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I, Introduction

The main purpose of electron cooling
/1/ studies carried out at the Novosibirsk
Inetitute of Nuclear Physics during last
years has been to clear up the possibiliti-
eg of further increasing the efficiency of
thig method. The use of the previously dis-
covered effect of fagt electron cooling
/2,3/ mekes it possible to substantially
improve the parameters of the beams of hea-
vy particles in storage rings and offers
new possibilities in setting up the experi-
ments in nuclear and elementary particle
physics. It is the specific properties of
magnetized electron beam accelerated in an
electrostatic device (gun) that are respon-
gible for the existence of this effect.
Upon such an acceleration the spread of
longitudinal velocities of electrons in an
accompanying system becomes much less than
the spread of transverse velocities and the
longitudinal magnetic field of a device
with electron beam results in the fact that
heavy particles interact with "Larmor circ-
les" having no transverse velocities. In
Principle, the cooling in this case can
proceed untill a temperature determined by
the spread of longitudinal velocities of
electrons and by the wavities of magnetic
field. Por instence, in the experiments at
NAP-M /2/ the proton beam was cooled down
a few Kelwin degrees. The cooling time for
the protong with low transverse velocities
achieved 50 ms (proton energy 65 MeV).

The experimental and theoretical stu-~
dies on the fast electron cooling /2,3/ ha-
ve shown that the smallness of the longitu~
dinal velocities spread of electrons plays
an important role in the kinetics of coo-
ling. Its increase can be cauged mostly by
the action of two factors: intrabeam scat~
tering of cooling electrons and the influw
ence of the field of electron beam space
charge. The firsgt leads to energy transfer
from the transverse degrees of freedom to
the longitudinal one and as a result the
igotropic Maxwellian distribution over ve-
locities is established in the electron
beam at a large enough length, i.e. the
besm is thermalized. The second causes the
dependence of longitudinal electron veloci-
ties on the ftransverse coordinates. Both
these effects are dependent on the elect-
ron beam intensity and, hence, they can re-
duce the efficiency of the method by incre-
aging the time of cooling and raising the
temperature of the cooled beam.

Conditions which are specific for
electron cooling are making non-trivial the
guegtion on conservation of a low enough
longitudinal temperature of electrons.
Magnetization of the transverse motion of
electrons decreaseg the energy transfer
from the transverse degrees of freedom to
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the longitudinal one /3/. Complexity of an
accurate theoretical analysis of this pheno-
menon has required its experimental examing-
tion /4/. The space charge field of electron
beam, also increases the effective longitu~-
dinal temperature of electrons, can be dec—
reased substantially, with compensation of
the charge of electron beam by ions. The
high vacuum conditions in the device and the
uge of an effective collector for electron
energy recovering permit one to achieve the
necessary compensation with conservation of
collective beam stability.

The present report is & review of the
studies on relevant problems.

2., A study of thermalization proceggeg in
electron beam

Theoretical conceptions on the therma-
lization processes in a magnetized electron
beam sre the following. The electron beam
in & strong enough magnetic field is a ges
of Larmor circles propagating along the
force lines of the field; the gizes of circ-
les Z, can attain or be much legs than the
ohara%}eristic digtances between electrons
~ 22”2 (where » ig beam density in the
regt frame gystem). In this case, long ran-
ge collisiong of particles proceed adiaba-
tically slow with regpect to Tarmor osgcilla-
tiong of transverse velocities and cannot
lead to transferring the thermal energy
from the transverse motion to the longitu~
dinal one. The close~range colligions with
violation of the interaction adiabaticity
turn out to be impossible for the overwhel~
ming majority of electrons because of the
longitudinal repulsion of circies. A detai-~
led analysis shows that the rate of trans-
versely-longitudinal exchange is strongly
guppressed over parameter:
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The quantity(eg/”lv ZL) ﬂ’(zl-z /ez) is a

typical potential barrier of the Coulomb
interaction hetween Larmor rings. With

§ << 41 the rate of transversely-longitudi-
nal relaxation becomes independent on longi-
tudinal temperature and magnetic field, and
ig described by the usual clagsical formula
of plasma theory.

