
Electron cooling and new possibilities in elementary particle
physics

G. I. Budker1» and A. N. Skrinskii

Nuclear Physics Institute, Siberian Division, USSR Academy of Sciences, Novosibirsk
Usp. Fiz. Nauk 124, 561-595 (April 1978)

This review is devoted to a new method in experimental physics—electron cooling, which opens the

possibility of storing intense and highly monochromatic beams of heavy particles and carrying out a wide

range of experiments with high luminosity and resolution. The method is based on the cooling of beams by

an accompanying electron flux as the result of Coulomb collisions of the particles. In the first part of the

review the theoretical basis of the method is briefly considered. The apparatus ΝΛΡ-Μ is described with

its electron cooling, and the results of successful experiments on cooling a proton beam are presented. In

the second part the new possibilities opened by the use of electron cooling are discussed: storage of

intense beams of antiprotons and achievement of proton-antiproton colliding beams, performance of

experiments at the ultimate in low energies (with participation of antiparticles), storage of polarized

antiprotons and other particles, production of antiatoms, storage of antideuterons, and experiments with

ion beams.
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INTRODUCTION make it so complex that the effective phase density de-
creases. However, to increase the density it is essen-

In carrying out almost any experiments with use of tial to introduce forces of a dissipative nature,

beams of charged particles, it is of fundamental im- L o g i c a i l y the simplest procedure is to use for this
portance to be able to compress the beams, to decrease e d i s s i t i v e f o r c e s a n a l o g o u s t 0 o r d i n a r y f r i c .
their size and the momentum spread of the particles (in U o n a n d d i r e c t e d t ^ ^ v e Q f e a c h

magnitude and direction), in other words, to be able to U c l e H ^ e x t e r n a l e g o u r c e i n ^ c a s e a c _
cool" the flux of fast charged particles, lowering their , ,. . r .. , , . >

6 F ' & celerating system of the accelerator or storage ring)
effective temperature in the accompanying system. ,, . ,, . . . r ,. , .,

f v~ J & " ' adds energy to all particles of the beam, exactly com-
pensating the energy loss of the equilibrium particle,

However, this cannot be achieved by use of any speci- ^ d e v i a t i o n s o f t h e p a r t i c l e s f r o m t h e equilibrium mo-
fied external electromagnetic fields, i.e., fields which f Q p & c o r r e c t c h o i c e Q f ^ s t _ r i structure,
do not depend on the motion of the individual particles of w m d e c r e a s e w i t h t h e o f u L t h e b e t a .
the beam. The principle which applies in this c a s e - a t r Q n ^ s y n c h r o t r o n o s c i l l a t i o n s w i l l b e d a m p e d .
special case of Liouville s theorem—is that the density
of the particles of a beam in six-dimensional phase The characteristic damping time in this case is the
space (the space of generalized coordinates and con- ratio of the particle energy to the rate of energy loss
jugate momenta) is a quantity which is constant and and is equal to the time of complete stopping of a par-
determined by the initial conditions. By means of focus- t ide for an energy loss which does not depend on the
ing and acceleration in any combination one can only particle energy. Damping of the deviations of the par-
change the shape of the phase space occupied by the t ide energy from the equilibrium value is due to the de-
beam particles but cannot change its magnitude or in- pendence of the rate of energy loss on the particle en-
crease the phase density. Aberrations of any kind can, ergy. In the simplest case these deviations are damped
of course, greatly distort the shape of the volume and if the rate of energy loss increases with increasing par-

ticle energy; in the opposite case the deviations from
the equilibrium energy will increase with time. In more

u Dr. Budker died July 4, 1977. complex cases, for example, in the presence of acceler-
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ator-related coupling between the degrees of freedom of
a particle, the damping decrements in individual de-
grees of freedom can change. However, the sum of the
damping decrements of the phase volumes in all three
independent degrees of freedom of the particles, i.e.,
the increment of increase of the phase density, does not
depend here on the focusing structure of the storage ring
and is determined by the sum of the ratio of twice the
rate of energy loss to the particle energy and the par-
tial derivative of this rate with respect to energy.

The beam will be compressed to dimensions deter-
mined by the equality of the frictional power (rate of en-
ergy loss) and the power of the diffusion processes.

The best known and most effectively used example of
this type is the use of radiation damping (the forces of
the reaction of radiation) for cooling electron and posi-
tron beams, which is of crucial importance for storage
of large positron currents and for achievement of exper-
iments with colliding electron-electron beams and, in
particular, electron-positron beams. Such experiments,
begun in 1967 with experiments at Novosibirsk, now pro-
vide a significant part of all fundamental information on
elementary-particle physics.

In radiation cooling the diffusion effectwhichis in prin-
ciple present andwhich at high energies is dominant is
the quantization of the energy radiated by charged parti-
cles, which leads to an increase of the energy spread
and a buildup of the transverse oscillations. Radiative
friction turns out to be important only for the lightest
charged particles—electrons and positrons—and only at
a sufficiently high energy. For all other particles it is
necessary to seek other methods of cooling.

For this purpose it is possible to use energy loss by
ionization, placing in the storage ring or accelerator a
target of the required thickness. For nonrelativistic en-
ergies the friction thus introduced turns out to be sub-

, stantially reduced as the result of the large negative de-
rivative of the rate of energy loss with respect to ener-
gy. And for all energies an unpleasant aspect of this
method is the rapid diffusion due to multiple scattering
of the particles by the nuclei and electrons of the target.
The steady-state phase volume of the beam cannot be
made particularly small even when the target is installed
at an azimuth with a beam size specially reduced as the
result of choice of the focusing structure of the storage
ring (at a sharp minimum of the β-functions) and with
use of the lightest possible materials.

For protons and antiprotons at high energies the situa-
tion is considerably less favorable because of the in-
crease in the relative role of nuclear interactions of
these particles, as a result of which the lifetime be-
comes less than the cooling time.

The most reasonable field of application of ionization
cooling is the cooling of high-energy muons, which
have no nuclear interaction. Cooled beams of muons (in
cyclic installations) can be used, for example, to gen-
erate very narrowly directed and intense fluxes of neu-
trinos of all four types, either allowing the muons to de-
cay directly at the cooling energy, or accelerating the
muons in linear accelerators or short-pulse cyclic ac-

celerators, thereby increasing the neutrino energy. Of
particular interest is the construction of apparatus with
colliding muon beams at ultrahigh energies, utilizing in-
tense cooled muon beams of the necessary energy, guide
magnets with very high fields (to increase the number of
collisions during the muon lifetime), and special com-
pression of the beams at the point of collision.

For protons, antiprotons, and ions a qualitatively new
method of cooling beams of charged particles has turned
out to be very effective, a method which does not involve
energy loss of the equilibrium (central) particles of the
beam. This method—electron cooling—was proposed by
one of the authors at the beginning of the 1960s and was
published in 1966.1 At the present time at our Institute
in Novosibirsk the method has been studied in detail the-
oretically2"7 and experimentally.8"29 The present re-
view is devoted to a discussion of the physical and tech-
nical problems of electron cooling and of a wide range
of applications of the technique which are apparent at
this time. The review is based mainly on the work of
G. I. Budker, Ya. S. Derbenev, N. S. Dikanskii, I. N.
Meshkov, V. V. Parkhomchuk, D. V. Pestrikov, R. A.
Salimov, A. N. Skrinskii, and B. N. Sukhina.

In its simplest form the idea of the method is as fol-
lows. In one of the straight sections of a storage ring
in which a beam of heavy particles, for example, pro-
tons, is circulating, an intense beam of electrons with
the same average velocity and a small momentum
spread is passed parallel to the proton beam. Then at a
common region of the trajectory in the rest system of
the beams the "hot" proton gas is within the "cold" elec-
tron gas and is cooled as the result of Coulomb colli-
sions. The cooling time corresponds to the relaxation
time of the proton-gas temperature (taking into account
the relativistic time dilation and the duty cycle of each
proton in the electron beam). As a result the phase
space of the proton beam decreases in all degrees of
freedom and the beam is compressed.

This compression continues in principle until the pro-
ton temperature in the center-of-mass system becomes
equal to the electron temperature. Hence it follows that
the steady-state angular spread θρ in the proton beam is
less than the electron angular spread by a factor

Since the value of <j, can be made of the order of 10~3,
the steady-state angular spread for protons or antipro-
tons can be reduced to 10~5.

A completely different method which also may turn out
to be applicable to compression of beams of heavy par-
ticles is the method of stochastic cooling.30"40 The idea
is that a very fast negative-feedback system is intro-
duced in the storage ring, which quenches the local
(azimuthal) fluctuations in the location of the center of
gravity of the beam; the remaining degrees of freedom
of the beam, which as a rule consists of a very large
number of particles (107-1014) must be cooled as the re-
sult of transfer of the momentum spread of the particles
into oscillations of the center of gravity of the beam re-
sulting from the spread in energy and, correspondingly
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in frequency of revolution. The efficiency of cooling falls
off with increase of the number of particles, but at the
same time it falls off comparatively weakly with increase
of the energy and with increase of the phase space of
the beam. The limit for cooling depends on the level to
which it is possible to reduce the noise in the negative-
feedback system; obtaining very low noise in such a
wideband electronic system with high gain is not a sim-
ple problem. At CERN, encouraging initial experimental
results have been obtained in thelSRproton storage ring
and at the present time detailed experiments are plan-
ned. If they are successful this method will become an
important supplement to the electron-cooling method.

1. GENERAL DESCRIPTION OF ELECTRON COOLING

The characteristic features of the electron-cooling
process and the problems which arise in putting it into
practice depend strongly on the energy region at which
the cooling is carried out.

a) At comparatively low energies corresponding to elec-
tron energiesup to 2-3 MeV (proton or antiproton energy
up to 4-6 GeV), the most natural arrangement is use of di-
rect electrostatic acceleration of the electrons to the
necessary energy and with subsequent inflection into the
cooling region and collection on a collector after ex-
traction. In this case, while at very low energies (elec-
tron energies up to several keV) the problem of the pow-
er drawn from the high-voltage source and dissipated in
the collector is practically nonexistent, on the other
hand for electron energies of hundreds of keV and above
this problem becomes one of the principal technical
problems. A natural solution for this energy region is
the use of energy recovery, i.e., slowing the electrons
down to the lowest possible energy before they hit the
collector, which is connected to the accelerating voltage
source Uo through a rectifier with a small positive bias
voltage Uc. The voltage Uc must be sufficient for col-
lection of the entire cooling electron current Je on the
collector (sufficient to overcome space-charge limita-
tion). The product VJe in practice is what determines
the power drawn from the supply and dissipated in the
collector. The voltage Uc can be reduced to a level of
the order of a kilovolt and correspondingly the ratio of
the power dissipation to the reactive power U,yJe can be
reduced to a level of 1% or even lower.

