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Electron cooling, which has now become a conventional tool in accelerator technology, makes it
possible to form intense, dense beams with low emittance and small particle momentum

spread in storage rings for heavy charged particles. Nine such storage rings, referred to as coolers,
are presently operating in laboratories in Europe, the United States, and Japan; one of these

is an antiproton storage ring, and the other eight are ion rings. These have greatly expanded the
experimental possibilities in the study of elementary-particle and nuclear physics. This

review is devoted to the current status of the electron cooling method and its applications. Special
attention is given to the description and analysis of the results of experiments on the cooling

of multiply charged ions which have been performed recently. The physics of the method is
described in order to systematize the existing physical ideas, and to facilitate acquaintance

with the subject for those unfamiliar with it. © 1994 American Institute of Physics.

I. INTRODUCTION

The method of electron cooling has been under develop-
ment for almost thirty years, beginning from the first idea of
Budker,! based on the model of a two-component electron—
ion plasma, and leading to the now very rich physics of
collisions in a magnetized electron beam with a “flattened”
electron velocity distribution. The method allows an effec-
tive friction to be created in a beam of charged particles
which decreases the three-dimensional phase space: the emit-
tance of the beam and the energy spread of the beam par-
ticles. As a result, a dense and cold beam of heavy charged
particles is formed.

The idea of Budker arose in the course of seeking a way
of increasing the density and, accordingly, the luminosity of
colliding proton—proton beams. Later (owing to a suggestion
of Skrinskil) it was realized that the storage of antiprotons
and the realization of colliding pp beams were possible.>

In contrast to “radiation cooling,”” where the phase space
of the beam is reduced owing to losses of the particle energy
to radiation, in electron cooling an extraneous energy ‘“ab-
sorber” is introduced into the beam.

It is possible in principle to use as this absorber atomic
electrons and, accordingly, ionization losses as the friction
mechanism. Unfortunately, nature has not been so generous:
ionization friction® does not work for baryons, because par-
ticle losses in strong interactions with the nuclei of the ab-
sorber material sharply limit the lifetime of the beam.!) Nev-
ertheless, ionization friction is today viewed as a method of
practical interest for cooling heavy lepton beams (muon
cooling; see the articles in Ref. 4).

The idea of Budker had two remarkable features: first,
free elecrons (an ‘“electron gas”) are used as the absorber,
and, second, the average velocity of these electrons coincides
with the average velocity of the cooled particles.?) This ulti-
mately led to the idea of “intersecting” (not colliding head-
on, but while passing each other) beams—a cooled particle
beam and a cooling electron beam. It was necessary to be
rather bold (if not impudent!) to attempt to realize this idea.

Electron cooling was first realized in 1974 in experi-

631 Phys. Part. Nucl. 25 (6), November—December 1994

1063-7796/94/060631-31$10.00

ments on cooling a beam of protons of energy 68 MeV at the
NAP-M storage ring at the Nuclear Physics Institute (NPI) in
Novosibirsk.’

Fortunately, electron cooling was successful from the
very beginning: the scheme with transport of the electron
beam in a longitudinal magnetic field chosen for the first
cooling system®’ proved to be very effective. Moreover, it
made it possible to form an intense electron beam with small
angular spread and extremely low electron losses, because it
turned out that in cooling by “magnetized” electrons the rate
and depth of cooling are increased sharply. This effect was
discovered experimentally,® and research into it, begun in the
late 1970s,>>!° continues to this day and gives more and
more new information about the nature of charged-particle
beams.

The history of the discovery of this effect is curious and
quite instructive. The first experiments® gave good agree-
ment with the predictions of the pioneering work of Budker.!
In the next series of studies, carried out after the stability of
the electron energy and the uniformity of the magnetic field
had been improved, a cooling time lower by an order of
magnitude was obtained.® This discovery provided the impe-
tus to the development of ideas about the structure of the
electron beam (the “flattened” distribution, electron relax-
ation effects, and so on; see Sec. 4 below) and its effect on
the efficiency of electron cooling (Secs. 1.3 and 1.4).

In the late 1970s and early 1980s electron cooling of
protons was successfully demonstrated at CERN'! and at
Fermilab.'> The method was developed further up to the
mid-1980s. Then the first experiments were performed to
study deeply cooled beams, and the effects of the ordering of
the particle locations along the longitudinal degree of free-
dom were discovered.'® These studies initiated a new direc-
tion in beam physics: “crystalline beams” (Ref. 14), which
continues to be an active area today.

Nevertheless, until the mid-1980s, in spite of the many
promising suggestions (see Refs. 9 and 15, for example),
electron cooling did not find any real practical applications.
Its opponents were even inclined to consider the method as
no more than a pretty “game” with no practical use. This
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was underlined in particular by the great advances attained at
CERN using the method of stochastic cooling proposed by
van der Meer also at the beginning of the 1960s.'® Antipro-
ton storage using this method made it possible to create the
proton—antiproton collider at which the carriers of the weak
interaction, the W and Z bosons, were first discovered. The
situation changed in the late 1980s and early 1990s, when,
one by one, ion storage rings with electron cooling, referred
to as coolers, came into operation (Table I). Some idea of the
possibilities that they offer can be gleaned from the results of
experiments on the storage and cooling of ion beams (Table
II; Ref. 17). The fundamental design of the cooler has not
undergone any significant changes since the first such storage
ring NAP-M (the Russian acronym for Antiproton Storage
Ring Model; Fig. 1) and its electron-cooling system
EPOKhA (the Russian acronym for Electron Beam, Cooling
Antiprotons; Fig. 2) were built at NPI (Refs. 6 and 7): the
storage ring has two (or more) straight segments, one of
which is used to extract the electron beam with the beam of
cooled particles. The electrons are transported in a longitu-
dinal magnetic field from the cathode of the gun via the
cooling segment to the collector, which is at a potential
slightly higher than that of the cathode (the energy recupera-
tion scheme). The cooled particles circulating in the storage
ring pass through the cooling segment repeatedly, interacting
each time with a fresh set of electrons. In this regard the
cooling system is analogous to a refrigerator in which the
electron beam plays the role of the coolant transferring heat
from the heated body—the particle beam—to the acceptor—
the source of the voltage between the cathode of the electron
gun and the electron collector.

The electron cooling technique is developing in several
directions, which have the common goal of increasing the
efficiency and broadening the range of applications. Ex-
amples are (see Ref. 4):

* the generation of electron beams with the maximum

TABLE I. Storage rings with electron cooling.

current density at the minimum attainable electron tempera-
ture: electron guns with “adiabatic optics,” “adiabatic accel-
eration,” photocathodes;

* the generation of electron beams in devices with neu-
tralization of the electron space charge;

* the same in an adiabatically slowly decreasing mag-
netic field, which makes it possible to decrease the transverse
temperature of the electrons (by increasing the longitudinal
temperature);

* broadening of the electron energy range into the MeV
region;

* the creation of efficient electron energy recuperators.

The appearance of coolers in nuclear research has re-
vealed qualitatively new possibilities: the performance of
precision experiments in beams with extremely small (down
to 10~ %) energy spread and superthin internal targets (Sec.
7.2), mass spectrometry of superhigh resolution (Sec. 7.3),
and the separation and storage of long-lived isotopes and
isomers (Sec. 7.3).

Similar possibilities have arisen also in atomic physics,
where, in particular, the cooling electron beam is used as the
“target.” Here we should mention “laser cooling,” which
has become a reality owing to cold ion beams in coolers
(Sec. 7.4).

Electron cooling has led to the development of a second
new direction in the physics of charged-particle beams, that
of the so-called crystalline beams (Refs. 13 and 14), which
are of great interest for solid-state physics as a model of a
crystal (Sec. 6.2).

Electron cooling today has not only not lost its value as
a method for the storage and production of charged-particle
beams, but has become foremost in importance. In the com-
petition with stochastic cooling the regions of applicability
of each of these methods are clearly defined. Stochastic cool-
ing is most useful for the primary cooling of beams with
large emittance (10077 mm mrad and more) and moderate

ICE Test Ring  LEAR MOSOL, IUCF COOLER TSR TARN-II
Storage ring NAP-M, Novosibirsk =~ CERN FLAB CERN  Novosibirsk Bloomington Heidelberg ~ Tokyo
Perimeter, m 47 74 1.35 78.6 length 3m 86.8 55.4 77.8
Magnetic field strength, T-m 1.5 1.0 21 2 3.6 1.5 6.1
Particle energy, MeV/nucleon 1.5-85 46 200 64 0.85 500 30 100
Type of ion ¥4 )4 )4 )4 p,H™ AsT A=127 A=<20
Horizontal acceptance, 77 mm mrad 80 60 100 25 500 260
Vertical acceptance, 7 mm mrad 80 30 48 25 120 15
Longitudinal acceptance, Ap/p, % 1.0 0.5 0.5 +0.2 *3 *0.1
Length of cooling section, m 1 1.5 24 2.8 1.5 1.5
Qs 1.2 2.305 4.15 275 1.75
Q, 14 2.73 5.15 2.825 1.8
By in cooling section, m 55 19 23 5.5 10
B, in cooling section, m 55 53 4 5.7 4
Dispersion in cooling section, m 3.6 0 0-1 4.7
Ve 1.117 V=22 4.85 2.96 1.88
Operation with electron cooling 1974-84 1979-80 1980-82 ¢ 1988 1986-88 c 1988 c 1988 c 1989
Beam diameter, cm 1 5 5 5 0.2 2.54 5 5
Electron beam energy, keV 0.8-46 26 111 35 0.470 10-270 3-20 <130
Electron beam current, A 0.02-08 22 3.0 3.0 0.015 0-4.8 1 <10
Magnetic field, kG 1.0 0.6 0.6 1-1.5 0.55 1.2
Vacuum in cooling section, Torr 5%x10710 2x107°  1x1071% 2x107?  1x1071° 1x107° <10™" 1071
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TABLE 1. (Continued)

ASTRID ESR CELSIUS CRYRING COSY K4, K10
Storage ring Aargus Darmstadt Uppsala Stockholm Julich Dubna Dubna
Perimeter, m 40 108.4 81.8 51.6 184 83.12 146.24
Magnetic field strength, T-m 1.87 10 7 1.44 11 4 10
Particle energy, MeV/nucleon 50 30-560 340(1360) 0.3-24 40-2500 170 330
Type of ion A=238 A=<40 p A=<238 A=<238
Horizontal acceptance, 7 mm mrad 450 120 200 180 50 25
Vertical acceptance, 7 mm mrad 150 120 100 36 50 25
Longitudinal acceptance, Ap/p, % *2 +0.3 +1.7 +0.5 1.0 2.0
Length of cooling section, m 25 25 11 2 25 25
0Oy 2.29 2.1-245 1.68 23 3.38 2.4 2.8
Q, 2.73 2.1-2.45 1.9 2.27 3.38 2.8 33
By in cooling section, m 8 8.14 2.3 10 10.9 5.6
B, in cooling section, m 8-10 5.04 29 10 6.3 58
Dispersion in cooling section, m 0-6 1.48 1.6 0 0 0
Y 2.7 2.605 2.23 2.2 5.26 2.36
Operation with electron cooling 1993 1990 1989 1992 1992 1996 1997
Beam diameter, cm 5 2 4 2.54 3 3
Electron beam energy, keV 27 10-320 10-300 2-20 100 15-100 100-250
Electron beam current, A 3 0.5-5 0-2.8 0.001-3 3 0.8-5 6
Magpnetic field, kG 0.1-25 0.5-2 25 0.8 1-2 2
Vacuum in cooling section, Torr 10712 <1071 1071 1071 1x10710 1x107° 1x107°

intensity, especially if deep cooling to low values of the
emittance and small energy spread is not required, and it is
insensitive to the particle energy. Electron cooling is most
useful for creating and storing intense beams with relatively
small emittance; it is the only method of obtaining deeply
cooled beams with large space-charge density.

The electron cooling method can also be used to cool
positron beams,'® which makes it possible to construct an
effective generator of antihydrogen atoms (Sec. 8).

Our discussion in this review is limited to heavy-particle
energies of the order of 500 MeV/nucleon. A separate prob-
lem which we do not consider here is that of electron cooling
at ultrarelativistic energies, where at present the only pos-
sible “refrigerator” is a special electron storage ring in
which low electron temperature is ensured by radiation fric-
tion.!>?° This problem has so far only been studied theoreti-
cally.

In order to give an idea of the typical numbers, in this
review we present numerical estimates for a “typical” stor-
age ring with electron cooling, the parameters of which are
given in Table III.

TABLE II. Parameters of ion beams stored in coolers.

Storage Ton Energy, N 1
ring MeV/nucleon mA
LEAR o™ 12.5 1x10° 0.8
TSR c 6.1 3.7x10" 18
Sil* 4.1 6x10% 1.0
Slot 0.1 810 1.5
ESR Nelt 250 25x10% 7.0
Arl 250 4x10% 2.0
Kri* 150 1x10® 0.9
Xe™H 250 4x10® 6.0
Dy®* 297 1x10* 2.0
Au™* 300 4x10* 0.1
Bi*** 230 5x10° 1.2
TARN-II N 1x10°
CELSIUS o% 3x10°
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1. THE PHYSICS OF ELECTRON COOLING
1.1. A heavy particle in an electron gas

The electron cooling scheme presupposes that the aver-
age velocities of the particles of the cooled beam and of the
cooling electrons are equal or slightly different. Therefore,
for describing the interaction it is convenient to go to the
“electron frame” moving with the average electron velocity
v o- A particle which has velocity V in this frame undergoes
Coulomb collisions with the electrons (whose velocity is
v), and the effect of these collisions is completely analogous

FIG. 1. Schematic diagram of the NAP-M storage ring: I—injector;
2—injection channel; 3—inflector; 4—pickup station; 5—quadrupole lens;
6—bending magnet; 7—accelerating resonator; 8—excitation deflector of
betatron oscillations; 9—quartz filament intersecting the beam; 10—
magnesium vapor jet; 11—scintillation counter for recording protons scat-
tered by the filament; 72—electron cooling setup; 13—detector of neutral
hydrogen atoms (two-coordinate proportional chamber); 14—geodesic sig-
nal.

I. N. Meshkov 633



FIG. 2. Schematic diagram of the EPOKhA setup: I—electron gun;
2—straight solenoids; 3—anodes of electron gun; 4—toroidal solenoids;
5—cooling section; 6—vacuum chamber; 7—electron beam collector;
8—vacuum pumps; 9—dipoles correcting the proton trajectory (pp’);
H’—yield of hydrogen atoms.

to the ionization losses in the motion of a charged particle in
a medium. Therefore, the expression for the friction force
acting on a particle with charge ze in an ultracold electron
gas can be written down directly:

VdeE 1747TqLC
T Vdx  V mV?