The process of thermalization of a
magnetized beam, after its acceleration,
comprises two stages, In the first stage, s
fast maxwellization of the longitudinal
gpread of Velqpities of Larmor circles with
temperature 7, occurs on account of the
longitudinal shifts (during for a time of




the order of the Langmuir period). The tem-
perature 7, is determined by two compe-
ting factors: residual thermal spread

AZn T /W (W is a kinetic energy in
the laboratory system) and the spread occu~
ring because of the spatial fluctuations of
tpe ener%y of Coulomb interactions, Larmor
circles (mav?a en?3at g, &n"%. In
realigtic situations the contribution of
this fluctuational part, as a rule, to be
dominant due to the smallness of the para-
meter 7l/®v %),

A further trangversely-longitudinal
thermalization starting at the entrance of
the drift section gf 8 beam with longitudi-
nel temperature 7,° lasts during a large
number of Langmulr periods. And when the
initial value of parameter § turns out to
be large thermalization is suppressed by
freezing influence of magnetic field. As a
result, a low temperature 7, can be kept

throughout the length of the cooling secti-

Olle

In'principle, there is a possibility
tqzogﬁaln longitudinal temperatures below
e*n”3 by acceleration of the beam adiaba-
t%cally slowly with respect to plasma os-
cillations. High value of the beam current
can be obtained by preacceleration in the
e}ectrog gun operating in the space charge
limit (°/2 low) and additional adiabatic
acceleration.

With the existence of substantial
trangversal gradients of longitudinal velo-
cities of electrons in the beam (e.g., as a
consequence of the space charge) one has to
take into account the possibility of non-
~adiabatic collisions of the Larmor circ-
les, travelling along the "neighbouring"
force lines, which are accompanied by a
transfer of the transverse energy to the
longitudinal one. In this case, the role of
effective longitudinal temperature in the
expresgion for parameter S is played by
the quantity 2

A
~ —t Q
(7, )eﬁ pz )

The impact of collisional processes in
beam thermalization is dominative if the
collective gtability of its stationary sta-
te ig provided. Apparently, this condition
can be violated with a decrease of the mag-
netic field down to a magnitude such that
the Larmor freguency J) becomes lower than
the Langmuir electron frequency «, . This
can take place, first of all, in %he near=
-cathode region of the gun in the (3/2) re-
gime of space charge current limitation as
a result of a high density of the beam. Ac~
tually, the condition > W, is satisfied
at comparatively readily attainable values
of magnetic fields, even near cathode.

*

? At this stage comprising the accelera-
tion section in the gun, the contribution
of transversaly-longitudinal exchange is
negligibly small as compared to that of the
spatisl fluctuations, according to the hie-
rarchy of plasma times,
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Thermalization studies experiments have
been performed at an electron cooling device
/4/ in which the electron beam produced with
s three-e¢lectrode gun was transported in a
longitudinal magnetic field (with H up 4o
104 kG). Having passed the three-meter drift
gection, the beam arrived at an analyser.
The intensity of longitudinal magnetic fleld
in the gun region ranged within 0.5 # 4.5 kG
with an additional short solenoid. The vari-
ation of longitudinal magnetic field from
gun region to the drift section was adiabati-
cally slowly. At the analyser entrance the
beam hit & collimating diaphragm with a cen-
tral hole of 0.1 mm in diameter. The colli-
mated beam was decelerated by an analysing
diaphragm of potential {/ and arrived at a
collector, where the current was measured.
The differential energy spectrum dl..pu/dU
and its widtha4 J were calculated according
to the measured integral spectrum. The expe-
riments have been carried out at a low elect~-
ron energy to prevent heating the anslyser
by an electron besam.

Fig. 1 demonstrates the differential
gpectra for electron current Ie = 2.4 mA,
electron energy W = 400 eV at various valu~-
es of the magnetic field in the gun., A strong
influence of the latter on the thermalizati-
on process is clearly observed. In Fig. 2
the energy spread of electrons as a function
of current at various magnetic fields and
beam energies is plotted. Cuwrve (1) shows
the calculated enlargement of energy spread
without magnetic field. The Figure clearly
demonstrates the suppression of relaxation
with increasing of the magnetic fields on
the drift section and especially in the gun.
One should note, that the relaxation is sup-
pressed with increaging of the electron
energy (curve 5 in Fig, 2).

Thus, a magnetic field leads to suppres-
gion of the transverse~longltudinal heat
exchange, that is in qualitative agreement
with theoretical conceptions.

3, Space charge compensation

Equilibrium concentration of ions in
the cooling section ig determined by the
balance of their production and loss. In our
case, the ion losses along the electron beam
were prevented by crestion of electrostatic
mirrors at the ends of the compensation sec-
tion. These mirrors "draw off" gimultaneous-
ly the ionization electrons by a special
tranasverse electric field, as described in
Ref. /2/. As a result of the storing of ions
in the beam, overcompensation occurs and the
ions begin go out of trap towards the transg-
verse direction. However, the longitudinal
magnetic field hinders the transverse motion
of ions and they execute only the drift mo-
tion with spiralling along the drift trajec-
tory with radius &l ’

E 2
= - M (1
8=
( M is the ion mass).

