértielaa collisions

. enable one to understand the physicas of certain events when some

effects or parameters are crucial. In practice, we wusually deal
with superposition of a number of effects, so the attempis to

use similar calculationa for descriptions of exparimanfal dats
encounter considerable difficulties because of tﬁa much caleula-
tiong needed, In thia connection, it seems reamsonable to represent
the obtained experimental resulte in the form of empirical formu-
lae which on one hand, should correspond to the main features of

collisions in magnetic field and, on the other hand, should be




gimple and convenisnt enough for practical estimations of va=-
risus characteristies of cooling process.

By now, experimental data are cbtained on-electron cooling
for protons at energies 65, 35 and 1.5 MeV with electron current
within the range 500-2 mA. The experimental method was described
in references /2,3,5/.

1. Effigiuner of proton electron collisione at cooling essen-
timlly depends on electron beam density and on the difference
in the proton and electron velocities, When analysing the latter
dependence one should differ longitudinal velocity of Larmor ro-
tation of electrons in accompanying longitudinal magnetic field
(in the installation with electron beam /2/) from the difference
of the proten and electron average velocities ,5%—:%-(%) 3
Exnyul { ) denotes an operation of averaging over the Larmor
rotation.

The difference in transverse average velocities AV in experi-
:iqit# wde introduced by the shock excitation of betatron oscil-
_lations or by variqtiun of the angle between electron and proton
veams ( aUp or AUz ) /7/.

A1l the datas obtaind4d for the decrement of betatron oscilla-
tions over the whole energy range can be combined with the common
dependence (Fig.1):
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In thess measurements .ﬂbi was within the range ,ﬂb&#ﬂ?}if{!{_
In addition, 1"‘,'_ did not change at energy variation. ﬁt normal

conditions the valuaﬂis determined by the velocity spread on the
. i-l-l!otrnn gpn cathode. Application field for this dependence are
discussed in p.5 in more detail. '

2. Decrement J falle down rapidly with an increase in
the electron longitudinal velocity spread AU;; (Fig.2), this
decrease being already commenced at AU} o 19-4 Uz« b; is
an average velocity of protons and elecetrons) which substantial-
1y lese than the difference in longitudinal velocities d?); =
4.10'4 U, at which the measurements were performed.

Electron longitudinal velocity spread was excited in these
experiments with an energy modulation for electroms with fregquen=-
cy ff.-: 200 Hz >>A .

3, When measuring dependence of the decrement Jl on the
velocity of Larmor rotation the value 'UE was controlled by
constant voltage applied to the short plates with lemgth of
1/4-th period of electroniLarmor helix/é/.Results of measurements
are given in Fig.3 as the dependence _Aala;.'z on the Larmor .
circle radius .fi- . This form is convenient for comparison of
results at energies 65 MeV and 1.5 MeV, as, in this case, it is
excluded a trivial contribution of velocity dependence a Z?;’
which is introduced,as mentioned above, while measuring decrement.

4. Damping rate for the energy apread is determined by lon-
gitudinal friction force ;E; . Its dependence on relative velo-
cities of beams and.Larmmr velocities of electrons was measured
at an energy 65 MeV (Fig.4,5). Like decrement, F.-r depends
weakly on the velocity of Larmor rotation ZIE . Nevertheless,
qﬂlika decrement ,2 ; ;i approximately equally depends on
difference in both the longitudinal and transverse velocities.

5. Experimental data described in points 1-4 can be!cambin-

ed with two empirical formulae:
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where #:, ig electron density in the particle system; ‘? is

a fraction of the proton orbit occipied by cooling scction; ol -
is & Tactor which takes into asccount the distortion of force lince
of longitudinal magnetic field (in the experiments at proton ener-

gy 65 MeV we had g{,:::4-1{}“4]; ¥p,fe e&re classical radii of »