— 2,4
q=ng,ze,

(1.1)

chln(pmax/pmin)’ (1-2)

where n, is the electron density, m and e are the electron
mass and charge, L ¢ is the Coulomb logarithm, and pp,,, and
Pmin are the maximum and minimum values of the impact
parameter of the Coulomb collisions. It is usually assumed
that

2

pminzmz(l—:‘;)-l(ﬂz cm, (1.3)

TABLE III. Typical parameters of a storage ring with electron cooling.

Energy of cooled particles MeV/nucleon 55

Parameters of electron beam

Electron energy, keV 30
Average velocity, cm/sec 1x10'
Beam diameter, cm 3
Current density, A/cm? 0.5
Plasma frequency, sec™’ 1x10°
Average distance between electrons, cm 1.5x1073
Angular spread, mrad 3
Spread in electron transverse velocity, cm/sec 3x107
Electron transverse temperature, eV 0.5
Spread in electron longitudinal velocity, cm/sec 4X10°
Longitudinal electron temperature, eV 2x1074
Magnetic field of cooling system, kG 1.0
Electron cyclotron frequency, sec”! 1.8x10'°
Electron plasma frequency, sec™ ' 1x10°

Parameters of particle beam before cooling
Angular spread, mrad 5

Momentum spread, 5%1073
Particle velocity in electron frame, cm/sec 5%107
Storage-ring parameters
Perimeter C, m 75
Particle revolution period, usec 0.75
Length of cooling segment /., m 1.5
7=l o/C 0.02
Acceptance, mm-mrad 40m
Betatron and dispersion functions, m 5.0
Vacuum, Torr 1x10710
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which corresponds to the scattering of an electron colliding
with a particle at an angle of order /2.

In a medium where a particle collides with atomic elec-
trons it is natural to take pp,, to be of the order of the atomic
Size, i.€., Pmax™€2/€i0n - This leads to the well known expres-
sion for the ionization losses of a nonrelativistic particle.

In an electron gas p,, is restricted by the minimum of
three parameters:

a =1.5 cm
_ _(aly  _
Pmax=miny Rp= =0.05 cm 1.4)
wpe
{(U|)-7 =0.5 cm,

where a is the radius of the electron beam (the “cloud”),
Rp is the Debye screening length,

wpe= V47N €’ fm~10°c " (1.5)
is the electron plasma frequency,
U=v-v (1.6)

is the relative velocity of the particle and the electron collid-
ing with it in the electron frame, and 7 is the time of passage
of the particle through the cooling segment. The first crite-
rion is obvious, the second gives an estimate of the distance
over which the electrons “feel” the particle charge in the
electron gas, and the third follows from the classical colli-
sion scheme, which gives the duration Az~ p/|U|. The esti-
mates (1.3) and (1.4) give L~ 15. Equation (1.1) is valid for
a sufficiently cold electron gas, in which

Vu?y=A,<vV.

In general it is necessary to take into account the elec-
tron velocity distribution, which obviously leads to the ex-
pression for the friction force:

- 4mqlo (U ., 3 - -

F=——~fﬁf(v)d v, U=V-vu. 1.7)

v

The integral runs over the space of electron velocities.
Here the weak logarithmic dependence of L~ on v is ne-
glected.

An important feature of Eq. (1.7) is its complete analogy
with the expression for the Coulomb field of a set of charges
with density

4mqlc .
Pequ=——,— f0). (1.8)
This analogy makes it possible to simplify considerably
the calculation of the friction force in specific cases (see
below). In particular, we can immediately identify the two
special cases of large and small particle velocities:

v
, VA,
-, 4mqL 14
F=(vp)=——m—>< ‘7 (1.9)
A—i, V<A, .

The friction force is obviously maximal near V~A, (see Fig.
7 below).

I. N. Meshkov 634



In collisions with electrons the momentum transferred to
a particle can be split into two components, one along and
one perpendicular to U, the vector corresponding to the rela-
tive velocity of the particles before collision. The value of
the longitudinal component averaged over many collisions
gives the friction force (1.7), while the average value of the
perpendicular component is zero. However, the mean square
of the latter is nonzero, and physically this is none other than
multiple scattering on electrons, or the process of transverse
diffusion. This is seen particularly clearly for the example of
a cold electron gas, when the particle velocity vector v, de-
viates with time from the initial direction as \ﬁ Using the
well known expression for multiple scattering, we can write
down the following, taking into account the electron velocity

spread:
fw) ,
—4quCfvT]— d’v,

d(p?) d(p)
dt  dt

where x and y are the directions of the coordinate axes or-
thogonal to the initial direction of the particle velocity
V= eZV These expressions can naturally be obtained as a
result of rigorous analysis of the process of particle collisions
with electrons (see Ref. 21 for more details). In the general
case of arbitrary orientation of the coordinate axes relative to
the initial direction of the vector V, instead of (1.10) we
obtain the diffusion tensor (Refs. 10, 20, and 21):

(1.10)

aﬁ=—dt—=47fqlcfv 0
Xf(v)dv. (1.11)

For the case of an isotropic electron velocity distribution
this tensor has only three nonzero components along its prin-
cipal diagonal. Their sum gives the rate of change of the total
energy of the particle (with mass M):

d<g>_id<P2>_L§ b
dt  2M dr 2M < Tee

41gL v
_*mqLc f()d3v

(1.12)

However, this is heating and not cooling generated by
the friction force (1.7). What is going on? The answer fol-
lows from the overall picture of the behavior of a particle in
an electron gas: under the action of the friction force (1.7)
the particle loses its velocity, which on the average falls to
zero, i.e., the particle is stopped. Further collisions with
“hot” electrons produce fluctuations in the particle velocity,
the mean square of which is also limited by friction-cooling.
Therefore, the behavior of this velocity (momentum) compo-
nent of the particle is described by a balance equation (the
Langevin equation):

1 dAp: _  _

Z_M— dt =P,+Q,

a=1,2,3,
1
Po=Fvar Qa=337 > Das. (1.13)
B
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Here the overline denotes time averaging, P, is the power,
a are the components of the friction force, and Q, is the
power of diffusion heating for the component.

It is obvious how to go from one particle to a beam
passing through the electron gas: one goes from an average
over time to an average over particles:

2;4 —(BPL)=(P)+(Qq)- (1.14)

1.2. An isotropic gas of “Maxwellian” electrons

The equations of the preceding section can be integrated
analytically also in the case of an isotropic Maxwellian ve-
locity distribution of the particles and electrons:

M 3/2
firtom| 2]

T . (Vv
ol o

M — particles
T, v K

| m—electrons ’

T=p’, A=),

Since the distribution function is isotropic, it is conve-
nient to use the Coulomb analogy. In this case the friction
force (1.7) is analogous to the electric field of a system of
charges with isotropic density distribution (1.8) and (1.15).
Use of the Gauss theorem gives

a={x,y,z}. (1.15)

..V 47quC
FMaxw(V)= V ‘P( )v

(1.16)

where the universal function ¢(x) is expressed in terms of
the error function:

2 (x 2
e(x)= \/;fo e"yz/zdy— \/;xe"lez,
_ mV _ \%
x-\/—T ——Ae.

e

(1.17)

The function ¢(x) has a maximum at the point
x=1.3675, and its asymptotes give, like (1.9),

1%
=, VP>AE,
. . 47qL ¢ V
Fpaxw(V)=~— 2 ‘;
\/.—._ v <Ae
9m A, P
(1.18)

The power of the friction force averaged over the en-
semble of Maxwellian particles is obtained by averaging
over particles:

3
PMaxw=< 2 Fava> :f (I;Maxw".})'f(f})dsv'
a=1 v

Substituting (1.16) and (1.17) into this and integrating by
parts, we find

Maxw Mm  ((T,/M)+(T,/m))*"* '

I. N. Meshkov 635



The power of diffusion heating is calculated analo-
gously:

3
1
QMaxw:m E D af
a,f=1
4mqle [ f L
== | S| g dedv.
The variable substitution x=V—yv R )7 =V+v simplifies
the integration procedure, which gives

_4\/21-quC(Tp N T,_,) —12

QMaxw_ M M m (120)

Substitution of the resulting expressions (1.19) and
(1.20) into the Langevin equation (1.14) leads to the relax-
ation equation for a two-component plasma:*

dT, 8\2mglc T,(1-m/M)-T, _ dT,
dt 3Mm  ((T,/M)+(T,/m))"? " dr
(1.21)

Neglecting the term m/M, from this we obtain the equi-
librium condition:

\&
T,=T., A,=1/3;-Ac<A,.

Therefore, the two-component particle-plus-electron
plasma relaxes to the equilibrium state of equal temperatures
(which is almost obvious from general thermodynamical
considerations). The last inequality in (1.22) emphasizes the
meaning of the idea of electron cooling: the spread in par-
ticle velocities is much smaller than the spread in electron
velocities.

It follows from (1.21) that the maximum cooling veloc-
ity is reached for

2M
TI,%TT,; or Ap=\/§Ae,

(1.22)

(dTp) _ 162w gl
max

dt 9y3 \mT,

Equation (1.21) has a simple solution for the two limit-
ing cases of large and small v, . For fixed electron tempera-
ture (which is typical of the electron cooling scheme), from

(1.21) we find
t
T, 1-

TMaxw
T,+(T,—T,)e "™ A <A,

2/3
) . A4,
Tp(1)=

where Tyg,,w 1S the cooling time, in this case for Maxwellian
particles in an isotropic gas of Maxwellian electrons:

mM (A2)35 Ap>Aes
TMaxw— — — X
Maxw 4\2mq 34, Ap,<4A,.

Here the superscript 0 labels the initial values of the param-
eters.

(1.23)
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It should be noted that various definitions are used in the
literature for the concept of “cooling time.” Sometimes this
refers to the instantaneous value of the inverse decrement:

147,\"!
Tinst— _T_p7

To avoid confusion, in what follows for the instanta-
neous value of (1.24) we shall use the term “inverse decre-
ment.” Equation (1.24) for a Maxwellian plasma gives the
expression for the relaxation time of a two-component

plasma commonly found in the literature:?!

(1.24)

( ) 3Mm (TP+TE)3/2 3
™axwlinst= _ =— — |\ 37T | T —_
M inst ™ g gL \M - m 8V2mq

3

A, A>A,

A, A,<A,

This is the equation that Budker used in his first study on
electron cooling.!

(1.25)

1.3. A particle in the electron beam. The “flattened”
distribution

The cooling of a particle beam in a gas of Maxwellian
electrons is a simple physical model convenient for an el-
ementary explanation of the nature of the phenomenon.
However, if the electron beam is obtained by acceleration in
an electrostatic field, the velocity distribution of its electrons
is significantly anisotropic in the electron frame: the spread
in longitudinal velocities is much smaller than the spread in
transverse ones. A sufficiently good approximation of this

anisotropic  distribution function is the Maxwellian
function?
32
m 1 2 2
A3, — —mv| [2T—muvy /2T
v)div=|-— e "ML [
R (27T ) T NT

X27rvldvldv” N
im(vl)=3m((v})+(W)=mAI =T, ~T,>0.1 eV,
2
c
m(vﬁ)EmAﬁ= T”%z—g/0 +e2nls

~3:1077-1.10"% eV. (1.26)

Postponing the discussion of the nature of this flattened
distribution to Secs. 4.1 and 4.2, let us consider its effect on
the efficiency of electron cooling. In this case it is possible to
distinguish the three characteristic regions of high, low, and
superlow velocities of the cooled particle (Fig. 3):

A, <V—high velocity (H=High),
Aj<V<A,—low velocity (L=Low),
(1.27)

In the first region, that of high velocities, the cooling
dynamics is essentially the same as that in the case of an
isotropic Maxwellian distribution, which follows directly
from the Coulomb analogy: the field of a “charged ellipse”
coincides at large distances with the field of a point charge.

V<A |—superlow velocity (S=Superlow).
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FIG. 3. Flattened electron velocity distribution. The line of constant density
labeled H, L, S is the position of the particle in velocity space for the three
cases in (1.27).

Accordingly, the friction force and the diffusion power are
described by the same expressions as in the case of an iso-
tropic distribution for v,>A, [see Eqgs. (1.9), (1.18), and
(1.20)]. The power of the friction force here is considerably
greater than the diffusion power [P~ —(M/m)Q], and the
particle is cooled, losing its velocity until it falls into the
second region of low velocities.

In this region the friction force is the analog of the Cou-
lomb force of a charged disk (a layer) near its axis. Taking
into account (1.8) and (1.26), for the longitudinal component
we find

‘7 ZqLC

ZWf_wpequ(U”,O)dv”_ _V:: mA2 .

P V||
7

To estimate the transverse component we can use the

same Coulomb analogy: outside the disk, where there is no
charge, we have

div F=0,
from which
FLNVL( ‘9F[|) Lﬂa
2 oF A
which gives
iy, 8

The coefficients of the diffusion tensor in the region of
low velocities can be obtained by substituting (1.26) into
(1.11) and integrating (taking into account the axial symme-
try). The results are given below [see (1.28)].

In the region of superlow velocities the particle falls out-
side the “disk,” where the friction force has only a longitu-
dinal component (again, the Coulomb analogy):
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4mqlc
mATA|

I, " >
F||~—27Tf_ pequ(O) dyj~=V|—>—

Diffusion in this region is determined, as in the preced-
ing case, by the “hot” transverse component of the electron
velocity, since the expression for the diffusion power in the
two regions is the same.

Summing these results, we can write down the friction
force and the power in an electron beam with the flattened
distribution (1.26):

1/V3;
- - 4aqL
Fo=—v, 2C L 1A%,
m O;
1/V3; V>A,
Fi=-v,2The L 1via2; a<v<a,;
l/A”Ai; V<Au;

0,=0Q=

4’""1Lc {uv, V>A,; 129)

1/A,, V<A, .