The current requirement from the main accelerating-
voltage source is determined by the loss of electrons due
to scattering in the residual gas, by the ionization in the
accelerating and decelerating sections (and without spe-
cial measures being taken also in the cooling section),
by the defects in the electron optics, and by the loss at
the collector. This requirement can be reduced to a
level of 10"4. Such a low load on the main power source
is very convenient, since the requirements on voltage
stability and absence of fluctuations for the source are
extremely high.

In cooling a bunched beam of heavy particles, in order
to reduce the average electron current it is possible to
switch off the electron gun during the entire time when
there are no particles being cooled in the cooling section,

with a corresponding advantage in average electron cur-
rent. It is only necessary to ensure that the modulation
of the electron current does not lead to modulation of the
electron energy and an increase of the electron tempera-
ture.

b) An important problem is to assure transport of the
intense electron beam over large distances (long cooling
regions) while retaining a low effective electron tem-
perature. Compensation of the transverse repulsion of
the electrons requires introduction of focusing which is
adequately distributed and of short focal length. In prin-
ciple it is possible to introduce external fields of various
configurations. However, any axial focusing can pre-
vent the appearance of additional transverse velocities
only for a given value of electron current; on change of
the current it is necessary to readjust the focusing.
Moreover, external axial focusing in a straight cooling
section cannot be uniform over the length—the use of
quadrupole lenses is unavoidable. The alternating sign
of the focusing obtained leads to appearance of addition-
al angles in the electron beam. But the use of ions ac-
cumulated in the beam for automatic space-charge com-
pensation of the electron beam can lead to appearance
of various types of plasma instabilities.

It is much more reasonable to use a longitudinal mag-
netic field, uniform except for the places of inflection
and extraction, accompanying the electron beam from
the cathode to its exit from the cooling region; the ac-
tion of the longitudinal field on the protons must be taken
into account, of course, in the focusing structure and
corrections of the storage ring. Here the transverse
electron velocities arising as the result of the action of
space charge of the electron beam are smaller, the
larger is the longitudinal magnetic field, and it is com-
paratively easy to make them less than the temperature
velocities. Here the longitudinal field Hn must satisfy
the condition

where e is the electronic charge, ne is the electron-
beam density, r 0 is the radius of its cross section, β
equals the ratio of the particle velocity to the velocity of
light, andy = (l-/S

2)-V2.

If the accompanying magnetic field is sufficiently
large, the transverse velocities of the electrons are
determined mainly by the cathode temperature and the
imperfections in the beam optics; we note that the trans-
verse velocities in the moving system are preserved in
electrostatic acceleration.

In regard to the spread of longitudinal velocities of the
electrons in the moving system, the contribution of the
initial electron temperature (of the order of the cathode
temperature Tc) drops sharply on acceleration by a po-
tential, since the conserved quantity is the energy
spread23 :

(1.1)
"- kin

The transverse velocities of the electrons make a con-
tribution of the same order to their longitudinal temper-
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ature. If the transverse temperature turns out to be for
any reason higher than the cathode temperature, its con-
tribution to the longitudinal temperature increases cor-
respondingly. For not too low energies, other sources
of longitudinal velocity spread become dominant: fluctu-
ations of the accelerating voltage, coherent instabilities
in the intense electron beam, and for very long cooling
sections—collisions of the electrons with each other with
transfer of a part of the transverse momenta to longitu-
dinal momenta (the manifestation of a tendency to equal-
ization of the longitudinal and transverse temperatures).

A separate question is the appearance in the case of
large electron currents of a quite substantial potential
difference inside the beam and accordingly a dependence
of the electron energy on the distance from the center of
the beam. This circumstance affects the cooling effi-
ciency and may require, for example, compensation of
the electron charge by light positive ions.

c) For proton energies of the order 4-6 GeV and
above (electron energy 2-3 MeV and above) the use of
the arrangement described above to produce the electron
beam already becomes unreasonable and it is necessary
to go over to a closed orbit in which an electron beam
with the necessary value of instantaneous current and
density is injected from an external source. The mag-
netic-field configuration must provide the possibility of
cyclic motion of the electrons and sufficiently strong
transverse focusing. At low energies it is perhaps rea-
sonable to use again for focusing an accompanying longi-
tudinal magnetic field, making it closed and toroidal. An
intense cyclic beam will rather rapidly be heated, pri-
marily as the result of coherent instabilities. To avoid
an excessive increase of temperature at electron ener-
gies of about 10 MeV and below, the only available meth-
od is to replace the beam by a new batch of cold elec-
trons. Here the average power consumed by the system
will be reduced in proportion to the ratio of the electron
revolution time in the toroid to the heating time of the
electron beam.

At still higher energies it becomes possible to use ra-
diative cooling of the electrons. It is possible to choose
the electron-storage-ring structure such that at least the
"single-particle" electron temperature will be sufficient-
ly low.

If the proton beam being cooled has been bunched into
short bunches, then of course it will be reasonable to
use electron bunches of the same length, with the elec-
tron bunching coefficient reducing the average circulating
electron current for a constant cooling effect.

With a circulating electron beam the ratios between the
frequencies of orbital motion of the protons and of the
cooling electrons apparently become important and it
may be possible to achieve resonance enhancement of
the cooling.

Another method of introducing average friction at high
energies is the periodic brief lowering of the energy of
the particles being cooled and turning on of electron
cooling at a comparatively low energy. The phase vol-
ume of the beam is preserved on reduction of the ener-

gy, and its emittance and size are increased; neverthe-
less the cooling time (for a fixed cooling current or cur-
rent density) drops rapidly and the frictional force can
be made much more effective.

2. KINETICS OF ELECTRON COOLING (THE CASE OF

SINGLE TRAVERSAL BY THE ELECTRON BEAM)

Let us consider in more detail the simplest case in
which each electron traverses the cooling region only
once; this case is at the present time, apparently, also
the most important—just this arrangement is proposed
for use in storage of antiprotons and other first-echelon
experiments. In addition, this case has been theoretical-
ly investigated the most completely and has been
achieved and studied experimentally.

a) To start with we consider the nonrelativistic mo-
tion of a proton in a stationary electron gas with a given
temperature Te (generally speaking, different for the
longitudinal and transverse degrees of freedom) and den-
sity n'e (which is equal to njy, where ne is the density of
the electron beam in the laboratory system).

The effect of collisions with the electrons on the mo-
tion of the protons can be approximately broken down in-
to two parts. One part gives the frictional force, and
the second part leads to diffusion.

We shall estimate the magnitude of the frictional
force, neglecting the influence of the accompanying long-
itudinal magnetic field, the interaction of the electrons
with each other, and the finiteness of the time of tra-
versal of the interaction region by the proton. In addi-
tion we shall assume at first that all electrons are at
rest. The frictional force is equal to the magnitude of
the proton energy loss per unit length. Transfer of pro-
ton energy to electrons in our simple case is due to
their acceleration perpendicular to the direction of mo-
tion of the proton. In motion of protons in matter this
slowing down is referred to as ionization loss. Using the
known formula for ionization loss, we find that on a pro-
ton moving in the moving system with a velocity vp

through an electron gas of density n'e there is acting a
frictional force directed opposite to v,, and equal in mag-
nitude to

|F, r |=
 ine>"'Lc . (2 l)

here Lc^ln{e^iix/emin) is the so-called Coulomb logarithm,
which appears in integration over the impact parameters
of the proton collisions with electrons. Here 6max=2w/-M
is the maximum possible deflection angle of a proton in
one collision and θτΛη = β2/Μν2ρΒΛΧ corresponds to the im-
pact parameter pm a x beyond which the Coulomb nature of
the proton-electron interaction is destroyed. The maxi-
mal impact parameter can be determined by the trans-
verse size of the electron beam, Debye screening, and
so forth. However, in all practical cases Lc varies only
from 5 to 20.

If we neglect the dependence of Lc on the proton vel-
ocity, the frictional force as a function of the relative
velocity will have the form of Coulomb's law in velocity

space. The case considered here of stationary elec-
trons corresponds to the case of a point charge at the
origin of coordinates. If the electrons are distributed in
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velocity space with a density f[ve) (with a normalization
JA^e, r)d3ve=n'e(r)), the total frictional force can be rep-
resented in the form

(2.2)ρ, /γ r) ilxe"Lc f / ( Τ ί - Γ ) Ύ"~Ύ'
«•frOp.n- m j 7Vp_T p)> | v p _ v e |

where it has been taken into account that the electron
density and the velocity distribution function depend on
the coordinates r.

It can immediately be seen by means of this electro-
static analog, for example, that if in the electron beam
the electrons have in the moving system a Maxwellian
distribution in velocities with a velocity temperature uj
identical in all directions, then the frictional force is
proportional to the proton velocity vp for v, < vl and falls
off in proportion to Vp2 for νρ>νζ(Fig. 1).

b) Let us now find the damping decrement of the pro-
ton oscillations due to this frictional force. The de-
crement of one-dimensional oscillations is equal to the
ratio of the dissipative energy-loss power averaged over
the period of these oscillations to the energy of the oscil-
lations. It is simplest to find δ,—the decrement of oscil-
lations perpendicular to the plane of the proton orbit in
the storage ring or, in accelerator terminology, axial
betatron ζ oscillations.