’
proton and electron respeétively; C

ias the velocity of light.
Let us emphasize that empirical formulae (1) and (2) given
above are experimentally proved only in the range of parameter
ﬁl‘u&a which was studied in the experiments on WAP-M installation.
So, the velocity spread and electron beam density were limited
by the range of values given below:
. 10° em/sec ddv;{ ?-195 cm/sec
4'105 cmfesec < A h-{ E'?DT em/sec
4:10" cm/sec < AUz < 10°
107 1/em® < mL < 4.8.10°

cm/gec
1fcm3
Extrapolation of these formulae to the extended range of
parameter velues should be done with some care. Agreement of
(1) and (2) with experimental results is no less than 20% in
the mentioned range of parameter values.
For relative velocities .al‘j_ in the region n(fz);{db_zc 3‘1 —
decrement iz proportiomal to {d ?’EEZ'E)-! . This result is
principally different from the concepts which did not take imto

account an effect of longitudinal magnetic field where .2 is

il
proportional to 2{ 71,7/« In experiments on WAP-M, magnetic

field of the installation with electron beam is _1E|'3 G—,s‘ . BO,
at an energy 35 keV at the electron section of 1 m length ome can
put about 25 periods of Lermor helix. :

The fact that experimental data are described with formulae
(1,2) apparently proves the strong effect of longitudinal mag-
netic field on the transition processes in particle collisions
/4/. This effect is characterized by the number of Larmor cycles
S2, T during collision time T. If £2,T<<{ , an effect of mag-
netic field is negligibly small and it is hard to expect that
formulae (1) and (2) will remain valid. Maximum collision time T
may be determined sither by the path time through collision sec-
tinné'or by the time necessary for establishing Debsy shielding
?_~%-f' where tﬁ-"f ie a plasma oscillation frequency of el-
ectrons. With incresse in density ﬂ; frequency ﬁffp increases
and relation Qb/ﬁpdeﬂruaﬂes that can also viclate the validity
of (1) and (2).

6. Natural wish to intenaii_’:,f electron cooling effect with
increasing density of electron beam is limited by electron space
charge uffects. T™wo of these effects are most essential:

1) Potential reduction inside electron beam /2/ leads to
appearance of transverse gradient of lomgitudinal electron ve-
locities zr';/ 7 . Por the stability of longitudinal motion
of protons it is necessary that /7/
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where ﬁgy is the value of dispersion function of storage ring
at cooling section, A?a is an average radius of proton orbit,

)f is displacement of & proion beam with respect to slectron
beam axis. This limit for electron density can be decreased in
geveral ways:

- by decressing FVJ (in special structures one can have
¥=0),

= by Iintroducing &t cooling section the transverse elactrof
statio filelds of quadrupole type which compensate for radial com-
ponent of a field of electron space charge and corfasponding com-
ponent af%;iﬁ%%‘;

= by neutrelization of the electron space charge with ions.
Only the latter method was studied experimentally.

2) Space charge of electrons effects by its fields on protons
like axisl lens, which leads to perturbaticn in focusing system
of storage ring. Correspondingly, an admissible shift of beta-
tron oscillation frequencies determines the limit in el-

ectron density: D ) .
Y g‘ _
Ire < e (4)

where £ =¥; /¢, ¥ = (747 £ Tt b et R 1o
space inhomogeneoue electron beam when admissible value dp‘.
is given by.a distance to the nearest resonance and by nonlineari-
ty ’39/‘6'a.z which determines the shift of betatron oscilla-
tion frequencies on the size of electron beam é:i .

'Of course, the reaching of electron beam space charge
itself is conmected, in its twm, with ecme difficulties which
were studied in detail in /8/. it

T« Neutralization of electron beam space charge was studied

in view of enhancement of electron cooling process, In the ex-
perimenis described the compensation achieved by applying positive
potential to the cut circular pick-up electrodes encireling el-
ectron beam at the input and output of cooling section. In this
case, though, in electrostatic_pluge the electroms and negative
ione are stacked which resulted in generation of strong oscilla-~
tlons of potential causing tha'iﬂn drop from electron beam. For
obtaining stable compensation, the plugs required to be cleaned
by tranaverse electric field, To this end, potential was applied
to the half-ringe of pick-up electrodes. Compensation level of
the electron beam was measured using effect of variation of the
average energy of protons /2/: if electron energy is varied (po-
tential of electron gun cathode M ) proton velocity (under
cooling effect) is tuned to velocity of electrons and proton
beam orbit shrinks or expanded, the beam is shifted in radial
direction., Similarly, at compensation for space charge of elec-
trons: potentlal inside electron beam and, correspondingly, elec-
tron energy increases., In the axi:rarimanta, the depaﬁdeme was re-.
moved between locking potential of plugs (/ end the cathode po-
tential variation A4 D:- '#hen equilibrium orbit does not expand
{proton beam maintginu its position). At electron current 300 mA
(proton energy 65 MeV) compensation commenced when potential (/
achieved the value +450 V (Pig.6), frem this very Qannnt the pro-
ton beam did not change its position with increase in locking po-
tential, .