It is more convenient to discuss the features of the cool-
ing process arising from the flatness of the electron distribu-
tion function in the next subsection. Here we confine our-
selves to writing out the expression for the equilibrium value
of the velocity of a cooled particle, substituting (1.28) into
the Langevin equation (1.14):

(v2 - [

1.4. A magnetized electron beam

If the electron beam is located in a magnetic field paral-
lel to the beam axis and accompanying it from the cathode of
the electron gun to the collector, the electron trajectories in
the lab frame are spirals with radius p, and pitch \p
wrapped around the magnetic field lines (in the particle
frame the pitch of the spiral is obviously smaller by a factor
of v /vo):

v, eB 2w

=—, Ng=voTp, @p=——=—
PL wB’ B 04 B> B yme TB’

2\ —1/2
v

y= (1——0) .
c

For a sufficiently strong magnetic field an electron in a
collision with a particle cannot be displaced in the direction
perpendicular to the magnetic field, and this considerably
changes the picture of the collision: instead of the classical
two-body problem we have the problem of a collision with a
bound electron. As a result, the “mass” of the body receiving
the impact is sharply increased. In addition, a sharp anisot-
ropy appears in this mass: the electron is freely displaced
along the field and weakly displaced in the direction trans-
verse to it. In the limiting case of complete magnetization,
i.e., an infinitely strong magnetic field, the electron is similar
to a bead on an abacus, which moves freely only along a

(1.30)

I. N. Meshkov 637



e1i €
\ e P,
/p'\/&e‘\;’_/
= ¥
Rz \
é’z €,

FIG. 4. Change of the impact parameter in a collision of a particle with
magnetized electrons: the case of coplanar trajectories of the particle
(pp') and the electron (ee').

spoke—the field line. During a collision with a particle the
electron moves, and the impact parameter p is changed in the
course of the collision (Fig. 4). Accordingly, the interaction
between the particle and the electron becomes stronger or
weaker, depending on the sign of Ap. The result summed
over all possible collisions gives (Refs. 10, 23, and 24) a
decelerating force directed, in general, opposite to the par-
ticle velocity v

. . 2mgLc Vi—2V]

F ==V, my3 vV:
. . 2mq(3V} p
F||=—V||m—vg(7LC+2 » Lc=In :: (1.31)

An important difference between the equations for the
friction force (1.16) and (1.28) and Eq. (1.31) should be
noted. Here F'|, changes sign (deceleration changes to accel-
eration) when V, < \/EVH , and the first term in parentheses
for F) vanishes for V|, —0. This behavior of the friction
force is explained'®?® by the abacus-bead-like behavior of
the interaction of the particle with a magnetized electron dis-
cussed above. This is seen especially clearly in the case of
F): if V|, —0, the particle moves strictly along a field line
and the total momentum transfer is zero for p<p,,,. The
term in parentheses without the logarithm directly takes into
account the contribution of larger impact parameters.

The Coulomb logarithm L~ deserves special discussion.
Since the electron motion perpendicular to the field lines is
“frozen,” the electron cloud can respond to the effect of the
electric field of the particle only by longitudinal displace-
ment of the electrons. Therefore, the Debye screening length,
which is defined relative to the particle velocity, is in this
case equal to

Uy V/wpeNO.OS cm, V>A",

D_wpe A||/wpe~"’~5-10_4 cm, V<A”,

Un={(IV-4]),

(1.32)
where w,, is the electron plasma frequency (1.5). However,
the formal use of the expression for the Debye length be-
comes meaningless at low electron density and small 4,
when the Debye sphere is “empty.” Therefore, at superlow
particle velocities it is reasonable to take as py,,, the radius of
a sphere containing a sufficiently large number of electrons

k:
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FIG. 5. Three types of collisions between a particle and an electron in a
magnetic field: fast (1), adiabatic (2), and “magnetized” (3).

k 1/3
ReE(—) , k=3z.
ne
Then the value of p,,, in collisions of the particle with
magnetized electrons can be chosen to be

a=~1.5 cm
pmax=min max{RD,Re}~0.1 cm
Uym=0.5-0.05 cm.

(1.33)

Here, as before, a is the cross-sectional radius of the
electron beam and 7 is the time for the particle to pass
through the cooling system. The value of p;, is discussed
below [see (1.34)].

In a magnetic field of finite strength there are three
ranges of impact parameter (Fig. 5) which are determined by
the beam parameters: the electron Larmor radius p, (1.30)
and the spread of the electron longitudinal velocities A
(1.26).

(1) Small impact parameters. The particle interacts with
the electron so rapidly that the magnetic field has no effect
on the electron motion. This happens if the collision time is
much smaller than the Larmor (cyclotron) period of rotation
of the electron Tp:

T~ P/ Uy<Tp.

Such collisions are termed fast (subscript F for fast), and
for them the impact parameter lies in the range

PminSPSPF >

ze?  ze? { V2

pminszZ =7 Ai,
~UM~ Viwg, V>A";
PF= wBN A"/wB, V<A”;
U=(|V-A,]). (1.34)

The friction force and the diffusion for fast collisions are
described by the expressions for the flattened distribution
(1.28) with the substitution p,,,,= pr .

(2) Intermediate impact parameters pr<p<2(p,). [We
note that the factor of two in the upper limit was chosen on
the basis of considerations regarding the smoothness of the
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function F(V); see Egs. (1.36) and (1.37) and the discussion
below.] In collisions with these impact parameters the par-
ticle and the electron move together for several periods of the
cyclotron revolution of the electron, when the electron re-
volves “around” the particle, colliding with it several times:

<14 (PL)

Neg=1+ }-B— UMTB

Taking into account (1.30), this gives

A
NL:[W_J‘}]’ V>A||,

A,
NS‘[TAJ’

where [ ] denotes the integral part.

The friction force and the diffusion in adiabatic colli-
sions are N, times larger than for the free electron (1.28).

(3) Large impact parameters 2{p, )< p= p .. Here the
electron appears to be a Larmor disk and the collisions have
the same character as for magnetized electrons (1.31).

It follows from Eqgs. (1.32) and (1.34) that the choice of
value of the impact parameter depends primarily on the par-
ticle velocity. As before, we can distinguish three character-
istic ranges of V (1.27).

At large velocity only two types of collision contribute
to the friction force: fast and magnetized ones. Adiabatic
collisions are absent, since for V>A | the number of colli-
sions is Ny =1.

At low and superlow velocities three types of collision
are possible, and the friction force contains three terms, re-
spectively, taking into account the contributions of fast, adia-
batic, and magnetized collisions. Here magnetized collisions
at superlow velocities require additional analysis, since it is
no longer possible to neglect A .

It is convenient to estimate the momentum transferred to
a particle in such a collision by going to the particle frame,
where the electrons have velocities

Ay

=
. 7TUM

N =1+ }%14—
V<A",

(1.35)

v'~-V+ l;li .
The momentum transfer can then be split into two compo-
nents, along and perpendicular to the vector v. Only the

(1 vi-2v}
%] 2LFH+T MH |5
. 2mq - 2 V22V Ly,
FL"'_T VXS A_3(LFL+NLLAL)+TI BEE
A3 (LFS+NSLAS)+ V3 ,

\
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FIG. 6. Scheme for particle collision with a magnetized electron: P is the

particle, AA is the electron trajectory, and B is the magnetic field line of
force.

longitudinal component contributes to the force, as the trans-
verse one is of higher order in smallness. The first, Ap,, is
equal to the integral of the force of attraction along trajectory
AA of the electron in the particle frame (Fig. 6), taking into
account the change of the electron velocity Av:

0 ds 1
NJ-_I(_FE)COSQDF_Jo( e) ’+AU”

ze? J‘ F ds ze?
=——, ~— Cos ¢ —F7~———

e pz Y] <P mp A”

where 21 is the typical interaction length, s is the coordinate

along the trajectory, and p is the impact parameter. Integra-

tion along the trajectory gives

A ze?\? 1
Py= P m(v’ )3 >
and integration over all possible collisions leads to the ex-
pression for the force. Since (v)=V, we obtain

3 2mq
w=n f f vf(v)d vApUZ'rrpdp~—-V Aﬁ Lys,
Pmin
barn 55

Here L, is the Coulomb logarithm for collisions with mag-
netized electrons at superlow particle velocities, and pp,, iS
given in Eq. (1.33). This result differs from the exact one!”
by the factor \/2/_7T

Now we can write down the full expression for the fric-
tion force in the electron beam at finite magnetic field
strength for three ranges of the particle velocity:?
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(Lpr+NpLap)+ v LML+2

m A2V|

2 (Lps+NLg)+—=, S
\KJZ.—A] FS SEAS A|:|;’ .

The Coulomb logarithms for each region are the following:
For high particle velocities (H)

(pmax)H VwB
Lyy=In =~In ~2;
ME 2( l) ZApre
3
PFH V
Lgyg=1n ~In ~10—1In z.
FH (pmin)" 292‘1’3

For low patticle velocities (L)
min{(V/wy),(32/n,) "%}
2(p.)

(pmax)L
Fn= 42<n

s

FL

}%3—1;

24,
(A =4y
[ mVv3

~In
_Ze2(l)B

LAL=ln (1.37)

}~0.7—>4;

PFL
(pmin)L
For superlow particle velocities (S)

Sl

LFL=ln

}NS—Inz.

(Pmax)S-

Lm=4<m>_

~|n

PFs
( P min) S

This collection of Coulomb logarithms shows how com-
plicated the dependence of the friction force on the param-
eters is.

_Before discussing the general behavior of the function
F (V) let us note some of its features.

Fu'st the function is practically continuous at the point
|[V|=A, . The factor of two was introduced into the bound-
ary Value of the impact parameter 2(p, ) for smoothing. Al-
though this was done quite arbitrarily, the logarithmic depen-
dence reduces the severity of the problem.

Equations (1.36) and (1.37) also require a definite accu-
racy at large and small values of the magnetic field, where
their formal use gives a physically meaningless result: the
Coulomb logarithms tend to infinity (+ or —) if B—0 or
oo, Physically, this means that for p, >p,,. there are no
magnetized collisions at all and L ,, must be set equal to zero,
while for p, > pr adiabatic collisions disappear and L, must
be zero. Finally, if p, <p.:., in L it is necessary to use
Pmin (the ‘“absolute” magnetization) instead of p, .

Therefore, the magnetization of the electrons begins to
be felt when

Lgs=In (1.37¢)

[MMM
~1n
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1
V3 N

(1.36)

2<pl><(pmax)L’ or ~120 G.

2mc

B=z— o,
e
This condition is, of course, weak, and already at
V=~0.5A, this magnetization is not noticeable. The magne-
tization can be assumed “complete” if it is manifested right
down to superlow velocities, when the third term L,;q/ A|3|
contributes in the expression for the friction force. This oc-
curs if

mA,c(n, 13800
(pL)<(Pma)s, or B=— (32) ~—r
(1.38)
“ Absolute” magnetization sets in when
273,
(pL)<(pmi)s, or B= ~6 MG,

FT ‘é
o

100

MeV/m
10

10

10° 10*
Oy, rad

03 T 102

FIG. 7. Dependence of the transverse (a) and longitudinal (b) components of
the friction force (1.37) on the particle velocity: (8,), j=V, /vy for an
electron beam with flattened distribution and parameters in Table III. B=3
kG (1), 0.6 kG (2), and 0.1 kG (3). In case (a) V=0, and in case (b)
V,=0.
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which is not very realistic. It is important that the magneti-
zation criterion (1.38) contains the electron density.

It is natural to incorporate this logic into a program for
numerical computations. An example of such a calculation is
shown in Fig. 7. Here the approximate nature of Eqgs. (1.36)
and (1.37)—the nonmonotonicity of the friction force in the
case of moderate magnetization (curves 2) is especially clear.
It should be noted that for an unmagnetized beam (curves 3)
F reaches a maximum for V=A, , while F reaches one for
V: A” .

The second fact worth noting is the increase of the fric-
tion force with decreasing particle velocity at low velocities
up to V=Ay (Fig. 7, curves I). This effect, which distin-
guishes a magnetized beam from an unmagnetized one [com-
pare (1.36) with (1.28) and (1.9)], also explains the phenom-
enon of “fast” electron cooling, described in the
Introduction.

The friction force in a magnetized beam reaches a maxi-
mum for V~A|. In this region the approximation of binary
particle—electron collisions already works poorly (see Sec.
5). Nevertheless, from (1.36) we find

2mq
Fmax~ —?—‘LMS“‘—Z’ITZ
I

The last expression is obtained if the value of A from (1.26)
or from (4.5) and (4.6) below is used and we take L~ 1.
The question of the power of z remains open (Sec. 5). On the
other hand, F,,, (1.39) is equal in order of magnitude to the
force acting on a point charge ze by the same electron charge
located at a distance /,=n, ' from it.

Finally, the third feature of the friction force is the great
difference between its transverse and longitudinal compo-
nents at low velocities. This is caused by the flattened distri-
bution: the axial component of the field of a charged disk
(Fig. 3) close to its surface is much larger than the radial
component. As a result, the longitudinal component of the
particle velocity is cooled in the region V<A, more quickly
than the transverse component. The ratio F|/F, is of the
order of A, /V| for V~A, and of order 3 for A >V>A|.

The diffusion is noticeable only at superlow velocities,
where it determines the equilibrium state of the cooled beam.
It can be estimated by using the same scheme as in deriving
Ap, (Fig. 6). After calculating the radial component of the
momentum transfer

262023, (1.39)

A "fl( Fsi ds 2ze®
pPL= y es1n<pv~pve,

we find the mean-square momentum transferred per unit
time:

dAp? (Pmax)s
it “neAnf (Ap,)*2mpdp,
(Pmin)s

from which

4mq

This result differs from the exact one!® by the factor

Vr/2In(A /A )~1.
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Substitution of the expressions for the force (1.36) and
for the diffusion power (1.40) at superlow velocities into the
Langevin equation (1.14) gives the equilibrium value of the
temperature and velocity of a particle cooled in a magnetized
beam:

T,=T,

@*\/Z;Au-

In contrast to the case of the nonmagnetized beam (1.29),
here all three components of the particle velocity are cooled
equally deeply, and the final value of this velocity is deter-
mined by the longitudinal spread of electron velocities.

(1.41)

2. HEAVY-PARTICLE BEAMS IN A COOLER
2.1. Betatron oscillations and the cooling time

The motion of particles in the magnetic focusing system
of a storage ring introduces certain features into the dynam-
ics of electron cooling. Betatron oscillations cause the instan-
taneous values of the transverse components of the particle
velocity to take all possible values, from zero to the maxi-
mum, on the cooling section. The instantaneous value of the
friction force is also changed accordingly. Therefore, to cal-
culate the cooling time it is necessary to average over the
betatron oscillations.?’

Let us restrict ourselves to the case of a beam freely
circulating in the constant field of a storage ring (the accel-
erating high-frequency voltage is switched off). The particle
undergoes betatron oscillations around some closed orbit
whose position in space is determined by the deviation of the
longitudinal component of the momentum from the equilib-
rium value:

Ap

Ax(s)=y(s)—, 2.1)

p
where s is the longitudinal coordinate and ¢(s) is the dis-
persion function of the storage ring. In the process of cooling
Ap and, accordingly, Ax fall off sufficiently slowly, so that

dAx
wx7<Ax,

where w, is the frequency of the radial betatron oscillations.
Therefore, the radial oscillations, like the vertical ones, can
in this case be described by the oscillator equation with weak
friction:

1 >
i+w§x=ﬁFx(V),

Vo .
x(t)=—sin ¢, @=w,t+ @,.
wx

As before, we are considering the particle motion in a mov-
ing frame (the electron frame), and the transformation to the
lab frame will be discussed below.

Multiplying both sides of the equation by x and averag-
ing over the oscillation period, we obtain
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This is none other than the Langevin equation for the
oscillator (the diffusion can be neglected at large Vj); here,
in contrast to (1.13), V, is the amplitude of the velocity.
From this the decrement of the damping of the oscillations is

1 dvi 2

AxE—— VEW‘:_AI—‘/(%PX(V)' (2-2)

It is sometimes convenient to use a different expression for
the decrement. Taking into account the fact that

(V= W),

vE=v

FN=F(7)+ 2
(N=F(V*)+

from (2.2) we find the value of the decrement at the point

V*.
\ = 2V2 oF
= MV2EaV

V=V
From this it follows, in particular, that for a free particle
(V2= V§) the decrement is twice as large as for the oscillator
(V2=V{§/2). This fact must be taken into account in calculat-
ing the decrements for the longitudinal (free) and transverse
(betatron oscillations) degrees of freedom. The same rela-
tions hold for the z oscillations. To avoid confusion, we
stress that (2.2) is the decrement of the damping of the
squared amplitude or the squared velocity (i.e., the beam
emittance), while the decrement for the amplitude or the ve-
locity is half that. This nearly trivial observation is often
forgotten when experimental results are analyzed.