For the region of small proton velocities vp<vl (in the
moving system), in which the frictional force is propor-
tional to vp, the power of the frictional force averaged
over the period is

where v0 is the amplitude of the velocity of ζ oscilla-
tions. The energy of these oscillations is Mr%/2. If we
take into account in addition that the protons spend only
part of their time inside the electron flux (the fraction
of the orbit occupied by the cooling section we shall des-
ignate by η) and that the time of cooling in the laboratory
system is greater by a factor γ than in the moving sys-
tem, we obtain

(2.3)

The decrement can be expressed in terms of the angles
θβ in the electron flux (6»e=y"1vJ/j3c):

e^Oiy-pcLc/Mrr^-ae;' for e,<cee. (2.4)

Calculation of 5, for large one-dimensional oscilla-
tions of protons for which the amplitude of the oscilla-
tions of velocity is v0» υξ (correspondingly, θρ» ee)
gives a similar formula but with θρ replacing 6e:

-3ei' for θρ > θ,. (2.5)

Calculation of the decrements in the remaining de-
grees of freedom (in the case vt0 « υζ) can be carried

FIG. 1 .

out similarly. Here it is only necessary to take into ac-
count the possible dependence of the electron distribu-
tion function on the transverse coordinates. For ex-
ample, if the average velocity of the electrons depends
on the radial coordinate, the decrement of the radial
betatron oscillations varies in comparison with the de-
crement of ζ oscillations. This occurs as the result of
the fact that the proton in its radial betatron oscillations
enters regions where the electron velocity differs from
the equilibrium value and in this case the proton energy
will also undergo oscillations. Correspondingly the ra-
dial position of the equilibrium orbit of the proton turns
out to be modulated in a resonance manner with the ra-
dial betatron-oscillation frequency, and an additional
power appears which increases or decreases the beta-
tron-oscillation amplitude. The damping decrement of
the energy oscillations (or deviations) of the proton also
varies in this case. However, it can be shown that the
sum of the decrements over all three degrees of free-
dom, i.e., the damping decrement of the complete six-
dimensional phase space occupied by the protons, is
determined only by the electron density along the equi-
librium phase trajectory of the protons and does not de-
pend on the variability of the distribution function over
the transverse coordinates or on possible accelerator
couplings between the different forms of proton oscilla-
tion. In the simple case vp<vlthe sum of the decre-
ments is equal to

^ Γ for „, (2.6)

c) For distributions of electrons in velocity, relative
to the equilibrium orbit of the protons, which differ
strongly from a symmetric Maxwellian distribution, the
action on the protons may turn out to be qualitatively
quite different. This can be seen particularly clearly in
the case of the so-called monochromatic instability.

Let us consider the case in which electrons with an
extremely small velocity spread in the cooling section
are moving at some average angle directed, say, along
the vertical to the equilibrium proton trajectory. Let
this angle be such that the general transverse velocity
ve is much greater than the spread in the electron vel-
ocities Δνβ, but not greater than the permissible trans-
verse velocities of the protons (i.e., the corresponding
oscillation amplitudes of the protons are less than the
working aperture of the accelerator). In this case, if
the protons execute small vertical oscillations the work
done by the frictional force will be positive in the part
of the oscillation period in which the protons are moving
in the direction of the general electron velocity and neg-
ative for motion in the opposite direction. Here positive
work will be performed for a relative proton-electron
velocity smaller than Ve, and negative work for a value
larger than ve, and therefore the total work over a peri-
od will be positive for \ve -vp\»&ve the frictional force
falls off with increase of the relative velocity). Conse-
quently the amplitude of the vertical oscillations of the
protons will increase—these oscillations will become
unstable under the influence of the electron beam. The
oscillations will increase until the oscillation amplitude
of the proton's transverse velocity is equal to ve.
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We note that this phenomenon, which on the face of it
is only harmful, can be used to accelerate the damping
of large proton oscillation amplitudes (at least if these
oscillations are strictly one-dimensional). The fact is
that the rate of damping of proton oscillations to the new
equilibrium motion described above can be much greater
than the rate of damping of protons with this amplitude
for an electron beam moving parallel to the equilibrium
orbit of the protons. Then, by decreasing the general
angle of the electrons as rapidly as possible in order
that only protons will have time to be damped to the
(varying) equilibrium amplitude, we can much more
rapidly damp the initially large oscillations of the pro-
tons. This procedure may turn out to be useful, for ex-
ample, in the storage of antiprotons.

d) In discussing the friction experienced by protons
moving in the accompanying, electron flux, we limited
ourselves to the simplest situations. There may be a
substantial influence, in particular, of the fact that the
interaction of the protons with the electrons is occurr-
ing in a longitudinal magnetic field. For real situations
the size of the Larmor circle corresponding to thermal
transverse velocities of the electrons turns out to be of
the order of tens of microns or even smaller, which is
several orders of magnitude less than the transverse
size of the electron beams. Therefore there is a sub-
stantial region of impact parameters (corresponding
Coulomb logarithm of about 3-5) for which the electrons
turn out to be "magnetized" and cannot shift perpendicu-
lar to the magnetic field direction. Accordingly, part of
the transverse frictional force due to these collisions
does not fall off linearly with decrease of the proton vel-
ocity when the latter becomes less than the spread in the
transverse electron velocities, but continues to rise rap-
idly until the proton velocity is equal to the character-
istic longitudinal electron velocities. On acceleration of
the electrons by a potential the spread in their longitu-
dinal velocities drops rapidly (see Eq. (1.1)) and there-
fore the effective transverse frictional force may turn
out to be much greater than that calculated from the in-
itial formulas (2.1) and (2.2). The average longitudinal
force also increases, although when a proton moves
strictly along a line of force of the magnetic field the
contribution of this region of impact parameters to the
longitudinal frictional force decreases rapidly, since in
this case the magnetization of the electrons prevents
transfer of energy from the proton to the electrons.

In a detailed calculation of the frictional force it is
necessary to take into account also the finiteness of the
interaction time, which is limited to the time of flight of
the proton over the cooling region, and the influence of
the interaction between electrons, which leads to effects
such as non-steady-state Debye screening, and many
other factors.

e) In addition to friction, the protons moving in the
electron flux experience random thrusts which lead to a
diffusion growth of the squared deviation of the proton
momentum (Δρ)2 from the initial value ρ = Mvp. In cal-
culation of the average rate of increase we can neglect
the variation of the electron motion and consider this
diffusion process as the multiple scattering of protons

moving with velocity vp relative to randomly located
Coulomb centers with a density n'e. Here, if the elec-
trons are at rest, we have

d (Ap)' _ 8IK'JI;L C

dt '~ vp

The total diffusion action of the electron beam is found
by averaging over the distribution function f(ve):

Going over to the increase of the proton kinetic energy
Ε =ρ2/2Μ, we obtain

dE

dt A?
• \-1&L. (2.7)

This diffusion process places a limit on the minimum
velocity spread to which the proton beam is cooled.
This limit corresponds to equality in absolute value of
the average friction power Vfrvp and the average rate of
the .diffusion increase of the energy (2,3). For the region
vp«Ve, and it is just this case that in simple situations
corresponds to the limiting cooling, we obtain

u \i>,/~ » (•£)» VT/·

from which it follows that

("i-U-•/¥»!· ( 2 · 8 )

That is, in this simplest case the equilibrium state cor-
responds to thermodynamic equilibrium, in which the
temperatures or average kinetic energies of the protons
and electrons are equal.

Of course, multiple Coulomb scattering by the elec-
trons of the cooling beam is not the only diffusion pro-
cess which prevents cooling of the proton beam. A
strong influence can be exerted by multiple scattering in
the residual gas, irregular fluctuations of the electron-
beam density, noise in the high-frequency system (for
the case of a bunched proton beam), pulsations of the
magnetic field, and other diffusion-type perturba-
tions.2·3

f) A completely different effect of the interaction with
the cooling electron beam, which is important only for
positive particles being cooled—protons and ions—is
the capture of electrons into bound states (recombina-
tion)—a process leading to formation of fast neutral
atoms of hydrogen or of ions with a charge reduced by
unity.

The principal form of recombination for the low elec-
tron flux densities utilized at present is radiative re-
combination, with emission of a photon of the corre-
sponding energy. Here mainly the lower levels of the
hydrogen atom or ion are populated; this is true at
least if we neglect the influence of the accompanying
magnetic field. The fast neutral hydrogen atoms formed
after recombination, retaining the angular spread which
exists in the proton beam, leave the storage ring. The
probability of their breaking up in the magnetic field
which guides the protons will be low in this case if the
proton energy is not too high.

The lifetime of a proton against radiative recombina-
tion at relative velocities small compared to atomic

282 Sov. Phys. Usp. 21(4), April 1978 G. I. Budker and A. N. Skrinskil 282



velocities in the lower levels (and just this relation is cha
acteristic of the cooled beam) is proportional to the
electron velocity determined by temperature νζ and
falls off rapidly with increase of the ionic charge:

r\ne In (
(2.9)

The lifetime against recombination Trec for the proton
beam is usually several orders of magnitude greater
than the damping time of small oscillations, but in the
case of heavy ions the excess becomes insignificant—
the cooling time is proportional to the mass of the ion.
Therefore we can succeed in cooling a beam of heavy
ions but it is impossible to maintain it in a cold state
for an extended period. Use of a special procedure—
proton cooling—completely removes this difficulty (see
above).

At very high electron and proton densities the main
role in recombination may be played by ternary colli-
sions. Mainly upper levels will be populated in this
case. The further fate of such neutrals will be more
complicated and depends strongly on the specific condi-
tions.

In addition to recombination, which is the most funda-
mental limitation on the lifetime of positive ions in elec-
tron cooling, particles, whatever their charge may be,
are knocked out of the beam as the result of interaction
with the residual-gas atoms.

Without cooling, the main process determining losses
is multiple Coulomb scattering by the nuclei of the re-
sidual-gas atoms, which leads to a gradual increase in
the betatron-oscillation amplitudes to the maximum per-
missible value. With effective cooling this diffusion pro-
cess is suppressed, and single Coulomb scattering by
the nuclei remains (the lifetime against this process is
several times greater than in the previous case), as
well as the nuclear interaction of the beam particles
with the nuclei.

g) New effects arise on cooling of intense beams of
heavy particles. Here even the well known high-current
effects must be analyzed anew in the presence of elec-
tron cooling.

Thus, with unusually small currents the Coulomb re-
pulsion can be felt between the particles of the beam—
the equilibrium size and energy spread of the cooled
beam can be extremely small. Weakening of the focusing
as the result of transverse repulsion can shift the beta-
tron-oscillation frequency to dangerous "machine" reso-
nances, and further compression as the result of cooling
turns out to be impossible. Compensation of this shift
of betatron frequency by retuning the focusing structure
of the storage ring turns out, as is usually the case in a
space-charge problem, to be of little effect, as a result
of the strong nonuniformity of the shift for particles with
different betatron-oscillation amplitudes.

Longitudinal repulsion of the beam particles is par-
ticularly dangerous if the frequency of revolution -in the
storage ring (with a constant magnetic field) falls off
with increasing energy (the negative-mass effect). This
occurs when, in accelerator terminology, the equili-

brium energy of the storage ring becomes greater than
the critical energy. Then a spontaneous breakup of the
beam into bunches occurs; the threshold for this in-
stability depends on the spread in the frequencies of
revolution and in a cooled beam can be very low.