In the electron cooling device, typical
is a situation when




gz_ << a (2)

@ is the electron beam radius. Under the-
ge conditions the ion current to the vacuum
chamber walls can be caused only by non-sdi-
abatic collisions of ions with azimutally-
-nongymmetric fields in the region of mir-
rorg, these mirrorg changing the position of
the centres of Larmor circles of ion. The
non-adiabaticity of such colligions is asso-
ciated with the fact that a thickness of
the layer dividing the compensated sections
of the electron beam in the mirror region,

isfgﬁn%hﬁ_axdﬁg of the Debye radius of ions,
MU/ yirned << U /) (where ¥ is the
thermal velocity, /2 is the density, /2 is
the Larmor frequency of ions, the ions are
regarded as the single-charged ones). The
systematic flux of ions is connected with
losses of the drift velocity of a particle
upon collision with the mirror: after such
8 collision the ion beging, as if again, its
motion in the field £ , shifting along the
radius, in average, by & magnitude of the
order @ from (2).

The equllibrium concentration of ions
can be calculated by equalizing the rate of
production and the losses corresponding to
the mechanism described above. For an elect-
ron beam of redius @ and density #, ,
congtant in its cross section, the stationa~
ry digtribution of ions ig of the form

n 2

e 2o -

2 * (‘f)+ A”o ://Z(,'(); t<a
n. =

¢ (3)
.
‘o > a,

where \/1 * %0(% w”l)

2
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Har ig the density of residual gas atoms,
S 1g the ionization crosg gection, U

is the electron velocity, / is the length
of the compengation section.

(4)

As is seen from (3), the ion density
ingide the beam is close to the electron
dengity if A << /,, that was true in our
cagse., Therefore, the field inside the beam
1s much lower thaen that outside the beam,
which ig created by the outgoing ions. The
Potential difference between the chamber
walls and the beam (under conditions 4 << /2,
and & << R, AR 1is the chamber radius) can
be written down as follows:

a4 (= 27e Wa»?:ﬁ

R 4

where IL' =€ alf,6Y Nar i the current
of ions produced at the compensation secti~
on. Correspondence of thig model to the

experiment is demonstrated in Fig. 3 which
lists the data at various electron energies
(W = 35 keV, W = 550 eV) and compensation
section lengths. The direct line is plotted

2e ], ﬁ/_z
v pMeB)
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according to formula (5) for the following
parameters: ilon temperature 300 K°,

M = 14 amu, H = 1000 Gs, R = 3.5 cm. A
change of the magnetic field was accompanied
by a change in the beam potential in accor-
dance with expression (5§,

Knowing the electric fields at the beanm
radius, one can using distribution (3) rew-
rite the condition (2) in the form which ma-
kes it possible to evaluate the conditions
for applicability of these celculationss

-7 /
g, = (r oy ) > =
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Ag 1t ig seen, the above condition has a gim-
ple physical meaning: during compensation
period the ion must undergo many collisions
with the electrostatic mirrors. With impro-
ving the vacuum, thls condition ig satisfied
better and better. However, as the time of
pregence of the ions in the beam incresses,
their heating by the electrons in the beam
and their diffusion become both the much and
much gignificant, that worsens the degree of
com%%nsation at a presgsure lower than

107 Torr, as a result.

The potentlal difference at the edge
and the centre of the beam characterizing
the quality of the compensation can be writ-
gen, for the iom distribution (3), as fol-

ows:

2/, 2%
4 U= 2llar v o etH” (6)
4 v Mct

Estimation of 4 (/ gor a device of length
[, =3 my, H = 107 Gg, T, = 300 K°,

W = 35 keV, M = 14 amu, P = 1072 Torr,
a 1 om, gives A ¢/ = 0.003 eV, that is
much leas than the energy spread determined

by the cathode temperature.

on

An ultimate current of the compensated
beam can be determined by oneself the deve-
lopment in the beam of collective instabili-
tieg., This question hasg been previously dis~
cussged both in a variety of theoretical and
experimental works /6,7/. Foremore, as hasg
been egtablished, in these papers the exci-
tation of axial-nongymmetric oscillations.
for which the threghold current density /44
decreases inversely proportional to the beam

length £ is most dangerous for long beams:
2
, _ «z/é /L/
Jen = P (7
£LC

In the electron cooling devices the compen-
sation conditions possges a number of gpeci-
fic features which impel to perform an expe-
rimental study of the stability of collecti-
ve oscillations.

The dispersion properties of compensa-
ted beam hag been studied by measuring the
propagation of waves excited by external
electrodes. Using the pick-up electrodes lo~
cated along the beam, one can measure the
wave amplitude and phasge at different dis-
tances from the exciltation point with a
synchronous detector separating the cosine
and gine parts of besm oscillations.

Pig. 4 shows the signalg of longitudi-




nal ogecllletions measured at a distance of
142,3 m from the excitation point. A sirong
damping of waves (by a factor of 20 at a
three-meter distance) turned out to be un~
expected. A gimilar damping was revesled in
trangverse oscillations as well. The speci-
fic feature of this demping was ite depen-
dence on amplitude: the waves with a larger
amplitude were damped much less.