The situation is simplest at superlow velocities, where
the friction force is proportional to the particle velocity. For
a magnetized electron beam

27Tq LMS

)\x=)\z~W A—l? (23)

At high and low velocities the complicated dependence
of the friction force on the velocity does not permit such
simple averaging. It is possible only to make rather rough
estimates, neglecting the dependence of the Coulomb loga-
rithms on the particle velocity [see (1.37)]. Then for a com-
pletely magnetized electron beam we can take

- 4mq - L,
F~—~TVV , Lc=10, V>A). 2.9

Now two cases important in practice can be distin-
guished:

(a) Strictly one-dimensional oscillations, except that they
are in one of the transverse degrees of freedom; this situation
is typical in experiments to measure the cooling time (see
Sec. 3 below).

(b) Oscillations in all three degrees of freedom are ex-
cited; this occurs, for example, in the storage of heavy par-
ticles in a cooler.

In case (a) we have
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Vocos o, V>4
V.~
* A“ , VX<A" ,
which gives

_  4mqL1 (7o Vit
P~-— 9 C_f _*

m TJo V3
4mqLc 2 J'mz—a do +V3Jm 2 g
=— — cos ,
mVy m\ Jo cos ¢ Zﬁ w2—8 L

where 6=A;/V,<1. Performing the integration, after sub-
stitution into (2.2) we find

16qLC VO

=——In—. 2.
M= v MR 2.5)

The total cooling time for “large amplitudes” is obtained
by integrating (2.2), taking into account (2.5):

mM 1A
" 24qLc In(Vy/A))”

Therefore, compared with the result (1.13) and (2.4) for
free particles, the cooling time in case (a) is decreased by a
factor of (2/m)In(Vy/4)).

In case (b) the effect of betatron oscillations is not so
important, because the transverse components of the velocity
change with opposite phases, and the longitudinal compo-
nent changes monotonically. Therefore, in the denominator
of (2.4) we can set V~V, and write

(2.6)

Ta

- 27TqLC

X

3

mV,
which gives, as in (2.5) and (2.6),
mM Vg
o™ 6mqlc’

2.7

We also stress that this is the cooling time of the squared
amplitude of the velocity, i.e., the emittance of the particle
beam.

2.2. The cooling time in the lab frame

Equations (2.6) and (2.7) were obtained in the electron
frame. To transform to the lab frame it is necessary to in-
clude the Lorentz factor 7y in the transformation of the time
and the electron density. In addition, it is convenient to ex-
press the electron density in terms of the current density of
the electron beam averaged over the particle orbit:

7]" lcool I
=—, =—; J: ,
(ne) eyBc K C wa,znax

2.8

where a, and a, are the cross-sectional radii of the two
beams on the cooling section of length I, C is the perim-
eter of the storage ring, and [ is the electron current. It is also
convenient to introduce the parameter

A
o= Pa
Do

amax=max{ae ’ap}’

2
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FIG. 8. Effect of cooling in an electron beam with linear gradient
of the velocity along the radius: (a) stable regime, particles “roll
down” to the beam axis; (b) unstable regime, particles “escape”
from the beam.

where Ap,, is the deviation of the component of the particle
momentum (a=x,z,s) from the equilibrium value p; in the
lab frame. Obviously,

Ap.. Vi, Ug
xz=—,_=——’, =, =(1- 2 —1/2,
i g y=(1-)
A AN
(4 ,yﬂc’ A p() BC’

A

6= €x2=Br202,, (2.9)

Be’
where ¢ is the beam emittance and B, , are the so-called
betatron functions of the storage ring. In this notation Egs.
(2.6) and (2.7) take the form

By mc* A

Tlab%6kcrch nel z°

¥*92, for the x,z components,
X (2.10)
& for the s component,
[
where r,=1.534x 10~ '6 cm is the classical proton radius, A
and ze are the atomic weight and charge of the particle (we
also note that mc>/e=17kA), and

T for three-dimensional oscillations,
k=1{ 4 In(6,,/6)) for one-dimensional oscillations
in x or z.

For typical parameters (Table III) Eq. (2.10) gives
Tip=2.9 sec in the case of three-dimensional oscillations,
while numerical integration of (1.36) gives 2.85 sec. The
closeness of these results reflects the fact that three-
dimensional oscillations from the viewpoint of the cooling
dynamics (the particle velocity does not vanish) are close to
the case of a free particle.

2.3. Monochromatic instability

When the electron beam is aligned relative to the equi-
librium particle trajectory at some angle @, a so-called
monochromatic instability can arise.!%? Such an alignment
is equivalent to the appearance in the electron beam of a
constant transverse velocity Av, =yBca (in the electron
frame). In undergoing betatron oscillations the particle
moves either along or opposite to this velocity. Since the
relative velocity of the particle and the electrons in the first
case is much smaller (the difference of the velocities) than in
the second (the sum), the friction force causes the oscilla-
tions to grow to an amplitude Vy=Awv, . The velocity of the
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“cooled” beam significantly exceeds the limit (1.41). The
critical value of the angle & at which this instability devel-
ops depends on the parameters of the cooling system. If the
beam is not magnetized, the critical angle is determined by
the spread in the transverse velocities: Av, >A, , a>6.. In
a magnetized electron beam the determining factor is the
spread in longitudinal velocities: Av, >A|, a> 6. It is true
that in this case the final value of the velocity amplitude is
also correspondingly smaller, Vo~A4, but it still signifi-
cantly exceeds the limit (1.41).

The requirements on the uniformity of the magnetic field
are no less strict. If, for example, the angle between a line of
force and the equilibrium trajectory oscillates with amplitude
ay, this is equivalent to increasing the electron transverse
velocity to ayyBc. This “heating” of the electron beam
does not significantly change the picture of the interaction?
if

ay<0,. (2.11)

2.4. The gradient of the electron velocities

The space charge of the electron beam creates an elec-
tron velocity gradient which, in general, lowers the effi-
ciency of electron cooling.®® Let us explain this effect first
for the example of a constant gradient (Fig. 8).

Since electron cooling “tunes” the particle velocities to
the average electron velocity, the location of the instanta-
neous equilibrium orbit about which a particle oscillates in a
freely circulating beam is shifted in space (the point x; in
Fig. 8). This shift is directed inward, toward the axis of the
electron beam, or outward, depending on the value of the
gradient dv,/dx. In the first case the beam contracts when
cooled, and in the second it expands and goes out of the
electron beam. The stability criterion for electron cooling
using (2.1) can be written as

dv, dv, Pc
— ==
dx dx Yy’

where v, and v, are the electron and particle velocities in the
lab frame, or

ﬁdve<1
Bc dx

(2.12)

In a real cooling system the electron velocities depend
nonlinearly on the coordinates. In particular, if the beam den-
sity is constant,

dv, 2el x

dx  B%c*y’m a*
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FIG. 9. Distribution of electron velocities in a beam of constant density: (1)
I1<Iy; (2) I>1 ;. The particles in the region x>x,,, leave the beam.

From this we find a limit on the beam current:
mc3 a LA
YT A
If the conditions (2.12) and (2.13) are not satisfied, part
of the beam is lost (Fig. 9). Analysis of the effect of the
electron velocity gradient on the friction force? leads to the
same condition (2.12).

I< B3 (2.13)

2.5. The lifetime of a particle in a cooler

For a beam of moderate intensity far from the develop-
ment of collective processes making the electron beam un-
stable, the processes which limit the lifetime of the beam
particles are single scattering on the atoms of the residual gas
and of the internal target and recombination (for ions) with
cooling electrons. As a rule, the effect of multiple scattering
is suppressed by electron cooling (Sec. 7.2). The maximum
angle of single scattering is determined by the acceptance of
the storage ring, e, and the value of the betatron function
B. at the scattering point: 0,,= Ve/B,. As a result, the
particle lifetime is

B 1 _ ﬁ3 2 (A)2 €
T {onoyvo (noBoy

Here A and ze are the atomic weight and charge of the par-
ticle, zy and n( are the atomic number and density of the
scatterer, and the symbol () denotes averaging along the par-
ticle orbit. For a target with the parameters of Table III and
A/z~?2 the lifetime 74 amounts to about 1/zj hours, which is
a serious limitation for large z. (See also evaluations for Eq.
(7.1) and the comments to it.)

As a result of recombination, the ion charge decreases
abruptly and, accordingly, the radius of its equilibrium orbit
increases, which can lead to loss of the ion on the chamber
walls. For cooled particles the recombination rate is mainly
determined by the electron temperature. At a temperature of
order 0.1 eV and above, radiation recombination, i.e., elec-
tron capture by an ion with emission of a photon, domi-
nates.’®?” The radiation-recombination coefficient is

20aric?2?
" A, In(acz/A))’

(2.14)

47rzor c\z

a

(2.15)
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FIG. 10. Electron—ion recombination. Calculated dependence of the lifetime
of multiply charged ions on the ion temperature (Ref. 29): %=0.02,
n,=10% cm™3. At relativistic energies 7 must be multiplied by ¥>.

where « is the fine-structure constant. The lifetime owing to
this process is

ﬁ2y30 ln(z/137ﬁy0 )
z 77JA/cm2

=1.38-107

_ 1
(e (a,n,)
(2.16)

For protons and the parameters of Table III, 7, amounts
to more than 200 h, while for lead ions it is only 6 min. It is
also necessary to take into account the fact that the cooled
(compressed) particle beam usually interacts with the part of
the electron beam at the axis, where the electron transverse
velocities are an order of magnitude lower. Taking this into
account, the quoted numerical estimate is in good agreement
with the experimental results from the NAP-M (Refs. 8 and
28).

As the electron temperature decreases the contribution of
dielectric recombination (collision of an ion with two elec-
trons, one of which carries off the excitation energy of the
ion which has captured the other electron) becomes more and
more important.

The results of the calculations of Ref. 29 are shown in
Fig. 10.

3. EXPERIMENTAL STUDIES OF THE FRICTION
FORCE

Three stages of experimental research can be distin-
guished in the development of the electron cooling method:

1974-1984: Experiments at proton storage rings at the
NPI in Novosibirsk (Refs. 5, 8, 9, and 28), at CERN (Ref.
11), and at Fermilab (Ref. 12).

1985-1988: Experiments at the Model Solenoid setup at
the NPI in Novosibirsk (Refs. 23 and 30).

1988-1994: The startup of operation of antiproton and
ion storage rings (Table I) and experiments at them.

A detailed description of the experimental setups can be
found in the original studies and reviews (Refs. 3, 9, 27, 31,
and 32).

The distinguishing feature of the Novosibirsk experi-
ments (Fig. 1) was the use of several techniques for measur-
ing the transverse dimensions (emittance) of the cooled
beam: a magnesium jet, a thin quartz filament scatterer rap-
idly intersecting the beam (Fig. 11), and a detector of the
neutral hydrogen atoms formed on the cooling segment. As
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FIG. 11. Beam profile measured by the method of proton scattering by a
quartz filament. From top to bottom: the beam immediately after accelera-
tion, the beam after 200 seconds without cooling, and the beam when cool-
ing has been switched on.

strange as it may seem, up to now none of the storage rings
of the third generation has exploited such technology (only
in 1994 was a magnesium jet built in Novosibirsk installed at
CELSIUS).

The longitudinal component of the friction force is effi- -

ciently measured by using Schottky diagnostics (see Refs. 27
and 32), which make it possible to accurately measure the
frequency spectrum of the revolution in the cooled beam.
Therefore, in the physics of the electron cooling of ions most
of the experimental data have been obtained for the longitu-
dinal degree of freedom.

The measurements of the decrement of the damping of
betatron oscillations carried out at the NAP-M accelerator®®
showed (Fig. 12) that for proton energies in the range 1.5-65
MeV the dependence of the decrement on the relative veloc-
ity of the particles and the electrons is approximated by the
dependence

_Adey 10°
22 n: (Vi)cm/sec

105<V, <107 cm/sec,

AE cm’/sec,

n*=10"8yn,.

Here A; ~2X 107 cm/sec and Aj=3X10° cm/sec, i.e., the
data pertain to low velocities. The measurements of the lon-
gitudinal friction force and its decrement for multiply
charged ions carried out later at the TSR (Ref. 33) for trans-
verse velocity in the range 3 X 10° cm/sec < V, <10° cm/sec
gave curious results (Fig. 12): the two groups of experimen-
tal points from the NAP-M (A | ) and the TSR (\|) lie on the
curve V3 as predicted by the theory (1.36), while the points
inside each of the groups follow a weaker dependence, be-
tween V| 12 and VIZ. Apparently, more accurate measure-
ments encompassing a wider range of velocities are needed.
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FIG. 12. Dependence of the reduced decrement of damping of transverse
oscillations on the relative velocity of the particles and electrons (Refs. 28,
33, and 34):

N*=(A/2%)-(Nep/n,), nE=10"%n,.

NAP-M
Setup (Refs. 3,28), A, TSR (Ref. 33), N TSR (Ref. 34), \;
MeV/nucleon |1.5,]65|65]65|65|35 12 11.4
Symbol o |+ |X|®|O]* 0| O® [e]|¢ | m ¢ [
Particles protons d | Li** | Cot o] siot Cot[s!or

The latest TSR results> for A, (Fig. 12; C®* and S!°* ions)
are in good agreement with the NAP-M results.

The properties of the longitudinal component of the fric-
tion force have been studied most carefully at the Model
Solenoid (MOSOL) setup at the NPI, Novosibirsk (Fig. 13
and Table IV; Ref. 30), where a beam of protons or nega-
tively charged hydrogen ions accelerated in an electrostatic
accelerator was cooled during the time of flight through an
electron beam. The high time stability of the accelerator en-
ergy ensured that the spread of longitudinal velocities of the
particles was small, and the use of an H™ source and a
magnesium-vapor target which could be switched on re-
motely made it possible to change the sign of the particle
charge while keeping the other parameters fixed. This made
very accurate comparison of the values of the friction force
for particles of both signs possible. The precision of the ex-
periment was further ensured by the use of a special electro-
static spectrometer (see Ref. 23). Another important feature
of the experiment was the high degree of uniformity of the
magnetic field.

The results of these experiments and also of most of the
others which have been performed by now are shown in Fig.
14 (Refs. 23 and 35-38). They show that at high and low
velocities (V>A)) there is good qualitative agreement with
the theory. In particular, the magnetization effect is convinc-
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FIG. 13. Schematic diagram of the MOSOL setup: I—electrostatic accel-
erator; 2—deflector; 3—magnesium vapor target; 4—electron gun and
plates for beam extraction; S5—solenoid; 6—electron collector;
7—spectrometer.

ingly represented: the friction force continues to grow with
decreasing V in the range V<A,~3Xx 10’ cm/sec.