This instability, and also the transverse and longi-
tudinal instabilities due to electromagnetic interaction
of the beam with the surrounding structures, for suf-
ficiently low proton currents can be effectively sup-
pressed by the existence of friction—the electron cool-
ing. For instability of the beam it is required that the
decrements of small oscillations be greater than the in-
crements of all instabilities.

However, the presence of an intense electron beam
strongly interacting with a circulating beam leads to
qualitatively new effects, and the problem of coherent
stability requires special discussion, which has already
been begun.4"5 Coherent interaction of an intense beam
of heavy particles with a cooling electron flux can lead
both to accelerated damping of coherent beam oscilla-
tions, which can be effectively used in combatting "ex-
traneous" instabilities of the proton beam, and also to
new instabilities.

h) Another effect which appears in an intense proton
beam, especially one with maximal cooling, is the scat-
tering of protons by other protons of the same beam —
the internal-scattering effect. If the frequency of revo-
lution of the protons in the storage ring (for a fixed mag-
netic field) increases with increase of their energy—this
situation is similar to the case of straight-line motion of
a proton beam with the same characteristics—internal
scattering will lead only to equalization of the tempera-
tures over all degrees of freedom, which in the labora-
tory system will lead to appearance of a longitudinal
spread of the momenta larger by a factor γ than the
transverse spread.

A completely different situation arises if the proton
revolution frequency in the storage ring (for a fixed
magnetic field) drops with increasing energy. Two pro-
tons executing, say, radial betatron oscillations and
having strictly the equilibrium energy, after scattering
can change energy discontinuously (the sum of their en-
ergies, of course, is conserved); this simultaneously
excites additional radial betatron oscillations and, if the
energy is above the critical energy, the resulting beta-
tron oscillations will be on the average larger than the
initial ones. Therefore what occurs is not a simple
equalization of the temperatures over all degrees of
freedom, but so to speak a "self-heating" of a proton
beam which can be limited only by the presence of fric-
tion, in our case—electron cooling.

We have only touched on the problems evident at this
time in obtaining electron-cooled beams of heavy par-
ticles with high intensities. Study of these problems has
just begun.

3. EXPERIMENTAL STUDY OF THE ELECTRON

COOLING PROCESS
In order to achieve electron cooling for the first time

and to study it experimentally, a special proton storage
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ring NAP-M and a system producing an electron beam
with the necessary parameters in the cooling portion
were developed.

a) The storage ring NAP-M was built as the prototype
of an antiproton storage ring, as we visualized it in
1970,43 and hence its designation—Nakopitel' Anti-
Protonov, Model' (Antiproton Proton Storage Ring,
Model). This particular circumstance explains both the
general size of the storage ring and its structure with
very long straight sections and use of purelyedge focus-
ing; here the edges of the plane bending magnets were
directed strictly toward the center of symmetry of the
storage ring—to provide focusing independent of the
average radius of the proton equilibrium orbit. The
general scheme of the storage ring and its general form
are shown in Figs. 2 and 3, and its main parameters are
given in Table I.

TABLE I.

Main Parameters of the Storage Ring NAP-M

Energy of accelerated particles up to 100 MeV

Injection energy 1.5 MeV

Length of perimeter 47 m

Number of magnets and straight sections 4 of each

Radius of curvature 3 m

Length of straight sections 7.1 m

Useful aperture in bending magnets 4 cm χ 7 cm

Betatron oscillation frequencies: QR = 1.2

Duration of acceleration cycle 30 sec

Accelerating high frequency voltage (first
harmonic) 10 V

Stability of magnetic field during cooling ± 1 χ 10~5

Average residual gas pressure (with
electron beam turned on) 5 χ 10"10 torr

In one of the straight sections of the storage ring was
placed the apparatus with the electron beam,12 the dia-
gram and general appearance of which are shown in
Figs. 4 and 5, and the main parameters of which are
given in Table II.

TABLE Π.

Main Parameters of Electron Cooling System

Accelerating

Length of cooling region

Electron energy in experiments

Electron current

Relative transverse velocity of
electrons

Energy stability

Accompanying magnetic field

1 m

up to 50 keV

up to 1 A

±3 xlO"3

±1 xlO"5

1 kG

The apparatus has three straight sections, in two of
which are placed the gun and collector, while the third
is the cooling region, in which the protons move to-
gether with the electron flux. For shaping and trans -

Electrostetic
injector (1.5 MeV)

Beam
profile
measure-
ment

station

Slow probe

3-μ quartz wire

Scanning mag-
nesium jet

Neutral hydrogei
atoms

\ \ Electron
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beam
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FIG. 2. Diagram of proton storage ring NAP-M.

porting the electron beam we use an .accompanying longi-
tudinal magnetic field in which the electron gun is im-
mersed.9 The straight sections are connected by two
sections with a toroidal magnetic field which serves to
inflect the electrons into the cooling region and to ex-
tract them from it. The centrifugal drift in the bends is
eliminated by application of a transverse magnetic field
which guides the electrons along a trajectory whose
curvature coincides with that of the line of force of the
longitudinal field.

The apparatus employs recovery of the electron en-
ergy, so that the power consumed bv the high-voltage
source does not exceed a few percent of the reactive
beam power.10·11

The operating cycle of the complex as a whole is as
follows. Protons of energy 1.5 MeV are injected in a
single turn into the storage ring. In the course of 30
sec the field is raised to the necessary value. The high-
frequency accelerating system provides a proton energy
increase matched to the rise of the magnetic field. On
reaching the necessary level the rise of the magnetic
field and the change in the frequency of the accelerating
voltage are halted, and the protons, which have been
formed into a bunch of length about one quarter of the
orbit perimeter, can "live" many hundreds of seconds
in the storage ring, gradually leaving it as the result of
scattering by the residual gas. If one wishes to work
with a continuous beam, the high-frequency voltage is
removed. After the acceleration the electron beam is
turned on and the electron-cooling process proper be-
gins.

b) The experimental achievement of electron cooling
required solution of a number of complicated technical
problems. For example, in a storage ring with a vacu-
um chamber length of about 50 m and an internal intense
electron beam with a power of several kilowatts, an
average vacuum of about 5xlO"1 0 torr is maintained.
The stability of the magnetic field and of the electron en-

FIG. 3. The storage ring NAP-M.
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FIG. 4. Diagram of electron beam installation. 1—electron
gun, 2—anodes, 3—solenoid, 4—electron beam bending re-
gions, 5—cooling region, 6—vacuum chamber, 7—collector,
8—vacuum pumps, 9—correcting magnets.

ergy amounts to 1 χ 10"5. The entire process of acceler-
ation and transition to the cooling regime is accom-
plished automatically by computer. The same computer
is used for recording and immediate processing of ex-
perimental information, for providing the output in a
form convenient for the experimenter on the display unit
and printer, and for subsequent long term storage.

In the experiments on electron cooling we used vari-
ous means of observation—pickup electrodes (integral
and differential) to measure the time structure and posi-
tion of the bunched beam, ferromagnetic magnetometers
to measure the circulating current, destructive probes
to measure the integral distribution of betatron oscilla-
tion amplitudes, and micron-size wires rapidly cross-
ing the beam for recording protons scattered into an
angular aperture to measure the proton-beam density
distribution with high resolution.

Particularly useful devices were a magnesium jet and
the detection of fast hydrogen atoms arising in radiative
recombination.

The magnesium-jet method (Fig. 6) is based on de-
tection of ionization electrons arising from a thin jet of
magnesium vapor intersecting the proton beam. The
ionization electrons are accelerated and collected on a
phosphor; the luminescence of the phosphor is detected
by a photomultiplier. The experiments utilized a rib-
bon-shaped jet with transverse dimensions 0.5x20 mm2

(the long dimension was along the direction of proton
motion) and a vapor pressure of about 10 "6 torr. This
jet results in practically no additional scattering. A
horizontal jet can be shifted (scanned) along the vertical
direction; the photomultiplier signal is then proportional
to the density distribution of the proton beam along the
vertical direction. Similarly, a vertical jet permits in-

FIG. 6. Arrangement for measuring proton beam density
(magnesium jet method). 1—proton beam, 2—magnesium
jet, 3—container with magnesium, 4—collecting electrode,
5—luminescent screen.

formation to be obtained on the radial distribution of
protons. A jet can be stopped at any point; in this case
it is possible to trace the change in the proton-beam
density as a function of time.

By observing the flux of fast hydrogen atoms, it is
possible to estimate the average relative velocity of the
protons and electrons from the total flux of such atoms
(see Eq. (2.9)) and to measure the equilibrium size and
angular spread in the proton beam with very high reso-
lution (Fig. 7).

c) A nontrivial effect of the electron beam on the mo-
tion of the protons appeared only when the average veloc-
ities of the protons and electrons in the cooling region
were brought together with a relative accuracy better
than lxlO" 3 . In the experiments we observed the follow-
ing effects:

damping of betatron oscillations;

the existence of an equilibrium size of the proton
beam;

decrease of the energy spread in the proton beam and
entrainment (acceleration or retardation) of the protons
by the electron beam;

existence in the proton beam of an equilibrium energy
spread;

increase in the lifetime of the proton beam.

These phenomena have a particularly simple nature
for low proton currents (<50 μΑ) and electron currents

FIG. 5. General appearance of electron beam installation.
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FIG. 7. Photograph of nuclear emulsion exposed to a beam of
fast hydrogen atoms (v/c = 0.35) arising in recombination of
proton and electron beams in the cooling section. The emulsion
was located 10 m from the interaction region. The fiducial
marks are every one millimeter. The size of the image cor-
responds to a proton beam diameter 0.5 mm and an angular
divergence 3 χ 10"5 rad.
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FIG. 8. Change with time of the density at the center of the
proton beam after turning on the inflector. The horizontal
scale is 0.1 sec/cm.

(<300 mA) and in describing the experiments we shall
have in mind this case, and only mention briefly what
new phenomena are observed at higher currents.

If the electron beam is not turned on, then after ac-
celeration the transverse size of the proton beam (in
other words, the proton betatron-oscillation amplitudes)
gradually increases as the result of scattering by the
residual gas atoms. This is clearly visible from the in-
crease in the width and decrease in the amplitude of the
signal from the secondary electrons obtained in scan-
ning with the magnesium jet over the storage-ring cham-
ber cross section. The size increases up to that per-
mitted by the aperture (average diameter of the proton
beam up to 1.5 cm). If after this the electron beam is
turned on with a correctly chosen average velocity, the
proton beam is compressed to a fraction of a milli-
meter, the small amplitudes being damped first, and the
large ones being "collected" only gradually.