While cooling protons with compensated electron beam the
proton beam sise variatien are observed which accompanied with
partisl drop of iems from electron beam. A elight excitation of




the ion oeclllations by tranaverse slectric field with frequency
of an order of * MHz cencelled this instebility. In this case,
demping decrements were in coincidence with those measured in
the abmence of compemsation. It is worth mentioning that during
compensstion for space charge by ioms it is imposeible to com-
pensate simultaneously for electric and magnetic fields of elec-
tron beam especially for relativistic energies. In addition, in
this method of compensation some additional efforts are required
for emsuring collective stability of heavy particle beam in the
preseénce of ions and electrons.

8. Bmpirical formulae (1) and (2) are, in fact, expressed

through parameters of beams in an accompanying system. Therefore,

experimental data described by these formulae can be also used
for other energies if the beam parameters in an accompanying sys-
tem are within the region experimentally studied.

Bffects of electrons on the proton motion stability in a
gtorage ring is convenient to be characterized by frequency
shift AYs . As experiments have shown, ultimate eleciron current
at energy 1.5 MeV was 2 mA and at energy 65 MeV - 600 mi which
corresponds approximately the same value 49 f=s 10"2 at anﬂ.‘iﬁ.
§! ~ 1,35,

In thie comnection, it is useful to rewrite relations (1,2)
through an admissible value of betatron oscillation ahlft 'ﬂig g
Using symbole accepted earlier: '

é;-dpal‘./é,ﬂ’ Q’dpﬂ/ﬁ,ﬂ’ QFPJ_,/P;; (5)

taking into account transformation into 1ahcrnto:§ system one
can have from (1,2) the following:
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where A 18 s proton mass.
From (7) write the expression for damping time of energy

gpread:

=
f“;i: fzf;c:?:}’éa : o

3B ATRIG, [ 6.6,/ (B ) O O
This formula givea the upper estimation of 2- , a8 force F,
increases in the process of cooling.

Relations (6)=(8) allow extrapolation of experimental data
obtained in the work presented here into the region of high
energies and élsn to answer to the gueetion of cooling efficiency
dependence of particle emargy. Note also that Larmor velocity of
electrons is mainly determined by s constant spread of thermal

velocities of electrons on cathmin": so that during acceleration
67;_ falle down a8 f}?i with increase in energy. Therefore,
if velocity difference /5?)'/ is emsll compared hl{(ﬂ,}ﬂﬂﬂ)
(whieh is, in particular, realized on NAP-M), cooling time for
betatron osclllations [.;'[-‘ rises with energy only as 3/ but
gcooling time for energy apread is net changed., Bo, iu the experi-
ments on NAP-¥ damping decrements obtained are about the same

for energies 1.5 MeV and 65 MeV with equal angles 9 -
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Damping decrement of transverse oscillations (j) as a

function of relative velocity of protons and electrons at
various proton energies. Relative trﬁnaverse velocity was
created by excitation of betatron oscillations of protons

(d‘b}) either by bending electron beam with respect to

proton trajectory 53"& ( ne - density of electromns).
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Pig.2 Damping decrement of transverse oscillations of protons
as a function of modulation amplitude of electron longitud-

inal velocities (electron current 300 mi, proton enecrgy

65 MeV).
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PFig.3 Effect of Larmor rotation of electrons on the wvalue of
damping decrement of tranaverse oscillations (current

valuea are the same as given in Fig.1).

Fig-q'

Longitudinal friction force dependence on proton veloclity
detuning from average veloclity of electrons (;j) at va-
rious relative transverse vqloni{-ies{ﬂlﬁ/lr;). Electron

current is 300 mA, proton energy is 65 MeV).
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Plg.5 Longitudinal friction force dependence on detuning lon-
gitudinal velocitiea 42{,} , transverse velocities ,dl‘}_

and velocity of Lermor rotation ﬁ?}l (electron current

is 300 mA, proton emergy is 65 MeV).
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Fig.6 The gun potential variation as a funetion of locking

potential.