For superlow velocities, four different experiments
(MOSOL, IUCF, ESR, and TSR) have revealed a linear de-
pendence of the friction force on V|, as predicted by the
theory. However, the absolute value of the force measured
experimentally is almost an order of magnitude smaller than
that calculated for the density n,=1x10% cm™ (Fig. 14,
left-hand solid line). This difference is apparently related to
insufficient stability of the electron energy. Actually, attain-
ment of the maximum level of the friction force at superlow
velocities requires the stability

5g<2 A" =9 1 eznl/
Z 2525 N e

The cubic dependence of the force on A| requires a fairly
strong inequality (if only a factor of 3) to eliminate the effect
of 6&. For the MOSOL setup this estimate gives
8%]&<2X107, and for the TUCF and TSR setups it is still
an order of magnitude smaller. The correctness of these ex-
planations is also confirmed by the fact that the points of all
three experiments lie well on a single curve, which implies
the absence of a dependence of the reduced force on the
density n, [we recall that A « n, V8 in the absence of insta-
bility of the electron energy; see Eq. (4.5)]. Inhomogeneity
of the magnetic field of the electron cooling system has an
analogous effect (Sec. 2.3). It is not impossible that the low
level of the force in the early experiments at ICE, where also
F| = V| (Fig. 14), was due to the same cause. If this is true,
then the pulsations of the electron energy at ICE were about
1073 (Aj~107 cm/sec).

The cooling of multiply charged ions merits special
discussion. In the range V|>A) good agreement with the

33,38

TABLE IV. Parameters of the MOSOL setup.

0.0Q1

0° 10° 105 108 10
V, cmisec

FIG. 14. Results of measuring the longitudinal friction force (Refs. 23, and
35-38): F*=F)/z*n} , where n*=10"% cm’- n,y™! is the “reduced”
electron density in the particle frame. The solid lines are the calculation
using Egs. (1.36) and (1.37) for n,=10"% cm™3 and various values of Ay

(cm/sec): 3.4%10° (1); 1X10° (2); 1X107 (3).

Energy
Symbol Setup Particles (MeV/nucleon)
+ NAP-M protons 65
® MOSOL protons 0.85
A ICE protons 47
@] IUCF protons 45
D LEAR protons 49
+ TARN protons 20
o) CELSIUS protons 180
O] CELSIUS deuterons 783
A CELSIUS o8+ 296
<9 TSR deuterons 12
é TSR Le* 12
¢ TSR ct* 12
¢ TSR 08+ 12
[ ] TSR ste* 12
* CRYRING deuterons 122
& ESR cs* 250
ol ESR Ti?* 250
me ESR Xe** 250
= ESR U 250

Hydrogen ion energy, keV 850
Stability of ion energy, keV +25%X107°
Electron energy, eV 463
Electron curent, mA 1-15
Electron density, 1078 cm™> 1.6-235
Magnetic field, kG 1-3
Deviation of the magnetic field from parallel, B, /B 5x1073
Length of cooling segment, m 24
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theory is observed. At the same time, the experimental data
are quite contradictory at superlow velocities: the TSR points
coincide well with the points for protons (Fig. 14), but a
weak (logarithmic; see Sec. 5.3 and Fig. 17) z dependence is
observed. The ESR points®® lie considerably lower, demon-
strating a strong z dependence. The latest results inspire
doubt: the values of the reduced friction force for C®* in the
ESR experiments lie below the curve for protons and deuter-
ons, while in the TSR experiments they coincide closely with
the latter; in addition, the value quoted for Xe*** is larger
than that for TiZ2*. [We note that in the MOSOL and ESR
experiments the curves for F(V|) were obtained continu-
ously in V|, by scanning the electron energy (MOSOL, Ref.
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23, Fig. 12) or the particle energy (ESR, Ref. 38). A selection
of points on these curves is shown in Fig. 14.]

The question of the fine details of the physics of cooling
in this region essentially remains open. Some of the specific
features of the interaction at superlow velocities are dis-
cussed in Sec. 5.

4. THE COOLING ELECTRON BEAM

4.1. Electrostatic acceleration and the flattened
distribution

In an electron beam of low intensity a flattened distribu-
tion of the type (1.26) has a kinetic origin.3 This is most
easily demonstrated in the nonrelativistic case: an electron
emitted by a thermionic cathode at temperature 7, and ac-
celerated in an electrostatic field by a potential difference
U, has kinetic energy

m
g=%c+eU0=5(v0+Av)2;

mug

—2— =elU=E& 05
where &, is the kinetic energy of the electron at the cathode.
From this we find the velocity spread and the temperature of
the longitudinal degree of freedom of the electrons in the
frame moving with velocity v:

2

~—C =mAi~—
A~ g TIEmAi~3g -
It is possible to find 7| more rigorously® by writing the
distribution in the electron energy & . at the cathode as

f(&)=A-e %'Tc,  A=const. @.1)

From energy conservation and the Lorentz transformations
we find

E=\Np*c*+m*c* (&t mc?)~Bc(p—py) = ymy|,

po={p)=Bymc, (4.2)

where p is the longitudinal component of the electron mo-
mentum in the lab frame after the acceleration and vy is the
electron velocity in the frame moving with velocity
Vo= ﬁC .

Since the distribution function is the integral of the col-
lisionless Vlasov equation, if the total energy is chosen as the
argument, f(p) in (4.1) retains its form even after the accel-
eration. Substituting &, from (4.2) into (4.1) and transform-
ing the distribution function from the lab frame to the mov-
ing frame, after normalization to unity we find

Bymc

'm
T,

e—ﬁ'ymcv" /Tc,

fly)= v>0. 4.3)
The condition v|>0 reflects an obvious physical fact: only
electrons moving ‘““forward” enter the beam from the cath-
ode. Therefore, (v)) # 0, and the “longitudinal” tempera-

ture is
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T?
Ti=m((vi)=(v)?)= B

T2
Tj=5%~3-107" eV for &<mc?. 4.4
0

The distribution (4.3) is not the equilibrium one. The
beam relaxes to the state of thermodynamical equilibrium in
a rather short time (see Sec. 4.3).

The electron transverse momentum is not changed in the
acceleration, so that the transverse temperature is

T.L=Tc+Tab(r):

where T,;, is the contribution of optical aberrations of the
electron gun, which, in general, depends on the radial coor-
dinate of the electron.

4.2. Fluctuations of the electron density and the
longitudinal temperature

The electron density in beams used for cooling is high
enough that the Coulomb interaction between the electrons
can be neglected. Since the distances between electrons [,
fluctuate, the local electric field in the elecron gas is nonzero,
and an electron in the gas possesses some potential energy,
the so-called correlation energy, which for a hot gas is*

mn,
c‘fm,=—e3\/—T , T>en!’.

This situation occurs in the electron beam near the cath-
ode, where the electron density is

ne~n\N&y/T.~1.5-1073 em™3 (T,~0.1 eV),

so that ezni/3 ~1073 eV<T,. For sufficiently rapid accel-
eration [see (4.6) below] the electron gas does not manage to
“mix” and retains its initial structure. In this case the corre-
lation energy of its electrons is of order of magnitude

Eor~— 7y ~—e2nl>.

The oscillations executed by the electron under the ac-
tion of the local electric field transform this potential energy
into kinetic energy, which gives a contribution to the electron
temperature T, ~ — &, . This phenomenon can be demon-
strated for the model of an ““electron crystal” with a strictly
cubic lattice and a single electron out of equilibrium (in its-
spacing). This system is equivalent to a ‘“heavy hole—
electron” dipole. Oscillating in the field of the hole with
period 7=m2mr3/e?, the electron has time-averaged
Kinetic energy & = e?/r. Taking the electron amplitude dis-
tribution to be Gaussian with dispersion /2, we find
T=2(&) = 2\2e%(ml,)~e*n!. We also note that
(N=~27/w,,.

As a result, the final electron temperature is

T2

c

~ 2,13 _3.10-7_1.10-*
T" W-Fe n, 3-10 1-10 eV. (4.5)

The time for the temperature to be established (thermal-
ization of the beam) is determined by the plasma oscillations
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[with frequency w,. (1.5)] and electron—electron collisions.
In principle, this is the same Coulomb interaction process as
electron cooling. In a magnetized beam this is case S in Eq.
(1.36) for F I with the condition m =M, which gives

3
I

Toe=A, '~ ~107° sec,

24
2mn, r,c"Lys
In an “ordinary” electron gun the acceleration is quite
rapid:*

Tae=3 —~1077 sec,
Vo

relaxation cannot occur during the acceleration time, and the
electron temperature established right after the emission
from the gun has a relatively high value:

(T gs~en". (4.6)
If the acceleration occurs fairly slowly, so that

L ﬂ< min{7,.},w,.} 4.7)
T" dt ee »WYpef>

the electron gas manages to relax during the acceleration,
and the temperature at the exit from the gun is
2

(T ||)slow~Wcmcz- (4.8)
The condition (4.7) at nonrelativistic energies can be

written in terms of the average strength of the accelerating
field E:

1dT||_1d(°5_v e
T@ - Fdr 7 LS

from which we find

mpfBc
E<~\|m] T~3 kV/cm.

The electric field in a Pierce gun is almost an order of
magnitude higher, i.c., such a gun (operating according to the
3/2 rule) is fast, and the temperature of the electrons in its
beam is given by Eq. (4.6). Attempts to make “slow” guns
have been made recently (see Ref. 23).

4.9

4.3. Longitudinal—-transverse relaxation

The flattened distribution in turn relaxes to a distribution
which is isotropic, owing to electron—electron collisions: the
cold longitudinal component is heated by the hot transverse
components. In the absence of a magnetic field this process
is none other than diffusion in an electron beam with a flat-
tened distribution, and Eq. (1.40) for m=M gives*
(&y<<mc?)

dT) me’JL, m 5.10-6 eV
&7 N 73107 eViem

i.e., the longitudinal temperature increases by a factor of 10
over a distance of 2 m.

The diffusion process is significantly suppressed in a
longitudinal magnetic field if
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FIG. 15. Dependence of the maximum friction force on the electron beam
current.® B=3 kG. Points: ®—negative H™ ions; X—protons. Curves:
F=ke?n?3, for (1) k;=1.82; (2) k,=0.72.

(p)sl,=n;'". (4.10)

For the parameters of Table III this condition requires B>1
kG. For this magnetization (almost the maximum) the elec-
tron gas in the electron frame looks like a set of “Larmor
circles” which slowly, with velocity A, travel along the
field and collide with each other, exchanging momenta
mA, . Therefore, the factor Aj/A, appears in the diffusion
power (1.40):

3

5. THE FINE POINTS OF ELECTRON COOLING
5.1. The friction force for negatively charged particles

mwe’JL.  [mT|

Z 7 10”7 eV/cm.

(4.11)

magn

Negatively charged particles (antiprotons, negatively
charged ions) repel electrons, while positively charged par-
ticles attract them. In collisions with parameters p<p;, in
the first case a magnetized electron is reflected and transfers
a momentum 2mYV to the particle, while in the second case it
passes near the particle without transferring any appreciable
momentum to it. Therefore, for a negatively charged particle
the longitudinal component of the friction force is increased
by
5 2mq 1/V2, V>A,
AF|==n V2mVmpma™ ==X y2a8, v<a,

(5.1

and the maximum value of the longitudinal component [see
(1.36)] is

B 2mq
(Fh ))maXN—m—Aﬁ(1+LMS)~_27Tech2:/3(1+LM5)'
(5.2)

This effect has been convincingly demonstrated in ex-
periments at the MOSOL setup.?>* The experimental points
in Fig. 15 in the region I<3mA are approximated well by
the function

| 1.82 for negatives ions

2,23
Fy=ke’n.™, k=10.72 for protons.
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FIG. 16. Magnetic-field dependence of the coefficients k; and k, and the
optimal value of the electron current.?

The falloff of the friction force in the region /<3 mA is
due to the worsening quality of the electron beam as the
current increases (increase of the longitudinal temperature
along the beam owing to longitudinal—transverse relaxation,
the influence of the space charge of the electron beam, and so
on). This confirms the magnetic-field dependence, shown in
Fig. 16, of the value of the beam current at which F) reaches
a maximum (dotted line); I, grows linearly with the field.
There we also show the field dependence of the coefficient k.
As the magnetic field increases, the difference between k;
and k, grows significantly.

5.2. Diffusion of cooled protons

The particle beam and the cooling electrons meet on the
cooling section at the exit from the toroidal section (Fig. 2).
In the particle frame the beam extraction looks like a fast
displacement of the electrons in the direction perpendicular
to the axis of the beam of cooled particles:

2
Age (BcAt) ’
2R
where R is the radius of curvature of the electron trajectory
in the toroidal solenoid. For the parameters of Table III this
estimate gives a displacement of order 1 mm over a cyclo-
tron revolution period (here p, ~0.02 mm). i.e., the particle
and the electron meet “instantaneously.” If the particles are
already cooled to the level V<A and have positive charge,
the electron and the particle move together, and the electron
oscillates along the direction of the magnetic field under the
action of the particle field, while simultaneously rotating
slowly with frequency w, (drifting) around the field line
passing through the particle. This is the well known drift in
crossed fields: the longitudinal magnetic field and the trans-
verse electric field of the particle. The force acting on the
particle due to the electron changes direction with the elec-
tron drift frequency

(5.3)

ze
W~C ==

B’ (5.4
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and the components, transverse to the field, of the momen-
tum transferred by this force to the particle during the travel
along the cooling section 7 are

A Tzezx sin w4t d
Pxz™ | 57 7 cos wgt £

From this we have

2 2
ze® 2 w,T
2_A2 2_ :
Apl—Apx-FApz—(? w—d sin T)
Averaging this quantity over a large time interval
Ar> 79> 71 (i.e., a large number of particle passages through
the cooling section with period 7,), we find the addition to
the diffusion power:

1 1 Pmax

_ - 2
00 =t p— Api2mpdp
4~22/3(Bne22e5'r2)2/3f°° sinzxd
= — dx
3M 1, c Xomin L
73 (eBq\??
~47 7(7) ’ (5:5)

where x . =4czetn,/B<1, n=1/1=1/C, and pp,=1./2
~1/2n}" . Substitution of this addition (including 7) into the
Langevin equation gives, instead of (1.41),

T,=T)(1+59),
1.5 wzr\'? ,
[ B -2
E) LMs(zzwpe) 72723, (5.6)

This effect is quite clear when the particle is a proton
and is accompanied by a single electron. It can become de-
cisive for large B, because & grows as B%>. The case of
multiply charged ions is much more complicated.