It is particularly convenient to measure the betatron-
oscillation decrement and to bring out the corresponding
functional dependences by stopping the magnesium jet in
the center of the proton beam and observing the depen-
dence of this density on time after special pulsing of an
inflector exciting betatron oscillations in the cooled
beam, which were identical for all protons (Fig. 8).
Here, if the proton current is small, the measured
cooling time does not depend on this current, i.e., cool-
ing occurs completely incoherently, and the oscillation
amplitude of each proton decreases independently.

For large proton currents a portion of the initial am-
plitude in certain regimes is damped very rapidly (in
less than 10 msec), the fraction of this coherent loss of
amplitude increasing with increase of the number of
protons. Then the betatron oscillations apparently lose
their initial in-phase relation and further damping oc-
curs independently of the proton current. It is possible
to obtain a damping time for the amplitude of small beta-
tron oscillations of less than 0.1 sec.

The damping of the deviations of the proton velocity
from the average longitudinal velocity of the electrons
manifests itself clearly in the "entrainment" of the pro-
ton beam with the electron energy undergoing only a
small change. For example, if the electron energy is
raised discontinuously, the energy of the freely circula-
ting protons also begins to increase and the proton beam
transfers to a new equilibrium orbit of larger radius.

Particularly impressive is the possibility of accelerating
protons with the aid of an electron flux with the electron
energy and the magnetic field of the storage ring in-
creasing simultaneously in a coordinated manner» By
this means we were able to raise the proton energy from
60 to 80 MeV in three minutes.

d) In the experiments we were successful in obtaining
very small equilibrium dimensions of the proton beam.
A measurement of the transverse dimensions can be
made with the utmost reliability and very high resolution
by measuring the flux of fast atoms formed in recombina-
tion in the cooling region, detecting them by means of a
nuclear emulsion placed behind a thin foil at a distance
of 10 m from the cooling section (see Fig. 7). The pro-
ton beam size calculated from the spot size on the emul-
sion could be reduced to 0.4 mm.

The energy spread in the freely circulating beam was
measured by observing the spread in frequencies of rev-
olution. For this purpose from a closed cooled proton
beam about half of the total azimuth was knocked out and
the time of disappearance of the phase grouping of the
protons was measured (from the disappearance of the
signal from a pickup electrode). At low currents this
time reached 3 sec; when the diffusion nature of the
spreading of the bunch in the presence of strong longi-
tudinal damping is taken into account, this corresponds
to an energy spread of lxlO~5. This spread increases
as the proton current is increased.

The overall effectiveness of electron cooling is well
characterized by the ratio of the initial six-dimensional
phase volume of the beam, which corresponds to a beta-
tron-oscillation amplitude of 1 cm and an energy spread
of 0.1%, to the steady-state phase volume at a betatron
oscillation amplitude of 0.25 mm and an energy spread
of lxlO" 5 . This gives an increase in the phase density
of I 4 x 10-3/(2.5 χ ΐ(Γ2)4 χ ΙΟ"5 = 2 χ ΙΟ8 times !

Effective cooling naturally excludes completely the
loss of protons as the result of multiple scattering by
the residual gas atoms, and the lifetime is determined
only by direct, single knockout. The experimentally ob-
served dependence of the proton current on time be-
comes purely exponential, and the lifetime is several
times greater than without electron cooling.

e) The set of experimental dependences, especially
those obtained recently,2 5·2 8·2 9 shows that the elec'.ron-
cooling process is substantially more complicated than
simple cooling of a gas of protons in a cold electron gas.
In particular, it can be seen that an impor'ant role is
played by proton-electron collisions with impact param-
eters greater than the Larmor radius of the electrons.
New effects appear also as the electron and proton cur-
rents are increased.

Thus, electrr η cooling has been tried successfully and
has been investigated in the energy range from 1.5 MeV
(the inject'on energy) to 85 MeV (momentum 0.4 GeV/c)
both for χ freely circulating proton beam and for a
bunched oeam. Table III shows the best results obtained
up VJ he present time and the corresponding experi-
m ital conditions.
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TABLE ΠΙ. (ftp)

Proton momentum

Electron energy

Electron current

Electron beam diameter

Fraction of orbit occupied by cooling
section

Effective electron temperature:
transverse
longitudinal

Longitudinal magnetic field

Damping time (small amplitudes)

Steady-state proton-beam diameter

Steady-state angular spread

Steady-state energy spread

Lifetime

0.4 GeV/c

45 keV

0.8 A

2 cm

2 x ΙΟ"2

0.2 eV
10"4 eV

1 kG

0.1 sec

0.4 mm

±4xl0" 5

1 χ ΙΟ"5

10 hours

Apparently a further increase in the effectiveness of
electron cooling is also possible. In any case the cool-
ing time can be reduced several fold as the result of
filling a larger fraction of the proton orbit with elec-
trons.

4. STORAGE OF INTENSE ANTIPROTON BEAMS

The principal purpose for which we undertook develop-
ment of the electron-cooling method was the storage of
intense beams of antiprotons, although it was first pro-
posed for compression of beams of heavy particles.

a) According to Liouville's theorem, without dissipa-
tive forces it is impossible to add new quantities of anti-
protons into regions of phase volume of a storage ring
without removing particles already present in them.
The best that can be accomplished in this operation is to
fill the entire phase volume of the storage ring with a
density given by the antiproton generator. However, the
phase density achievable today for antiproton beams ob-
tained as beams of secondary particles in proton ac-
celerators, without going over to very thin and accord-
ingly very inefficient target-converters, is far from
providing the needs, for example, of installations with
colliding proton-antiproton beams of high luminosity.
The possibility exists, it is true, of accumulation of
antiprotons with no fundamental limitations by use of
antihyperon beams.44 In this arrangement a beam of,
say, Λο hyperons traverses a region of the storage ring
along a tangent to the trajectory and those antiprotons
which in the decay

turn out to be at appropriate points of the storage-ring
phase space (near the equilibrium trajectory with mo-
mentum of the proper magnitude and direction) will re-
main in the storage ring. However, the efficiency of
this arrangement (i.e., the ratio of the number of stored
antiprotons to the number of accelerated protons) turns
out to be very low and in reasonable times does not pro-
vide the storage of the necessary number and necessary
phase density of antiprotons.

m1 w1 η1

p0, GeV/c

FIG. 9. Average multiplicity of antiprotons in p+p collisions
as a function of the incident proton momentum p0.

Use of electron cooling permits a solution of the prob-
lem. This was shown in the Novosibirsk colliding p r o -
ton-antiproton beam project, 4 3 and in the proton-antipro-
ton projects which have appeared recently for the ac-
celerator-storage ring complex at Serpukhov (the p r o -
posal of our Institute at Novosibirsk 4 5), at CERN,4 6 and
at the Fermi National Accelerator Laboratory in the
USA.47

b) Let us consider in somewhat more detail the basic
character is t ics of the antiproton beams produced.

The ratio of the total number of produced antiprotons
to the number of incident protons for proton energies
considerably above threshold, which for the case of a
proton target is 6.5 GeV, increases from 3 x l O " 3 at 20
GeV to 0.1 at 1000 GeV (Fig. 9). In principle it is pos-
sible to use a nuclear cascade in which in each step anti-
baryons a re extracted from the total flux with low en-
ergy (below 10-20 GeV), which prevents their nuclear
absorption in the target. Here it is possible to raise the
transformation coefficient of the initial proton energy in-
to antiproton res t mass to a level somewhat higher than
10~3. However, such complete transformation is at the
present time an extremely awkward affair and in the
first stage we will be clearly forced to limit ourselves
to the cascade-free version with use of a small fraction
of the energy spectrum and perhaps also only a small
fraction of the transverse phase volume of the antipro-
tons produced.

In the cascadeless version for a "light" target the
spectrum of antiprotons corresponds to the spectrum of
an "elementary central event." Here antiprotons having
low energies in the center of mass system of the col-
liding nucleons a r e produced with the greatest proba-
bility, which corresponds to the situation in the labora-
tory system that the peak of the antiproton spectrum oc-
curs at Ef'x~-jMpc

2E m .

In the antiproton energy region substantially lower
than Εψχ—and just this region is most convenient for
storage of antiprotons—the spectrum falls off rather
rapidly and at a kinetic energy of 1 GeV turns out to be
greatly reduced (Fig. 10). Use of a target with heavy
nuclei shifts the antiproton spectrum somewhat toward
the low energy region.

The angles of antiproton production are determined by
the momentum p and a r e approximately given by
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Correspondingly, the effective phase volume of the anti-
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FIG. 10. Distribution of antiproton momenta in the laboratory
system, expressed in units of n(po,p) = (8π/3)ΜτΜρ(ρ/σ1α)(13σ/
dp3 (σ1η is the cross section for inelastic interaction of a pro-
ton, σ is the cross section for production of an antiproton)
from the experimental data58"60 for various primary-proton
momenta p^.

protons (one-dimensional) for a very small transverse
dimension of the initial proton beam is determined by
the target-converter length lc and by the antiproton mo-
mentum:

Ω-!

In the simplest case the maximal yield of antiprotons
will be obtained if the converter used is a cylinder of
small radius with a length equal to the nuclear-absorp-
tion length of the primary protons Znuc. However, the
antiproton phase volume obtained in this case Ω ^ turns
out to be too large and in practical projects it is nec-
essary for the time being to limit oneself to the use of a
small fraction of the phase volume of the produced anti-
protons.

The ratio of the useful number of antiprotons to the
number of primary protons turns out, thus, to be

here Δρ/p is the momentum bin captured by the antipro-
ton storage ring, fistc is the transverse phase volume
accepted by the accelerator (in one direction), and
n(po,P) characterizes the spectrum of produced antipro-
tons and depends on the momenta of the primary protons
p0 and of the antiprotons utilized p(see Figs. 9 and 10).

The yield of antiprotons entering a given volume of the
storage ring can be increased by several times by the
following procedure. Instead of one target converter,
several short targets are used, between which are
placed very high-aperttire lenses48 which transmit an
image of the antiproton beam from target to target.
Here the phase volumes of the antiprotons from all tar-
gets are combined with each other. Scattering in the
targets and in the shortfocal-length lenses can be made
sufficiently small, and the final phase volume of the
antiprotons turns out to be equal to the phase volume of
a short single target.

The cooling time for antiprotons increases rapidly
with increase of their phase volume (see Eq. (2.5)):

o.i wo*τ5 ' " L !

ρ conversion

NAP cooler FIG. 1 1 . Arrangement of
proton-antiproton complex.