Under the conditions which sre typical
for electron cooling the self-excitation of
axial-nongymmetric oscillations was not ob=-
gerved up to maximally attainable, for a
given device, current dengities both at_.a
high and low epergy of the bgam: 3 A/cm@ at
W = 35 keV (dexr =,0.46 A/cm®) end 1.3 A/ cnP
at W = 550 eV (4, = 8.3 mA/cm=), A sub-
stantial exceeding of the current densities
ag compared to the calculated thresholds
made us to study the influence of the com-
pensation conditions on the stability of
oscillations. One could initiate the insta~
bility by:

1e a gtrong excitation of oscillations in
the ion column (decreasing the discovered
wave demping). When approaching the speed
of coherent ion motion to the thermal moti-~
on of iong the gpontaneous burgts of the
oscillations of the ion column appear;

2. by a deterioretion in vacuum of the
device. Fig. 5 ghows that at a vacuum worse
than 2 10™° Torr the transverse oscillati-
ons are excited in the beam;

3. by an decrease of the capture efficien-
cy of electrons into the losses of the cur-
rent collector from the collector. As shown
in Pig. 6, with a decrease of the potential
barrier in the collector and with an incre-
ase of the current of reflected electrons
in the beam, the oscillations arouse in the
beam. In these experiments +the collector
wag used which wag based on a joint opera~
tion of the electrostatic and magnetic
traps. This collector captured both the
slow electrons of gecondary emission and
the reflected electrons. The replacement of
this collector by a plate with a locking
grid led to the fact that the oscillations
occured at threshold currents close to the
calculated ones (7).

The nature of the discovered wave dam-
ping is not clear enough. However, the re-
vealed stability of ions enables one to
produce fairly long compensated beams with
density necessary for highly effective
electron cooling.

4., Conclusion

The main result of the performed stu-
dieg is the conclusion on the possibility
of conservation a small spread of longitu-
dinal velocities in the electron beam at
large enough intensities and considerable
elongation of the cooling section. The mag-
netic field which accompanies the electron
beam hinders energy transfer from the trang-
Verse degreesg of freedom to the longitudi-
nal one which hag a very low temperature
because of electrostatic acceleration. The
gradient of longitudinal velocities over

Mig. 3.

Fig. 4.

the electron beam cross section, which is due
to its electric field, is removed by compen-
gation of the space charge of the electiron
beam by ions. Under the conditions inherent
in the electron cooling the compensated by
remainsg stable at high intensities.

The smallness of longitudinal temperatu-
re of electrons can be used for rapid cooling
of the beams of heavy particles down to very
low temperatures at sufficient straightness
of magnetic field and exact coincidence of
mean velocities of particles.
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The dependence of dIcoge//U on the
voltage ¢ on the analysing diaph-
ragm with different values of magne-
tic fleld: 1 - magnetic field is
Hp, = 1.4 kGs in the drift region and
Hy = 0.6 kGs in the gun region, the
Fectrun width is AU = 4.3 oV;
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Pig. 1.
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//:/‘3: 1 kGs, aU = 3.1 &V;

H, £ 1 kGg, H, = 3.4 kG, aU =
3 eV. The heafn current [, =

4 mA, the energy of electrons
W = 400 eV,

The dependence of the spectrum width-
~ 4U on beam and device parameters:
1 = calculation neglecting the inf-
luence of the magnetic fleld,
= 400 eVy 2 - H, = 1 kGg, Hy =
1kGs; 3 - H = 1.4 kGs, f/:? =
1o4 kGs; 4 - H, = 1,2 kas! A/,
3.25 kGa; 5 - H, = 1 kGs, /(, &
3.2 kGs, W = 1200 eV,
The dependence of the potential for
compensated beam ions current

(¢) =550eV L =300cm; 4 -
-~ 35 keV, [ = 100 cm.

Spectra of longitudinal oscillations
of ions at different distances from
the excitation point: 1 - the distan-
¢e from excitation 1 m; 2 -~ 2 m, 3 -
=3 m. H, = 1 kGs, W = 550 eV,

Io” =25 ma, &= 0.1 cnm.
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Fig., 5. The influence of wvacuum conditions
on the spectra of spontaneous tran-
sversal oscillations for the com-
pensaied electron beam: 1 - P =
= 10~1 Togr; 2 = 4.8:10-8 Torr; 3 =

- 2,6¢107° Torr; 4 = 61077 Torw, N 3
H, = 1 kGas, W = 550 eV, I, = 22 mh.
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Pig. 6. The influence of the collection T
efficlency on spectra of spontane-
ous transversal oscillations for
the compensated beam: 1 - the cur-
rent of reflected electrons [ esf =
= 33 w Ay Uppee = 600 V, 2 = 280sh, 0
3d0 V. H, = 1 kes, W = 400 eV, ] 50 , 100
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