5.3. The cooling of multiply charged ions

Let us begin with a rather obvious effect: the dependence
of the Coulomb logarithms on the ion charge. It can signifi-
cantly decrease the friction force (the decrement). In Fig. 17
we show the results of processing the experimental data ob-
tained at the TSR for the cooling of multiply charged ions.>?
These experiments were carried out at ion energies of 5-12
MeV/nucleon, and the electron transverse velocity in them
was (6-8)X10° cm/sec, i.e., the data given in Fig. 17 refer to
superlow particle velocities (cf. Fig. 14).

For superlow particle velocities the binding effect de-
scribed in the preceding subsection can also come into play.
An electron oscillating around a positively charged particle
vanishes at the exit of the cooling section just as suddenly as
it appeared at the entrance to this section [see Eq. (5.3)].
Here it carries a longitudinal momentum whose sign depends
on the phase of the oscillations at the instant when the exit is
made. A rough estimate of this effect can be made by assum-
ing that the oscillation frequency of the electron in the ion
field (along the magnetic field) is
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FIG. 17. Dependence of the longitudinal decrement on the ion charge z for
various values of the transverse ion velocity (analysis of the results of Ref.
33): N*=(A/z%)-(\/n}), nr=10""n

.-
Symbol ® + X O ¢ 0O
Curve 1 2 3 4 5 6
V., 10° cm/sec 6 7 8 6 7 8
n,, 10° cm 0.72 3.42
262
|~ W, (5.7)

where the impact parameter p is

I, 1
pP= E‘V—Z—I—F' (5-8)

Substitution of the upper limit gives the minimum frequency

z
o= —wpe~109\/; sec™!
T

This estimate shows that during the time of travel along
the cooling section (7~10"% sec) the electron manages to
complete several oscillations. Since V<A, the electron mo-
tion in the particle frame can be written approximately as

(5.9

sin m"t
s(t)=s( cos w||t+(v—V||) o
I

where s is the coordinate along the magnetic field and V is
the component of the particle velocity in the electron frame
parallel to the field. The momentum transferred to the par-
ticle by the electron at the exit is ms( 7). Averaging over the
interval At as in (5.5), we find

mV Pmax
AF=- ” f sin w|7-2mwpdp

T0O maxJ 0

2 \2/3
=-3.359mVw,, 1/3( ) -Int,

41
I J’°° sin x 3
nt= —3 ,
<3 X

. a=\/7w fr~6\/7
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(5.10)

The relative contribution to the longitudinal friction
force is [see Eq. (1.36)]

AF 24773 :
= I _ I Int~ Int
(Fll)MS T3, ‘02/3LM5 ==z Int.

(5.11)

Therefore, the effect can be significant, and its sign depends
on the value of a:

cos a
for a>1, Int*T;
a
hen & cos a
then o= .
\/577‘3/262rene7'2LMs

This case of a single bound electron does not fully de-
scribe the bremsstrahlung of a multiply charged ion in a
cooling electron beam, when it is necessary to take into ac-
count the multiparticle interaction in which at least z elec-
trons take part. This process is studied by numerical model-
ing, although it must be said that only preliminary results
have been obtained.*?> A rough estimate of the effect can be
made, taking into account the fact that all the electrons os-
cillate in phase with frequency w,, [indicated by its presence
in (5.9)—(5.11)]. Then as in (5.10) we find

mV” .
((AF“)Z>~ - 7'_0 Z Sin Wpe T,

2A" sin w, 0.1

S ~—————————~——smw
(%r): r.c*zTw> ol Ms 2z peT

(5.12)

Similarly, we can try to include the additional diffusion
of a multiply charged ion at superlow velocities: the electron
cloud rotates as a whole about the magnetic field line inter-
secting the ion with frequency

2

cze W,
@dz RgB T Amwg’
Ro~2z'31,. (5.13)

The transverse component Ap, transferred to the ion
during the passage is strictly equal to zero for a uniform
distribution of the electrons about the ion. Since the density
fluctuates, the average over many passages is A pi #0.Itis
important that the angular velocity of the cloud rotation does
not depend in a first approximation on the location of an

individual electron. We can therefore write

Ap=2 (ApL)%

i=1
. ze? (7.
(APL)I‘:F R(t)dt,
0JO

R(t)=R(, sin wg,t+1, cos wy,t).
From this we find
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Y To(?g—) (wdz sin —=—| n, . (y

16#25/3( eB )2 . 5 @4 T
=— sin

5 cn;/3 2 ’
Ap2
s0= 2Mi0' (5.14)
As in (5.6), we find
T,=T|(1+4,), (5.15)
2
w Wy, T
- 5/3 B . 2 Ydz
6,~24z w;eTLMS sin” ——, (5.16)
W, T
andforw,,7<1, 8,~0.04z"% —F=~0.22"".

Lys
This estimate, which is valid at large z, can therefore deter-
mine the temperature of multiply charged ions (see Sec. 6.1).

6. THE PHYSICS OF COLD BEAMS
6.1. The transverse dimension of the cooled beam

The final velocity spread and, accordingly, the transverse
size of a beam of low intensity is determined by the param-
eters of the electron beam (1.41), (5.6), and (5.16). In experi-
ments (Table V) dimensions of the cooled beam significantly
greater than the theoretical limit have been observed. The
difference is especially great for heavy ions. This discrep-
ancy is apparently related to the insufficiently high quality of
the magnetic field along the cooling section: the criterion
a<Aj (Sec. 2.3) is not satisfied. In fact, the results given in
Table V for beams of low intensity show that to reach the
theoretical limit in these experiments it was necessary for the
magnetic field to be uniform at a level B, /B<1X107>,
which certainly was not the case.

As the beam intensity increases, two effects come into
play and tend to increase the spread of the particle velocities:
the defocusing action of the space charge and intrabeam
scattering.

The space charge of the cooled beam creates electric and
magnetic fields acting on the particles like a defocusing lens.
This effect is well known in accelerators, where it produces a
shift of the frequency of betatron oscillations,* which for a
cylindrical beam is

Awpy rpN 22 C
AUE = > = 3
[N 2meBiy Al

(6.1)

where e is the emittance of the cooled beam, r, is the
classical proton radius, ze and A are the charge and atomic
weight of the particle, C is the perimeter of the storage ring,
and [ is the bunch length (/=C in the absence of a high
frequency). In approaching the nearest machine resonance a
buildup of the betatron oscillations occurs with disappear-
ance of particles on the walls of the accelerator chamber.
Electron cooling significantly damps the effect of reso-
nances. A sort of self-regulation occurs: the beam is
squeezed to a size where the frequency of the betatron oscil-

lations approaches the resonance value. Beyond this it be-
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comes stable and there is no particle loss. Therefore, for
given beam parameters (N, z, and A) and storage-ring pa-
rameters (Av;), Eq. (6.1) describes the equilibrium value of
the emittance of the cooled beam. This effect was discovered
in experiments at the NAP-M (Ref. 23) carried out at a pro-
ton energy of 1.5 MeV (Fig. 18), where the experimental
value Av=0.1 was obtained.

In the ESR experiments* for 7Au’* and '2°Xe>**
ions it was found that the size of the cooled beam (the emit-
tance) grows as \/17 (Av=const). The maximum value of
Av was 0.02 in the experiments for a beam containing about
10% 12°Xe5** ions. A similar result was obtained for C** ions
at the TSR (Ref. 45): the emittance increased as N%*3, which
corresponds to a nearly constant value of Av, equal, for
example, for the parameters of this experiment, to 0.04. We
note that the experiment was carried out near the bound reso-
nance, and vy —vy~0.07.

Therefore, the estimate of the admissible beam intensity
(6.1) is completely applicable as a practical approximation.

6.2. The momentum spread, noise, and
“crystallization”

The momentum spread of the particles in a cooled beam
is to a large degree determined by intrabeam scattering.*®
This is basically the same thing as longitudinal—transverse
relaxation (Sec. 4.3). Equation (1.28) for Q, transformed to
the lab frame, can be written as

d (Ap“)2 Sr;ch N z*
— = = E T C
dt\ p | g5 Bye¥2B, CA
Here L ¢ is the Coulomb logarithm, B, is the value of the
betatron function of the storage ring, averaged over the orbit
(it is assumed that B,~ B,), C is the perimeter of the storage
ring, and e is the beam emittance. If the diffusion in intra-
beam scattering exceeds the diffusion in the electron beam,

the former determines the equilibrium momentum spread,
which at superlow velocities is [see Eq. (1.36)]

(6.2)

(Ap")z_ 2L¢ (A||)3 1 Nzm
p ) mB*¥Vnlus\c 83/2:}[39 CA m_P ’

(6.3)
where m,, is the proton mass. From this it follows that the

equilibrium momentum spread in an intense cooled beam
must grow as z\/N/Ae**. The experimental results indicate
that the physics of deep cooling of a beam is more compli-
cated. For example, in the early experiments at NAP-M
(Refs. 13 and 31) it was discovered that there is a suppres-
sion of the momentum spread to the level
Ap/p=1.2X107% if the beam intensity does not exceed
N~3x107 particles (Fig. 19). For N>3x 10’ the spread
increased sharply. We note that the minimum spread attained
corresponds to a temperature of 10™* eV in the particle
frame, which for the parameters of the NAP-M experiment is
in good agreement with the condition (1.41).

In experiments involving heavy multiply charged ions at
the ESR (Refs. 38, 44, and 47) and at the TSR (Ref. 45) a
different picture was observed (Fig. 19): for a wide range of
ions in the energy range 150-290 MeV/nucleon the momen-
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TABLE V. Parameters of cooled low-intensity beams.

Parameters NAP-M (Ref. 23) ESR (Ref. 38)
Type of Particle protons 197Ay7* 189K+
Energy, MeV/nucleon 1.5 65 290 250
Beam diameter, mm 1 0.2 0.4 0.4
Angular spread of beam, 107 rad 7.0 1.4 3.6 3.6
n,, 108 cm™3 0.05 2.4 0.1 0.05
AyBe, 107 rad 20 4 1.2 1.1
Factor 6 (5.6), &, (5.16) 25 12 50 30
Toeor=€n1?(1+6), 1073 eV 0.63 1.14 1.6 0.75
Texps €V 0.015  0.026 150 80

tum spread increases monotonically from the level 1076, (To
be able to compare the experimental results, in Fig. 19 we
have used the reduced linear particle density; see Sec. 6.7
below.)

Before discussing these results, let us return to Ref. 13.
There the level of noise of a cooled proton beam was mea-
sured and used to find the particle momentum spread. The
relation between these parameters was obtained in Ref. 14,
where the physics of the noise of a particle beam in the
presence of friction (cooling) was analyzed. In particular, the
formation of space-charge waves in a beam circulating in a
storage ring was studied for the first time. The main differ-
ence from linear beams is the existence of a particular rela-
tion between the particle momentum and the frequency of
revolution in the storage ring, w, (Ref. 43):

1 do;,  1dp 1 1
w, dt _77wp dt’ 77(0_72 ‘ytzry
where (y,—1)Mc? is the so-called critical energy of the
storage ring. Taking into account this expression and using
the approximation of long-wavelength perturbations and a
narrow beam (the latter is well satisfied for a cooled beam),
standard linear analysis (see, for example, Ref. 40) gives the
phase velocity of the wave:

z Notp¢’N b
w,=—=+\ 2= In—,

JA TYR; a
where R,=C/2m is the average radius of the orbit and
a<<b are the radii of the beam and chamber cross sections.
The sign * indicates that in the particle frame there are two
waves traveling parallel and antiparallel to the velocity v
with which they drift as a whole in the lab frame. Therefore,

in the noise spectrum of the beam under certain conditions
there appear two peaks separated by an amount

n=1,2,....

(6.4)

Uphzl)oi was, (65)

(6.6)

This splitting (Fig. 20) exists if the following condition is
satisfied in the cooled beam:

Ap

w, =A Dnin= NwWs

Aw,=n2w,,

The stable state of the beam with split spectrum can, as
a rule, be supported when there is sufficiently strong feed-
back which suppresses the growth of coherent oscillations of
the particles: a so-called damper.*’

652 Phys. Part. Nucl. 25 (6), November—December 1994

10

- AV

2
d, 8 40.2
mm?
6 J
4 404
2 J
1 1 1
10 20 30
Ip s uA

FIG. 18. Current dependence of the squared diameter of the proton beam
and the calculated value of Av(dz,I); P‘;"p:l.S MeV, I=1 mA, B=500 G.

As a rule, the experimental values of Aw, are in good
agreement with the calculated values (6.6). Taking into ac-
count (6.5), this condition can be written as

A 7wR,n,B%y [Ap)\?
N>N‘h_;7 r, In(b/a) 3

Excess over the threshold value is a necessary condition for
splitting of the peaks. The sufficient condition is more com-
plicated to formulate. There are essentially two: the beam
must be “deeply” cooled, and the intensity must satisfy
(6.7). What does deeply cooled mean?

Here the idea of the ordering of the particle locations in
the cooled beam arises. This was first pointed out in Ref. 24.
The noise suppression for N<3x 10’ in the NAP-M proton
beam indicates the appearance of a significant correlation
between the particle locations in the beam. The condition for
such ordering to arise is known from solid-state physics (the
so-called Wigner crystal; see Ref. 50 for details):

2%e?

(6.7)

>1, l,=n,'",

0T 6.8)
where T and n,, are the temperature and density of particles
with charge ze, and /, is the average distance between par-
ticles. In this case the potential energy of the interparticle
interaction exceeds the kinetic energy of the thermal motion.
In the particle beam in a storage ring there are two param-
eters characterizing the distance between particles: the trans-
verse dimension of the beam, a, and the longitudinal “gap”
between the particles in the beam, /j=C/N. The condition
(6.8) is obviously satisfied if

z%e?
T

a<lj< (6.9)
It is interesting that the inequality (6.7) directly implies
that the potential energy of a particle in a ordered beam chain
is larger than the kinetic energy of the thermal motion:
22¢*  /(Ap)?

F”El_" 2Meff>1’

(6.10)
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FIG. 19. Dependence of the particle momentum spread on the reduced linear density of the cooled beam:234!

dN*/ds=(*/A)(N/7,B*¥l), where | is bunched beam, C is free beam.

Symbol L a * O l A L o ¢ , A I u O
Storage ring NAP-M ESR (upper curve ESR (lower curve) TSR
Ton p 84Kr'iﬁ+ 129xe54+ 197Au79+ ZDQBi82+ 238U92+ 20Nel()+ 40A1J6+ 20Nel()+ C6+
Energy, MeV/nucleon 65 150 250 290 230 330 150 150 250* 53
YM b celerators. All the experiments cited in the present study
M eff=_7’ In z were carried out at an energy below the critical value
w

is some effective mass of the particle moving in a storage
ring under the action of the wave field (the synchrotron mass
multiplied by a logarithmic coefficient taking into account
the mass of the wave field which carries the particles).