NAP storage ring

njection of ρ

rL,rpLc\\ J,

Straight section of one-TeV
accelerator-storage-ring

value of the storage-ring β function in the cooling region
(the analog of the focal length of the focusing system).
Since the number of captured antiprotons increases with
increase of the storage-ring phase volume only linearly,
the optimum phase volume turns out to be that for which
the cooling time (with a technically achievable electron
current) will be equal to the period between the injection
cycles provided by the proton accelerator used.

c) The first antiproton storage-ring project was de-
veloped in 1966 for the Novosibirsk proton-antiproton
colliding-beam project.43 This project already included
the use of electron cooling. After its complete realiza-
tion the project was supposed to provide an antiproton
storage rate of about 106 p/sec.

After the experimental demonstration of the possibili-
ties of electron cooling, "antiproton" activity increased
greatly also in other laboratories. In the last two years
antiproton storage-ring projects have been developed
for the proton-antiproton colliding beams for the pro-
jected accelerator—storage-ring complex at Serpukhov45

(UNK), for performance of proton-antiproton experi-
ments in the ISR storage ring,46 and for conversion of the
presently largest proton synchrotrons at the Fermi Na-
tional Accelerator Laboratory (USA) arid the European
Center for Nuclear Research (CERN) to proton-antipro-
ton colliding-beam operation.47·49

We have shown in Fig. 11 for illustration the scheme
of antiproton storage proposed by our Institute at Novo-
sibirsk for UNK. With the complete arrangement plan-
ned this system will permit storage of 108 £/sec.

We should note that, even after achievement of these
antiproton storage rates, a tremendous field remains
for further improvements and inventiveness. At an in-
itial proton energy of about 100 GeV and the planned in-
tensities of proton synchrotrons it is possible in prin-
ciple to obtain more than 1012 p/sec.

5. NEW POSSIBILITIES IN ELEMENTARY-PARTICLE

PHYSICS

The main purpose of the present review is to draw the
attention of experimenters working in various fields of
elementary-particle and nuclear physics to the new and,
frequently, fundamentally new possibilities opened up by
the use of electron cooling. For this purpose we shall
try to touch, if only briefly, upon the most varied fields
of possible applications of this method.

where Je is the current of cooling electrons and (30 is the a. Experiments with super-thin internal targets
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The first results in storage of antiprotons will already
permit one to carry out a broad range of new experi-
ments.

1) In the storage rings themselves for antiprotons
with electron cooling it will be possible to perform an
extensive group of experiments with super-thin internal
gas and vapor targets. In the super-thin target regime50

the energy losses of the antiprotons, the fluctuations of
these losses, and the multiple scattering of the antipro-
tons by the atoms of the target are suppressed by elec-
tron cooling and the lifetime of the antiprotons is deter-
mined only by single interactions with the target. Scat-
tering by the residual gas at modern vacuum levels can
be made negligible. At antiproton energies of the order
of 1 GeV and above, the dominant interaction is the nu-
clear interaction with cross sections of about 10~25 cm2/
nucleon; at lower energies Coulomb scattering by an
angle greater than the aperture angle becomes more im-
portant (the "loss" cross section increases as Ζ2Θ^Χ).
To reduce the cross section for loss of antiprotons as
the result of the Coulomb interaction and to reduce the
influence of multiple scattering on the antiproton beam
size it is reasonable to install internal targets in the
parts of the storage ring which have sharp minima of
the β functions.

The luminosity in such experiments is determined by
the rate of storage of antiprotons N-p and by the loss
cross section σ. :

L = -
"tou

(5.1)

For example, at high energies and a storage rate 10s p/
sec the luminosity reaches 1033 cm"2 sec"1, which is
sufficient for an extremely wide range of experiments.
For example, the number of cases of production of the
recently found />/>(1939) resonance may reach 10s per
second. Performance of experiments in the super-thin
target regime is facilitated by the 100% duty cycle of the
reactions in time and by the small target thickness,
which permits detection even of very slow reaction pro-
ducts such as nuclear fragments. We note that from
this point of view it may turn out to be useful to use the
super-thin target regime even for proton beams.

2) It is particularly effective to use super-thin inter-
nal targets for precision spectrometric experiments.50

The use of electron cooling will permit achievement of
an energy resolution of the order 10~4-10"6 with com-
pletely satisfactory luminosity in antiproton-proton and
antiproton-nucleus experiments. Similar experiments
with proton beams will provide the same high resolution
and luminosity, which is comparable with that which can
be obtained with equal resolution in tandem accelerators
and meson factories. At higher energies a proton stor-
age ring with electron cooling and a super-thin internal
target will provide a luminosity for spectrometric ex-
periments many orders of magnitude higher than con-
temporary proton accelerators.

A circumstance important for spectrometric experi-
ments is the possibility of extremely accurate measure-
ment of the absolute energy of particles of known mass

in the storage ring by measuring the voltage which ac-
celerates the cooling electrons. The accuracy already
achieved at this time is better than 10"5

3) It is interesting that for a study of antiproton-neu-
tron interactions it turns out to be possible to use a tar-
get of free neutrons (which, apparently, is particularly
attractive at low energies). For this purpose it is most
reasonable to use high-current pulsed deuteron acceler-
ators with a target located adjacent to the storage-ring
vacuum chamber and surrounded by a moderator. The
luminosity in such an arrangement can be made clearly
sufficient for the study of nuclear cross sections, espe-
cially of annihilation processes, and the main problem
will be obtaining the vacuum necessary because of back-
ground conditions in the interaction region with intense
neutron irradiation.

4) An interesting application of an antiproton storage
ring with electron cooling and an internal target is the
production of intense directed fluxes of antineutrons and
antihyperons of the required energy in charge-exchange
reactions of the type pp ~YY. At an energy of, say, 2
GeV with the luminosity estimated above it is possible
to obtain up to 3 χ 104 «/sec and 104 Λ/sec. Here detec-
tion of the neutron or hyperon or their decay products
permits the subsequent antineutron and antihyperon re-
actions with the targets being studied to be separated
from the general background of secondary reactions.

b. Acceleration of stored antiprotons

New experimental possibilities will be opened up if in
a portion of the acceleration cycles of the main proton
synchrotron the stored antiprotons are accelerated.
With the projected rates of storage of antiprotons, using
a slowly extracted accelerated antiproton beam and ex-
isting experimental systems, it is possible to carry out
a detailed study of antiproton-nucleon and antiproton-
nucleus collisions. The high intensity of the antiproton
beam and its complete purity and extremely small phase
volume will permit the necessary information to be ob-
tained with present-day "proton" accuracy over the en-
tire energy range from a few MeV to the limiting energy
of the main accelerator.

In addition, it will be possible to obtain well colli-
mated beams of clearly "labeled" antineutrons and anti-
hyperons of high energy and appreciable intensity.

c. Continuously cooled colliding beams

Unique possibilities appear in the study of proton-anti-
proton interactions on performing experiments with con-
tinuously cooled colliding beams in the energy region
<10 GeV in each beam. Simultaneous cooling of the col-
liding beams is possible even in a single guide field—the
point is that the flux of electrons which is cooling, say,
the protons is moving against the antiprotons and there-
fore their mutual collisions in no way perturb the anti-
proton beam. An experimental installation of this type
can turn out to be interesting, in comparison with the
super-thin target arrangement, if it is necessary to re-
move completely the unnecessary interactions with elec-
trons of the target and/or to obtain the best possible
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monochromaticity.

In particular, it is possible to investigate φ mesons
with a resolution much better than their intrinsic width,
which cannot be done even with contemporary experi-
ments using electron-positron colliding beams. Of
course, only a very small fraction of all atoms of pro-
ton-antiproton annihilation will proceed via φ mesons,
even at the peak of the curve. Therefore it is reasonable
to detect leptonic decay modes

The cross sections for these processes just at the peak
of the resonance are of the order of 100 nb. In a spe-
cialized storage ring with strong focusing at the point
of collision it is possible to obtain tens of thousands of
such events per day.

We note that in proton-antiproton collisions it is pos-
sible to obtain directly narrow states of the ψ-meson
type with less severe restrictions on quantum numbers
than in the case of electron-positron colliding beams,
where the quantum numbers of such a state must be
equal to the photon quantum numbers. It will be par-
ticularly easy to pick out states which have appreciable
probabilities of decays which are not purely hadronic.
An example of this type of meson is the γ(2750), which
decays into two γ rays.

d. The ultimate in low energies

Completely new possibilities appear in the study of
antiproton-proton (and antiproton-nucleus) interactions
at extremely low energies. Stored antiprotons can be
decelerated in the synchrotron regime to an energy of
the order of 1 MeV and then further cooled. Sometimes
it may be more convenient to decelerate stored and con-
tinuously cooled antiprotons by means of a coordinated
reduction of the storage-ring magnetic field and the en-
ergy of the cooling electrons. The minimal energy is
determined by Coulomb repulsion effects in the antipro-
ton beam at the required intensity.

1) Several possibilities exist for the transition to ex-
periments at extremely low energies. The simplest ar-
rangement is to release antiprotons, slow them down
with an electric field to the required energies (down to
the energy spread in the antiproton beam), and to direct
them at a target made in the form of a gas jet. The fol-
lowing somewhat exotic arrangement is also possible:
in one of the straight sections in a small region with a
minimum of the β functions it is possible to reduce the
electrostatic potential in such a manner that the antipro-
tons are slowed down to the required energy, pass
through the target, and then are again accelerated to the
storage-ring energy. Of course, the contributions of the
regions of deceleration, uniform motion in the target re-
gion, and acceleration must be taken into account in the
focusing structure of the storage ring. In this arrange-
ment it is possible to use both gas jets and ion beams of
the same low energy as a super-thin target for annihila-
tion experiments with very slow antiprotons.

2) Investigation of the interaction of antiprotons and

protons (nuclei) at extremely low energies is possible
by using two storage rings with a common straight sec-
tion in which continuously cooled antiprotons and protons
are moving parallel to each other with quite close or
even equal average velocities. In the latter case as the
result of radiative recombination it is possible to form
a rather significant flux of protonium atoms—electro-
magnetically bound states of the proton and antiproton.
However, the most interesting arrangement for per-
forming experiments at extremely low energies, which
permits the antiproton-proton bound states to be studied
the most completely, is as follows. Along one of the
straight sections of a storage ring in which a cooled
beam of antiprotons with energy of the order 1 MeV is
circulating, a beam of hydrogen atoms with the same or
very nearly the same average velocity and small spread
is transmitted parallel to the antiprotons. The neces-
sary beams can already be obtained at the present time
by stripping accelerated negative hydrogen ions, for ex-
ample, by means of a laser.