The two inequalities (6.9) also form the condition for
“deep cooling.” In experiments involving heavy ions, the
results of which are shown in Fig. 19, this condition is not
satisfied. As a result, the nature of the dependence of the
momentum spread in the ESR and TSR ion beams and in the
NAP-M proton beam differ fundamentally. It is interesting
that in the NAP-M the noise suppression was observed up to
[;~0.05 mm for a=0.1 mm. In the ESR experiments the
points Ne and Ar fall outside* the uniform dependence (the
spread is roughly proportional to the square root of the linear
particle density). For these points (with some optimism) it is
possible to foresee a quasithreshold dependence of the spread
on the reduced linear density, while the threshold value of
the latter is the same (10 cm™1!) as for the NAP-M! Char-
acteristically, the parameter I for the two curves below the
threshold intensity was 3.7, while the parameter

z%e?

FF,—”/TM

was significantly lower: 0.004 for the ESR and 0.012 for the
NAP-M. For the upper curve (Au”*, the point
dN*/ds=10*), [|~6Xx10"* and T’} ~1X10~*,

Let us note another feature of the criterion (6.7). A pa-
rameter can, in general, take a negative value if the particle
energy is above the critical value. In this case the threshold
intensity is negative, and the plasma frequency (6.5) is
imaginary. Physically, this implies that the particle revolution
frequency falls with increasing momentum [see Eq. (6.4),
dw/dp<0], and in their scattering the particles become
grouped together: the so-called “negative-mass effect” in ac-
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(7,>0). Of course, operation of the storage ring in the re-
gime above the critical energy makes it impossible to obtain
ordering of the particle locations in the beam. Another fea-
ture of the NAP-M was the fact that its operating regime was
close to the critical energy (7,~0.08), as a result of which
the threshold Ny, (6.7) was lowered significantly.

The studies of Parkhomchuk et al. (Refs. 13, 14, and 24)
initiated the physics of ultracold beams, where the main sub-
ject of interest is the realization in beams of the so-called
crystalline state. Today there is no doubt about the possibility
of ordering in the longitudinal direction, and the experiments
of Ref. 13 have actually demonstrated this. As the beam
intensity grows, the question of transverse ordering arises.
Here an “existence theorem” has not yet been proved, al-
though studies are being carried out very intensively (see the
section entitled Crystallization in Ref. 4). The situation is
rather the reverse: the impossibility of forming a two- or
three-dimensional crystalline beam in a ring with soft focus-
ing has been demonstrated.’! The reason is again the
negative-mass effect: it is well known that in a storage ring
with soft focusing, 7,<0 for any energy. Nevertheless, a
qualitative picture of the formation of such a beam has been
around for some time (see, for example, Ref. 52): as the
cooling becomes deeper, intense beams reach states in which
an equilibrium crystalline structure is formed. First this
structure is one-dimensional, then at higher intensity it is
two-dimensional of the zig-zag type, and beyond it is three-
dimensional (a spiral, coaxial cylindrical shells, and so on).

The problem of shear in passing through bending mag-
nets remains unsolved: to preserve the crystalline structure,
particles located at different radii must move with the same
angular and, accordingly, different linear velocities, while on
a straight section their velocities must be the same. This is
possible only when there are significant oscillations of the
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FIG. 20. Frequency spectrum of the Schottky signal of the cooled beam. (a)
The LEAR storage ring (preliminary electron cooling of the antiprotons);
2x10° particles, the 40th harmonic of the revolution frequency,
Ap/p=*+1X10"*, peak splitting not yet observed: w,~500 sec !~Aw.
(b) The TARN-II storage ring (Ref. 48): proton energy 16 MeV, measure-
ments at the 60th harmonic of the revolution frequency, beam intensity
equalsto (from top to bottom)—2.6X107, 6.2X107; 1.4x108, 4.8x108,
8X10°.

particles of the “crystal” about their equilibrium locations.
And then the problem of stability, resonances, and so on
arises.

What makes this state interesting? This is an ideal “natu-
ral model” of a condensed medium with a density 13-15
orders of magnitude below that of a solid object. The study
of the “gaseous,” “solid,” and mixed states of such a me-
dium and phase transitions, wave propagation, and heat-
exchange processes in it should be very interesting.

The comparison of the experimental results from the
NAP-M and from the ESR and TSR made here rather con-
vincingly demonstrates the need for deep cooling in order to
reach the crystalline state. A new level will be reached with
the development of the laser cooling method (see Sec. 7.4).

7. COOLERS IN EXPERIMENTAL PHYSICS
7.1. A storage ring for intense cold beams

The choice of injection scheme usually determines the
injector parameters. In a storage ring with electron cooling
there exists a version of one-turn injection with storage of
the particles on the separatrix of the phase motion. In this
scheme a particle bunch is injected into an equilibrium orbit
with the electron beam, the accelerating voltage of a high-
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frequency resonator, and a constant magnetic field switched
on. As a result of the cooling in the beam, the momentum
spread decreases and the particles are trapped on the separa-
trix and gathered into a short bunch. Then the next set of
particles is injected, and the cycle is repeated many times.
This scheme is attractive because it does not require large
acceptance of the storage ring: the storage occurs in a “lon-
gitudinal phase space.” Here the storage rate is limited by the
time for the cooling of the longitudinal component of the
momentum (2.10). The intensity of the stored beam is lim-
ited by its space charge (6.1).

There are plans to use the same injection scheme, which
was proposed some time ago at the NPI in Novosibirsk, in
the K4-K10 ion storage rings.>>* It turns out that it is more
productive than the traditional versions of multiturn injection
with storage in the transverse phase space. In the latter case
the cooling action is slowed down considerably, owing to the
large emittance of the beam injected in multiturn fashion.

In some cases multiturn injection with electron cooling
can, nevertheless, ensure a good storage rate, especially
when the particle energy is low. In particular, there is a
proposal®® to use this version for the storage of Pb>>* jons at
LEAR with subsequent injection and acceleration in a cas-
cade of accelerators at CERN for obtaining colliding proton—
ion and ion—ion beams at the Large Hadron Collider (LHC).

7.2. A cooler with an internal target

Experiments at accelerators with electron cooling and an
internal target have been under discussion in many contexts
(Refs. 3, 9, 31, 53, and 54) since this was first proposed.ls
Among the principal advantages of such a setup are the high
degree of monochromaticity of the beam and the precision
with which the parameters of the reaction products are mea-
sured at high luminosity. The latter is described by the famil-
iar relation

L=antlt’

where f is the particle revolution frequency in the storage
ring, N is the number of particles in an orbit, and n, and [/,
are the density and geometrical thickness of the target. For
the typical parameter values f=1 MHz, N= 10°, and
nd,=10" cm™? the luminosity is 10*° cm™2 sec™!. In ex-
periments with beams of “exotic” particles, in particular,
radioactive nuclei,’>** the intensity can be limited to 10°
particles, and then a thicker target becomes necessary. There
are two principal physical limitations to the target thickness:

» the lifetime of the primary beam;

* the uncertainty of the energy of the primary and sec-
ondary particles in the target (‘“straggling”).

The lifetime of a particle interacting with the target in a
storage ring is determined by the same processes (Sec. 2.5)
as in the absence of a target, except that when the target is
present they are concentrated at its location. The diffusion
processes are exactly the same: multiple scattering and ion-
ization losses suppress electron cooling, while events of
single recombination on the atomic electrons of the target,
scattering beyond the aperture of the storage ring, and large
single energy losses lead to a loss of particles. The contribu-
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tion of single energy losses is usually negligible. Single scat-
tering is described by an expression analogous to (2.14):
B3y (A)2 eC
4wZ,2r12,c z| nlpB,
where B, is the value of the betatron function at the target.
From this we see that it is necessary to decrease B,. For
fixed lifetime this makes it possible to increase the target
thickness and, accordingly, the luminosity.
For fully stripped ions the losses due to the change of
their charge occur only as a result of recombination, the
cross section for which for a wide range of elements in the

energy range 1-100 MeV/nucleon is approximated by the
dependence’®

10_23Z?'5Z4
Urec~W'

(79),= ~12 min, (7.1)

For example, for 48Ca?0*

III) this gives

ions and a magnesium target (Table

Trecm( fo-recntlt)_l~230 secC.

Therefore, this process can quite strongly limit the ion life-
time and, accordingly, the experimental luminosity.

The effect on the beam quality of particle multiple scat-
tering on the target has special features in coolers. On the
average it is suppressed by cooling: the superthin target re-
gime (Ref. 15), but there are particles in the beam which are
scattered at angles of the order of the aperture angle. This
creates a halo of particles around a cold beam, which oscil-
late with large amplitudes and slowly return to the beam
under the influence of the cooling.3! The fraction of such
particles can be found from the balance between the number
of scatterings at angle @ per unit time and the cooling rate for
particles with this amplitude [see (2.10)]:

(dN) 1.4 0_dN(0)
dt wt ol )_Tlab(a)'

From this we find

AN(Oma) _ Z{  m  n, (ﬁ, )3”- .
N 3Y°ALc my, (1)1l cool \ Beool e

where (n.))y is the electron density in the lab frame, m,, is
the proton mass, [ is the length of the cooling section, and
B: and B, are the values of the betatron functions at the
target and on the cooling section. For the parameters of Table
IIl and 8,,,,=3 mrad the halo amounts to a fraction of order
1075Z2/A of the total number of particles, which can be
significant for light ions (A~1) and a heavy target (for ex-
ample, uranium). To decrease the halo and also the effect of
single scattering, it is necessary to minimize S, .

Ionization losses in the target introduce an uncertainty
into the value of the particle energy, owing to the spread in
the locations of the points at which the particle interacts with
the nuclear target throughout its thickness. This uncertainty
is

Ac‘f) 8ar,r.lL, z* z?
—| =—2——Znl~10"10—2

4 "ttt to
( & ion B A A
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where L,~15 is the Coulomb logarithm of the ionization
losses. This estimate shows that this effect can determine the
accuracy of precision experiments (A%/&~1075) with heavy
nuclei and fragments. We note that the ionization losses also
create a halo in the energy distribution of particles in a
cooler; there are large deviations in the energy (the distribu-
tion tail), and the intensity of the halo is low.3! This effect
should be taken into account when designing experiments
involving heavy ions.

Experiments in coolers with internal targets have essen-
tially just begun. The first experience in working with stor-
age rings in the presence of various types of jet targets (Refs.
17, 57, and 58)—gas, vapor, cluster, drop, and filament—has
been obtained. The last two types of target have significant
advantages over vacuum conditions. It should be noted that
the years of experience gained in working with superthin
internal targets at electron storage rings may prove to be a
great help in such experiments.

The technique of using coolers with internal targets
becomes especially interesting in studies of radioactive
nuclei,”® where it makes it possible not only to store in-
tense beams of such nuclei, but also to perform precise mea-
surements of their properties.

7.3. A precision mass spectrometer. Isomer
separation

Using the focusing system of a storage ring as a spec-
trometer and the high degree of monochromaticity of the
cooled beam, it is possible to measure an ion mass with an
accuracy unobtainable by other methods: up to
AM/M~1075. 1t is simplest to do this by measuring the
particle revolution frequency according to the Schottky sig-
nal (Fig. 20) and to use the frequency shift to determine, for
example, the isomer mass difference. Here a special feature
of coolers arises: electron cooling keeps the ion velocities the
same and equal to the electron velocity, so that for two iso-

mers the mass resolution is?)
AM Aw Sv 6B V,
N e O S Natdt il A
M ytr P +(‘ytr y)v +,yZ B > 51) ,y2'

Here 6B is the level of pulsations of the magnetic field of the
storage ring and Jv is the spread of ion velocities in the
cooled beam [cf. (6.4)]. Of course, the stability of the elec-
tron cooling must be quite high in such experiments. Here
the trick of “suspending” the cooling section under a small
regulating potential with feedback to the source of the cath-
ode potential works well.

The suspension trick works even better when spatial
separation of the isomer orbits is necessary. For this a trans-
verse velocity gradient can be created in the electron beam
and a sufficiently large value of the dispersion function of the
storage ring ., ensured on the cooling section. The first is
obtained, for example, by placing on this section along the
electron beam plates which create a uniform transverse
field.®? Then at the entrance to this section the electrons on
the edge fields acquire (lose) an additional energy, so that the
velocity gradient is
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To avoid perturbing the electron trajectories by the field
E, it is sufficient to impose a transverse magnetic field
H,,=E, /B so as to have crossed fields.¥) The orbit of a
particle with mass M +AM on the cooling section will then
be shifted by the amount

- Av, AM

A7 o0 = Yool —ﬁ7+7 ,
which, taking into account the equality Av,(r)=Auv.(r) and
(7.2), gives

W, MM 1
7eool = Veood MM T= oo e

For =5 m and (¢,— teoo)/W.=1072 the shift
(7.3) amounts to 5 mm for AM/M=1-10">. The effect can
be enhanced if a large dispersion is created at the point
where the isomers are detected (collected) (increase of Ar in
the ratio ¥pei/Weoo1)- A difficulty of this method is the need
to keep the small difference ¢,— ¢, stable and fixed.
When these two terms are equal, particles are lost (see Sec.
2.4 and Fig. 8).

Another scheme for isomer separation®® involves switch-
ing on an accelerating high-frequency voltage, whose fre-
quency () compatible with the momentum of particles sub-
ject to removal from the beam. This potential is slowly
varied with time, which shifts the orbit of these particles. The
high-frequency potential must be low enough so that the
“needed” particles lie outside the separatrix:

AM - 1 [ 2zeV

M~ B Nrmhy,yMc?
where h is the number of the high-frequency harmonic. The
tuning of the frequency {2 must be fast enough that the elec-
tron cooling cannot keep the particle velocity constant (equal

to the electron velocity) and, accordingly, hinder the particle
acceleration:

(7.3)

(7.4)

1dQ 1dp 7,
5W=nw1—JE>T—M—S, (7.5)
where
By? mc*A LY 3
TMS™ m W ?( ?) (7.6)

is the cooling time (in the lab frame) of the particles in the
beam cooled to superlow velocities [see Egs. (1.36), (1.37),
and (2.10)]. For the parameters of Table II[, AM/M~10~>
and 7,~1, the conditions (7.4)—(7.6) give V<15A/z mV,
and the frequency tuning time is At<7)5~304/z> usec.
The last condition means that already for z=30 the fre-
quency tuning time must be smaller than the particle revolu-
tion period in a “typical” storage ring. Therefore, the condi-
tion (7.5) makes the method applicable only for light ions.
Yet another advantage of cooler technology should be
noted: the possibility of precise absolute measurements. The
reference value here is the potential at the cathode of the
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electron gun, which can be measured with high absolute ac-
curacy (AU/U~107%). From this and from the equality of
the particle and electron velocities it is possible to reach the
absolute values of the measured parameters. An important
factor is that in such experiments there is another parameter
which is absolutely measurable also with high accuracy: the
particle revolution frequency. Knowledge of two parameters,
the velocity-and the frequency, makes it possible to eliminate
the uncertainty in the location of the orbit.