We note that in some cases it may be useful to obtain
a flux of neutral hydrogen atoms by neutralization of a
proton beam in a special storage ring, in particular, as
the result of radiative recombination with the cooling
electrons. The "used" hydrogen atoms, after traversing
the region of interaction with the antiprotons, can be
captured by removal of an electron into an additional
storage ring with electron cooling, with subsequent
transfer of the proton beam back into the first proton
storage ring.

3) If in a collision of an antiproton with a hydrogen
atom the kinetic energy in their center-of-mass system
is less than the electron energy, the cross section for
formation of protonium will be close to the geometrical
cross section of the hydrogen atom. In this case an
electron will be emitted and will carry away the excess
energy (close to the average kinetic energy of the elec-
tron in the atom). Under these conditions, highly ex-
cited levels of protonium with principle quantum num-
bers of the order -JM/2m will mainly be populated, the
orbital quantum numbers also being large on the aver-
age. The fraction of states with high angular momentum
will be particularly great if the initial relative energy
of the atom and the antiproton is close to the ionization
energy of the hydrogen atom; for this purpose it is nec-
essary to provide the appropriate difference between the
average velocities of the atomic beam and the antiproton
beam.

4) The lifetime of such highly excited and high-angu-
lar-momentum states of protonium against annihilation
turns out to be very great; annihilation occurs effective-
ly only from states with orbital quantum numbers no
greater than 1. Transitions to these states occur as the
result of emission of photons. The lifetime of such
transitions turns out to be greater than 10"8 sec and the
protonium can travel a distance of tens of centimeters,
so that it is possible to separate spatially the flux of
these "atoms" and the antiproton beam. All of this will
permit study of the further fate of protonium under the
purest and best defined conditions. For example, by re-
cording the x-ray cascade of radiative transitions in
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coincidence with annihilation quanta and mesons, it is
possible to pick out annihilation from states with non-
zero angular momenta, which is extremely difficult with
other experimental arrangements.

Similarly it is possible to study also antiproton-deu-
teron bound states.

e. Antiatoms

By using stored antiprotons it is possible to obtain
beams of antihydrogen atoms. For this purpose it is
necessary to pass through an electron-cooled antiproton
beam in one of the straight sections of the storage ring
a beam of cold positrons parallel to it and with the same
average velocity. As the result of radiative recombina-
tion it is possible to convert a major part of the antipro-
tons into antihydrogen. In fact, using the NAP-M with
no special efforts 10% of the protons go over into a beam
of fast atoms.

A beam of antiatoms can be used, for example, for
extremely precise comparison of the properties of hy-
drogen and antihydrogen atoms. The most accurate data
can apparently be obtained in experiments on the inter-
ference of states,51 which in their sensitivity to possible
differences in the properties of matter and antimatter
are equivalent to measurements of the Lamb shift.

It is possible by the method described to obtain beams
of antiatoms of very low energy, which provides the
hope of accumulating neutral antihydrogen in special
cyclic magnetic systems by acting on the antiatoms via
the magnetic moment of the positron.

f. Polarization experiments

1) An important possibility made available by antiproton
storage rings with electron cooling is the production of
polarized antiproton beams. At the present time the
principal method of accomplishing this must be con-
sidered to be the interaction of a stored antiproton beam
with super-thin polarized targets of atomic hydrogen.
On the basis of existing data it is still difficult to choose
optimal conditions which permit a high degree of polar-
ization to be obtained with the lowest possible loss of
antiproton intensity.

One of the possible schemes is to utilize interaction
with longitudinally-polarized protons in a section of the
storage ring where longitudinal polarization of antipro-
tons is stable.52"54 Here use is made of the difference
in the total cross sections for interaction of antiprotons
and protons with different relative helicities. Estimates
for a proton beam show that for protons in the region of
excitation of the Δ++ resonance (the optimum momentum
of the proton in the storage ring is about 1.4 GeV/c) it is
possible by this means to obtain a degree of polariza-
tion of the order of 50% with an intensity loss by a fac-
tor 30. For antiproton-proton interactions the spectrum
of resonances is much richer and it will perhaps be pos-
sible to obtain polarized antiproton beams with an even
smaller loss of intensity.

2) A completely different arrangement is the scatter-
ing of an extracted cooled antiproton beam by a polar-

ized proton or nuclear target, and collection in some
manner of the scattered antiprotons, followed by injec-
tion of them into a storage ring with electron cooling.
To obtain the required degree of polarization, apparent-
ly, it is necessary to carry out several such cycles.

3) The possible rate of production of polarized anti-
protons will therefore be 10-100 times lower than the
number of initially stored antiprotons (per second).
However, even this level is sufficient to carry out a
very wide range of polarization experiments with anti-
protons. Thus, in an antiproton storage ring with elec-
tron cooling with utilization of the best polarized gaseous
proton and deuteron targets (thickness up to 1012 />/cmz),
a luminosity up to 1029 or even 1O30 cm"2 sec"1 can be
obtained. Moreover, polarized antiprotons can be ac-
celerated in the main accelerator and used in experi-
ments of the usual type. It is also a very attractive pos-
sibility to carry out polarized proton-antiproton experi-
ments in colliding beams, which will become possible
on achievement of the full rate of antiproton storage
which is proposed in current projects.

4) Polarization experiments in storage rings with
electron cooling are appropriate not only with antipro-
ton beams. This method is adequate also for experi-
ments with polarized protons and deuterons. Only to ob-
tain polarized beams it is necessary, of course, to store
directly the accelerated polarized particles. The beams
of accelerated polarized protons obtained today and the
existing polarized gas targets permit attainment of a
luminosity of at least 1030 cm"2 sec"1 under very clean
conditions.

We note that today systems with use of electron cool-
ing are already in sight which can enable us to raise the
intensity of accelerated polarized proton beams to the
level of the existing proton beams in high energy accel-
erators.

g. AntkJeuterons

1) The use of electron cooling opens up the possibil-
ity of storage also of completely pure beams of antideu-
terons. The rate of storage of such beams is 10"4 of the
rate of storage of antiprotons. This permits us to ob-
tain—by using a super-thin deuteron target—luminosi-
ties up to 1029 cm"2 sec"1, and this provides the pos-
sibility of studying in some detail the strong neutron-
antineutron interactions, including also the annihilation
processes. To pick out these interactions it is neces-
sary to record the antiprotons which have essentially
preserved their motion and to select events with zero
total charge of the remaining final particles or to detect
also the low-energy proton remaining after the breakup
of the deuteron.

At low energies it may turn out to be of interest to in-
vestigate the interaction of antideuterons with complex
nuclei, including the study of bound antideuteron-nucleus
states.

It is not excluded that the number of stored antideu-
terons is sufficient for studying similar processes at
extremely high energies in colliding deuteron-antideu-
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teron beams. Identification of neutron-antineutron
events is possible by means of the protons and antipro-
tons which remain almost unperturbed.

2) The process of storage and purification of antideu-
teron beams may appear as follows. A beam of negative
secondary particles is injected into a storage ring; me-
sons, antiprotons, hyperons, antihyperons, and antideu-
terons will be captured with a momentum corresponding
to the magnetic field and radius of the storage ring. All
mesons and hyperons decay rapidly, and there will re-
main antiprotons and, as a small impurity, antideu-
terons. If the velocity of the electron beam is chosen
equal to the average velocity of the antideuterons, which
as a result of the greater mass of the deuterons is much
less than the velocity of the antiprotons, then the anti-
deuteron beam will be efficiently cooled; at the same
time the influence of the electron beam on the antipro-
tons will be negligible. If after cooling the electron en-
ergy and the magnetic field of the storage ring are
changed in a coordinated manner, the antideuterons will
change their energy correspondingly (the entrainment
effect described above), while the antiprotons, retaining
their initial energy, will change their orbit radius, leave
the storage ring aperture, and be lost. After carrying
out the necessary number of cycles a comparatively in-
tense and absolutely pure beam of antideuterons will be
obtained.

In principle it is possible in exactly the same way to
store also pure beams of antitritium nuclei and anti-
helium-3 nuclei; however, their intensity will be lower
by another four orders of magnitude.

h. Experiments with ion beams

1) Electron cooling opens up interesting prospects for
experiments with storage of ions. The principal variant
of such experiments will apparently be carried out in the
super-thin target mode. The advantage of this arrange-
ment of experiments will be the possibility of precision
experiments utilizing the high monochromaticity of a
cooled beam and the availability for detection and anal-
ysis of all reaction products, including even slow, highly
ionizing fragments. It becomes possible, in particular,
to study precisely the quasimolecular states of nuclei.

The use of electron cooling is particularly important
for experiments with hard-to-obtain ions, mainly heavy
ions. A fact which turns out to be convenient here is
that in a storage ring with electron cooling there is an
ideal separation of isotopes, which makes possible op-
eration with the very lightest isotopes under absolutely
clean conditions.

The super-thin target mode described above signifi-
cantly enriches the possibilities of experiments on the
interaction of nuclei, especially heavy nuclei, at ener-
gies from the MeV range to the range of GeV per nu-
cleon.

2) However, quite unusual possibilities arise in using
this mode when both beams consist of stored, continu-
ously cooled nuclei of the desired type, stripped of their
electron shells. Here, in particular, even reactions

with emission of nuclear y quanta become completely
background-free. In just this way it may be convenient
to study Coulomb excitation processes and to investi-
gate quantum electrodynamics in the critical and "super-
critical" electric fields of superheavy compound nuclei.

If the compound nucleus formed in collision of the in-
itial nuclei may have long-lived states (with a lifetime
greater than 10"8 sec) it is useful to go over to the so-
called transverse-beam mode. In this case two storage
rings have orbits which intersect, for example, at an
angle of 90°. For this purpose the centers of the storage
rings can be separated by a distance comparable with
their average radius. The compound nucleus will have
a momentum equal to the sum of the momenta of the in-
itial nuclei, and after a time of the order 10~8 sec will
leave the inter acting-beam region (if necessary this time
can be made even smaller). This mode is of particular
interest in the study of superheavy (Z > 100) nuclei and
provides the possibility both of obtaining detailed infor-
mation on all such nuclei and of finding their long-lived
isotopes, which can be considered as the observation of
new elements. If necessary such nuclei can be slowed
down in light material and "supplied" with electron
shells, and these candidates for new superheavy ele-
ments can be subjected to all the procedures of chemical
control. The luminosity of such experiments will be
clearly sufficient for studying processes occurring with
standard nuclear cross sections.