7.4. Atomic physics. Laser cooling. Nuclear
spectroscopy

The cooling electron beam is an ideal target for studying
electron—ion recombination (including its spectroscopy). The
use of the device of a suspended interval described in the
preceding section here also makes it possible to control the
relative velocity of the particles and electrons with high reso-
lution. This is how the first precision measurements of di-
electric recombination were carried out, using Au’* ions at
the ESR (Ref. 64) and Se* ions at the TSR (Ref. 34).
Experiments of this type, especially ones involving ions
which are deeply ionized, up to the bare nuclei, are of great
interest for atomic physics, astrophysics, and plasma physics.

Here it is appropriate to mention the phenomenon of
stimulated recombination (see, for example, Ref. 27): a laser
beam accompanying particles and electrons on the cooling
segment undergoes a resonance (when the wavelength of the
laser is chosen appropriately) interaction with the ion—
electron system, which considerably increases the recombi-
nation rate. The first experiments on stimulated recombina-
tion were carried out at the ESR (Ref. 64), using Ar'®* ions.

Another process related to the interaction of laser radia-
tion with ions in a storage ring is laser cooling.®® The mecha-
nism of this process is closely related to the Doppler effect:
the cooled particle (ion) absorbs a photon from the laser
beam, which is directed precisely parallel (or antiparallel) to
the average velocity of the particle, vy, and then emits it
isotropically in its rest frame; therefore, the time-averaged
momentum transferred to the particle by the radiation also
points along the vector 50. The absorption cross section has
a resonance dependence on the wavelength of the radiation
and, accordingly, on the particle velocity (the Doppler ef-
fect). The force acting on the particle (accelerating or decel-
erating, depending on the direction of the beam) has the
same resonance dependence (Fig. 21). If in some way an
opposing force F, independent of the particle velocity is
created, the existence of an equilibrium value of the velocity
vg can be ensured. This is how laser cooling works. The
opposing force is created by using an induced voltage across
the gap of the vacuum chamber of the storage ring. Versions
using a colliding laser beam or an hf resonator have also
been proposed. In the latter case the particle beam is un-
avoidably bunched.

It is clear from this discussion that laser cooling acts
only on the longitudinal component of the particle velocity.
The possibilities of “indirect’ laser cooling of the transverse
degrees of freedom® by coupling (including specially de-
vised) of the longitudinal and transverse motion of the par-
ticle in the storage ring are being discussed.
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The main characteristics of laser cooling are easiest to
obtain by transforming to the frame of an ion moving with
velocity v0+ V, where vo is the average ion velocity in the
beam. The friction force in this frame can be written as (Fig.
21a)

!

fw dN
F(Vp=—=a(V) z-—Fo,

where o' = y(1— B)w, is the frequency of the laser radia-
tion in the ion frame, w; is the same in the lab frame,
B=otV)/c, y=(1- B? V2, ho'(dN/ds)=dP /ds is
the power of the laser radiation in the ion frame (for simplic-
ity, this is small compared with the so-called saturation in-
tensity; see, for example, Ref. 67),

(T'/2)*
© (0 —wy)?+(T'/2)?
is the radiation absorption cross section,’® w, and \ ,, are the

transition frequency and wavelength, and I" is the line width.
Then the decrement [free particle; see (2.2)] is

2 JF Y Py
M, L, T e @
2)~1/2

a(V))= A2

where y,=(1—-v3/c , and 7 is the ratio of the length
of the cooling segment and the perimeter of the storage ring.
The numerical estimates given in Table VI show that A\,
reaches huge values, but, unfortunately, only in a very nar-
row range of velocities:

r
AVj~ o70- e~ (102-107 em/sec)/ 3.

Therefore, laser cooling operates fairly effectively only in an
ion beam which has undergone preliminary electron
cooling.®®

The temperature established in a beam of laser-cooled
ions is determined by the equilibrium of the power of the
friction force P,, and the diffusion power Q-dif arising from
fluctuations of the radiation (primarily, the isotropy of the ion
radiation):

- oF =
Pst=_77 W V’
st

- n ) dN
Qdif=m ((Ap)*)qo(Vy,) a5

where ((Ap)?)q=3(hwy/c)? is the value of the squared

momentum of the ion radiation, averaged over solid angle.
Performing the corresponding substitutions and calculations,
we find the established ion temperature:

Ty=MVP=
I 6 \/5
This limiting value of the temperature, which does not
exceed several hundred uK (Table VI), can be attained in ion
beams of low intensity, when the effect of intrabeam scatter-
ing is negligible (we note that inclusion of the saturation
effect gives a value of T which is about twice as large®).
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Another drawback of laser cooling in addition to its
highly resonant behavior in the ion velocity is the small
number of “candidates” for the use of this method. Practi-
cally all of them (which have been developed up to now!) are
shown in Table VI. This paucity is due to the restricted
choice of lasers with suitable wavelength. As laser technol-
ogy develops, the possible candidates will increase in num-
ber.

The first successes in laser cooling were attained at the
TSR and ASTRID accelerators (see the section on laser cool-
ing in Ref. 4). Cooling of the longitudinal velocity compo-
nent for all three candidates was obtained, and recently
the TSR indirect cooling of the transverse component has
been obtained (though with very small decrement ~1 sec” ).

Laser cooling is of exceptional interest from the view-
point of obtaining ultracold ion beams. This may be very
promising in particular for the problem of beam crystalliza-
tion (Sec. 6.2). The recombination experiments described at
the beginning of this section will reach a new level: in the
past in atomic physics it was nearly impossible to work with
such cold objects while controlling and varying their param-
eters with such accuracy.

Another application of the methods of electron and laser
cooling might be the laser spectroscopy of nuclear states:®
here the use of cold beams might make it possible to signifi-
cantly increase the experimental sensitivity and accuracy.

7.5. High-energy physics

The use of electron cooling in high-energy physics has
been discussed repeatedly (Refs. 1-3, 9, 19, and 31). Today
the possible applications have reduced to three proposals:

(1) the storage and formation of a dense, intense beam of
lead ions at the LEAR storage ring as part of the LHC
project at CERN;

(2) colliding proton—antiproton beams in the energy
range 2—-10 GeV as part of the SuperLEAR project at
CERN;”

(3) high-voltage cooling in the relativistic heavy-ion col-
lider RHIC at Brookhaven.”!

The first proposal (see also Sec. 7.1) is apparently the
closest to being realized. The second, which has the ultimate
goal of precise measurements of the parameters of meson
resonances (¥, Y) in deeply cooled pp beams, unfortunately
has practically no chance of being realized, owing to eco-
nomic reasons, in spite of the great interest in the project on
the part of the scientific community. It is appropriate to note
that now in Russia we have also lost our very good chance of
having rich antiproton physics, as the proposals (see Ref. 72)
have been rejected.

The third proposal looks rather realistic (although it also
may not be realized) and represents a limiting case of the use
of electronic cooling: the electron energy in the range 1-3
MeV is a reasonable technical limit of the method in the
version with a single-pass (noncirculating) electron beam.

8. ANTIHYDROGEN AND THE CPT THEOREM

The idea of producing antihydrogen atoms arose® soon
after the first experiments on electron cooling were per-
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FIG. 21. Dependence of the “laser friction” force on the ion velocity in the
particle frame. (a) Scheme with induced deceleration; (b) scheme with two
lasers; the dotted line is the velocity dependence of each of the two forces
acting on the ion, and the solid line is the resulting force; Vy, is the equilib-
rium point.

formed and has been under discussion many times since then
(see Ref. 73 and literature therein). Antihydrogen production
is of interest not only for “philosophical” reasons—it is the
simplest physical antimatter system—but also for practical
reasons: it can be used to check the CPT theorem by com-
paring the hydrogen and antihydrogen emission spectra. It is
expected that a difference in the hyperfine structure of the
spectra may appear at the level Aw/w~ 1071877 At present
it is hoped that it will be possible to carry out such experi-
ments by storing in magnetic traps antihydrogen atoms pro-
duced in antiproton interactions with a target. The probability
for this process is extremely low, primarily owing to the
smallness of the cross section for incidental positron produc-
tion. Nevertheless, it is assumed that even several atoms cap-
tured in a trap are sufficient for the necessary measurements.

Budker and Skrinskii’ have proposed that an antiproton
storage device be combined with a positron one in which the
beam is cooled radiatively. This necessarily requires relativ-
istic energies, so that significant technical difficulties will
arise.

The problem is simplified if one works at low energy
and uses electron cooling not only for the antiprotons, but
also for the positrons. The first such proposal'® was based on
the use of a longitudinal magnetic field for focusing the pos-
itrons (energy of order 50 keV) on the cooling section. In this
case at the entrance to the field the positrons acquire signifi-
cant azimuthal velocities v, = wgr/2, where r is the distance

TABLE VI. Candidates for laser cooling (Ref. 65).

Parameters 67t Be* XMmg*

Lower state 2538, 25281 35281,
(F=2,5/2)

and its lifetime, sec 50 ground state  ground state

Higher state 2p3P, 2p*P,y), 3p2P;),
(F=3,17/2)

and its lifetime, nsec 43 8.2 35

Line width, MHz 3.7 19.4 45.5

Wavelength of transition, nm 548 313 280

Saturation intensity, mW/cm? 2.9 83 270

F oo meV/m 88 81 210

Amax» 10% sec™! 5.7 14 6.4

T", /.LK 62 330 770
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FIG. 22. Scheme for an antihydrogen generator: I and II are the input—
output section and the section for withdrawal of the positron and electron
beams (septums); I—11 are the positions of the positrons and electrons (ex-
planations in the text).

to the solenoid axis. This makes it necessary to decrease the
transverse size of the beam, or else the efficiency of positron
cooling falls. This limitation creates difficulties for the de-
sign as a whole, because the emittance and, accordingly, the
intensity of the positron beam is lowered, which leads to a
decrease of the antihydrogen yield.

Such difficulties can be eliminated by working with
completely magnetized beams of electrons and positrons.”*
In this case the positron source (for example, a target bom-
barded by electrons or hard x rays) is located inside a sole-
noid at a positive potential suitable for accelerating low-
energy positrons (a “positron gun”). The problem of
controlling the motion of the electrons and positrons is
solved as follows. The positron ring (Fig. 22) is made of two
straight solenoids, four toroidal solenoids, and two special
solenoid—septums. The latter, in addition to the basic wind-
ings producing the longitudinal field l§||, contain two other
transverse-field windings, one inside the other (Fig. 23).
Kicker coils forming a pulsed field parallel to the torus axes
are located inside toroidal section 2-3. In addition, in all
four toroidal sections there are windings of the constant
transverse field, also oriented along the torus axis, which
ensures motion of the positrons in a closed orbit after the
kicker is switched off. Positrons and a combination of
e*e” beams are injected by using the particle centrifugal
drift arising on the toroidal sections if the transverse field is
not matched to their momentum and the sign of the charge.
For example, positrons injected above the median plane of
the ring are displaced in the upper gap of the septum I and
drift downward when the kicker in section 2—3 is switched
on, leaving on an axial trajectory. After a single revolution
the kicker is switched off. Electrons from the gun 5 move in
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B, windings

static magnetic fields, enter the septum II below the median
plane, are displaced to the point 6, drift upwards on section
6-7, interact with positrons on the cooling section 7—8, and
again drift upwards (8-9) and to the right in septum I (9—
10), reaching the collector 11. The entire positron ring is
imbedded in the linear gap of the antiproton storage ring, just
as is done for the electron cooling system (Fig. 22).

The physics of the electron cooling of positrons is the
same as for heavy particles. The magnetization of the posi-
trons is manifested in rather deep cooling, so that the cooling
time can be estimated by using Eq. (2.10) with M replaced
by m. The equilibrium state of the magnetized positrons re-
quires special analysis. From very general considerations it
can be shown that their transverse temperature at least does
not exceed the transverse temperature of the electrons.

Although the cooling of positrons in a longitudinal mag-
netic field does not contract the beam, it significantly lowers
the temperature, which raises the recombination rate. To in-
crease the positron density, the target (gun) can be placed in
a field smaller by a factor of 3—5 and adiabatic compression
of the beam can be used.

We note that on the positron cooling section there is
“incidental” production of a bound e*e” state—long-lived
orthopositronium, which is of independent interest. Short-
lived parapositronium has a decay length of about 1.5 cm at
an energy of order 50 keV and does not deplete the positron
beam.

In Table VII we give the main parameters of the antihy-
drogen generator. The intensity of the positron beam is lim-
ited by space-charge effects. The positron yield will be con-
siderably higher if it is possible by electron cooling to lower
the positron temperature to the level of 7).

A final question: what should be measured once we have
an antihydrogen beam, and how should it be measured?
“What” is clear: the hyperfine structure of the spectrum.
“How” may be answered by the many-years-long experi-

TABLE VII. Parameters of the antihydrogen generator.

Antiproton energy, MeV 55
Positron and electron energy, keV 30
Perimeter of positron ring, m 21.5
Length of cooling and recombination sections, m 1.5
Magnetic field strength, T 0.1
Intensity of antiproton beam 1x10"
Intensity of positron beam 1x10'"
Density of electron beam, A/cm? 1.0
Angular spread of positrons before cooling, mrad 50
Time for positron cooling, sec 0.4
Diameter of positron beam, mm 2
Flux of antihydrogen atoms, sec™? 2x10°
Orthopositronium flux, sec™! 1.5%10°

659 Phys. Part. Nucl. 25 (6), November—December 1994

FIG. 23. Particle motion inside the septums.

ments of Sokolov et al,”” who have used an original
“atomic interferometer” to measure successfully the Lamb
shift in hydrogen atoms on the 2P;,— 1S, transition with
an accuracy of Aw/w~1X10713, which today is a record.
In these experiments the atoms had thermal velocities. Simi-
lar experiments, but involving fast atoms created in recom-
binations on the cooling section of the NAP-M, were per-
formed in the 1970s by Parkhomchuk (with significantly
lower accuracy).”® Reaching the level 1018 is, of course, a
serious problem.

CONCLUSION

Experience in the development and use of the electron
cooling method has shown that it can be used effectively in a
fairly wide range of cooled particle energies, from a fraction
to hundreds of MeV/nucleon. The rich experimental possi-
bilities revealed when this method was developed are now
only in the initial stage of their realization. Many important
achievements can certainly be expected in this area.
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esin, and G. M. Ter-Akop’yan for many years of fruitful
collaboration, and also A. V. Smirnov and O. G. Stepashkin
for help in preparing the manuscript.

DActually, the lifetime according to this effect of a particle circulating in a
storage ring is 7=(any)~ (1072 cm?-10" cm3.10'° cm/sec) ~'=10 sec,
where o is the nuclear interaction cross section, n is the average absorber
density along the trajectory, and v is the particle velocity.

DWe note the following relation, which is obvious but very convenient for
numerical estimates: the values of the proton and electron energies have
the same ratio as the masses when the velocities are equal (relativistic
velocities), namely, 1836.1. In the case of ions this statement is valid for
the energy per nucleon.

IIf 8p and M are free parameters, then®!
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YA similar device with crossed fields is known in ion optics as a Wien filter,
where it serves to separate particles with different velocities.
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