It is not excluded that a cooled beam of "bare" heavy
ions will turn out to be of interest for use as the inter-
nal target of electron or positron storage rings.

3) In working with heavy ions, a complicating circum-
stance is the enhancement of the rate of loss of ions as
the result of radiative recombination with the cooling
electrons. Indeed, the lifetime against radiative re-
combination and the cooling time are inversely propor-
tional to the square of the ionic charge, but the cooling
time is in addition proportional to the mass of the ion.
For this reason for the heaviest ions one can succeed in
having time to cool the ions but one can not maintain
them cooled for an extended period (much longer than the
cooling time). This situation canbe improved by several
times as the result of using the magnetized regime of
the electron beam.7 In fact, in this case the rate of
cooling is determined by the relative velocities of the
ions or by the spread in the longitudinal electron velo-
cities, while the large transverse electron velocities
have almost no effect on the cooling process. At the
same time the rate of recombination is determined
mainly by the maximum relative velocities, and the in-
fluence of the magnetic field should be weaker.

For containment of cooled ions for unlimited periods,
which may be of interest, say, in studying the radioac-
tive decay of heavy nuclei stripped of their electron
shells, it is possible to use proton cooling. For this
purpose an ion storage ring is supplemented by a proton
storage ring with a straight section common to the two
storage rings. The average velocities of the protons and
ions must be made identical. A low temperature of the
protons must be maintained by electron cooling. For a
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given temperature and current density of the cooling
particles the cooling time is proportional to ΑΖ~2Μά£,{2,
where A and Ζ are the atomic weight and charge of the
ions and Mmol is the mass of the cooling particles, so
that the efficiency of such cooling in practice can be
completely satisfactory.

It is possible to obtain cooled beams also of ions only
partially stripped of their electron shells, and of nega-
tive ions, and even molecular ions. It is not excluded
that such beams may be useful for certain experiments.

i. Colliding proton-antiproton beams at the ultimate in high
energies

However, the most important and most exciting of the
approaching applications of the electron-cooling method
even today remains the use of this method to carry out
experiments with colliding proton-antiproton beams at
the highest possible energy.

1) One of the main problems in carrying out these ex-
periments is obtaining high luminosity. The limiting
possible luminosity is determined by the average rate of
storage of antiprotons and at these energies (see Eq.
(5.1)) is equal to

N-
p

°k>u '
(5.2)

For the presently projected storage rates of 106-108 p/
sec this gives a luminosity of ΙΟ31—1033 cm"2 sec" 1. Of
course, realization of luminosities close to this limit
imposes strict requirements on the storage ring in which
the pp collisions are achieved. Let us consider the prin-
cipal ones of these requirements for the case of a stor-
age ring with a single guide field. It is just this ar-
rangement which will be used first, since the proton-
antiproton projects closest to realization at ultrahigh en-
ergy propose to use proton synchrotrons now existing or
being built with conversion of them to the storage mode
(SPS at CERN, and the accelerators at the Fermi Na-
tional Accelerator Laboratory). To achieve the maxi-
mal luminosity in such a case it is necessary to work
with short bunches of the colliding particles, in order
that all interactions between them be localized in re-
gions scanned by the detecting apparatus. The lumi-
nosity summed over all collision regions is determined
by the number of particles Np and Nj, by the areas of
the beam cross sections at the points of collision S, and
by the frequency of revolution in the storage ring /:

JV..V- (5.3)

With use of electron cooling, the size of the beams
will be determined only by collision effects (the distor-
tion of the particle motion by the field of the colliding
beam) and it becomes reasonable to work with an equal

number of colliding particles,
cannot be greater than

, = Np=N. This number

(5.4)

Αν is the allowable shift of betatron-oscillation frequen-
cies which does not yet lead to a nonlinear buildup of the
oscillations. The permissible shift has a value from
0.1 to 0.001, depending on the time of damping or of ex-
istence of the beams, on the magnet system selected,
and on the care in its adjustment. We note that if the
acceleration of the particles is carried out in the stor-
age ring itself, the orbits of the colliding beams must
be separated at low energies to avoid their loss as the
result of collision effects. Here the number of particles
in each of the colliding beams in a storage ring with a
single guide field cannot be greater thanATme.

Accordingly, the maximal possible luminosity of the
storage ring will be

£mai = J-T5 Τ!Γ· (°Λ>

where Ώ is the one-dimensional phase volume of the
storage ring (the admittance), rp is the classical proton
radius, γ is the relativistic factor of the particles, and

where j30 is the value of the β function of the storage ring
(the analog of the focal length) at the collision point.

The phase volume Ω for the largest proton synchro-
trons mentioned above is of the order of 10"4 cm-rad,
the collision frequency is /2 = 5 χ 104 Hz, and Av can
hardly be made better than 10"2. For complete utiliza-
tion of the possible average rates of storage of antipro-
tons and, accordingly, for obtaining the indicated lumi-
nosities (1031 - 1033) cm*2 sec"1 it is necessary to go over
to extremely strong focusing at the collision point with
values of β0 less than 1 m. Here the length of the proton
(antiproton) bunches must also be less than 1 m.

The problem of obtaining bunches of such short length
and long life is far from simple and requires for its so-
lution careful suppression of noise in the magnetic field
and the accelerating voltage, good feedback systems to
suppress possible coherent oscillations of the bunches,
and apparently a transition to short wavelengths when
high values of the accelerating voltage are used.

If the rate obtained for storage of antiprotons assures
a luminosity (see Eq. (5.2)) higher than that which can
be obtained in a stroage ring with a single guide field
(see Eq. (5.5)), it becomes useful to go over to a stor-
age ring with two independent guide fields (as in the case
of proton-proton colliding beams). The limiting lumi-
nosity of such a two-track storage ring of this type can
be increased substantially by filling the entire peri-
meter of the storage rings with bunches, with these
bunches being made to collide only in the special sec-
tions which have small values of the β functions and
which are scanned by the detecting apparatus.

2) In the first years after the first proton-antiproton
colliding-beam project was reported (the project VAPP-
NAP at Novosibirsk),43 proton-antiproton experiments at
the highest possible energies have been considered by
many only as an extremely elaborated addition to pro-
ton-proton experiments at the same energies. Of
course, even then it was clear that this addition is very
important. In fact, obtaining sufficiently complete in-
formation even concerning the general properties of the
strong interaction requires the most complete possible
set of initial states. Therefore it is necessary to have
both proton-proton and proton-antiproton experiments,
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and preferably also deuteron-antideuteron experiments.
Of course, even this set is not complete and with time it
will be necessary to have colliding meson-nucleon and
meson-meson beams. It can be shown that the lumi-
nosity of arrangements already forseeable today for
such experiments is sufficient for studying hadron inter-
actions occurring with a cross section of the order of
the total cross section.

There have been discussed also two classes of experi-
ments which are specific just for proton-antiproton col-
liding beams—first, the study of hadron annihilation
and, second, investigation of two-particle charge-ex-
change reactions, i.e., reactions with conservation of
baryon charge of each of the colliding particles. The
annihilation cross section evidently drops off only as the
reciprocal of the colliding-beam energy and even at an
energy of 2x1000 GeV will be of the order of 1O"30 cm2.
Therefore the principal problem will be the identifica-
tion of annihilation processes from the great bulk of
events comprising the total cross section. At the same
time the cross section for processes of the type

ρρ->-ΛΑ

drops off (in the region known at this time) as E~" and
only with a luminosity of the order of 1032 cm"2 sec"1

will it be possible to obtain information on these pro-
cesses at energies above 100 GeV.

3) In recent years the attitude toward proton-antipro-
ton colliding beams has changed greatly. The quark
model is acquiring more and more dynamical content
and more and more "public opinion" is inclined to con-
sider hadrons as consisting of quarks interacting as
point particles. Accordingly, processes with very large
momentum transfers will occur through the interaction
of quarks, the components of the colliding hadrons.
Here proton-proton collisions give quark-quark reac-
tions, while proton-antiproton collisions give quark-
antiquark reactions. In this sense one can say that in
experiments in colliding proton-antiproton beams it is
possible to obtain the same fundamental information as
in colliding electron-positron beams of the same lumi-
nosity and with an energy of the order of a third of the
energy of the baryons. Similarly, proton-proton collid-
ing beams are equivalent to electron-electron collisions.
Of course, for strongly interacting particles such as
protons and antiprotons we cannot say that they consist
only of quarks of one "polarity." However, according
to contemporary neutrino data55 the content of antiquarks
in a proton is about 5% (this is also the estimate of the
content of quarks in the antiproton). Therefore quark-
antiquark interactions are dominant in proton-antipro-
ton collisions, and quark-quark interactions provide on-
ly a small admixture. For proton-proton collisions the
ratio will be the reverse. In addition, the average en-
ergy of quark-antiquark reactions in proton-proton col-
lisions will be substantially lower than in proton-anti-
proton collisions.

By studying, say, the lepton-pair-production reac-
tions

which occur both as the result of the electromagnetic
interaction and as the result of the weak interaction of
quarks, the factors cited will permit obtaining informa-
tion of fundamental importance on these interactions at
the highest possible energies. In particular, if there
actually are neutral intermediate bosons of the weak in-
teraction Z°, they can be observed in these reactions if
the combined energy of the proton and antiproton ex-
ceeds the rest mass of the proton by a factor of 3-6.
According to current estimates, this requires a proton-
antiproton colliding-beam energy in the region of 2
χ (150-500) GeV. In the same energy range it is also
possible to observe, if they exist, charged bosons of the
weak interaction, W*.

The search for heavy leptons is also possible in sim-
ilar experiments.

We note in addition that it is also possible to study re-
actions in which a quark-antiquark pair annihilates into
a neutrino-antineutrino pair. The occurrence of such a
reaction can be recorded by the "disappearance" of a
significant fraction of the initial energy of the proton-
antiproton pair (of the order of a third), this loss occur-
ring almost symmetrically with respect to the initial
particles.

An even more detailed investigation will be possible
when experiments with polarized proton-antiproton col-
liding beams become possible, as well as proton-proton
and deuteron colliding beams. At the limiting high en-
ergies considered it is particularly important56·57 that
there is the possibility of experimenting with particles
which are longitudinally polarized (at the point of col-
lision).52'61 Electron cooling permits solution of the
problem of obtaining polarized antiproton and proton
beams of the necessary intensity.

The quark treatment of the interactions of protons and
antiprotons reveals high promise for experiments in
colliding proton-antiproton beams. However, it is not
excluded that the real physics of the interaction of mat-
ter and antimatter at ultrahigh energies will turn out to
be even more interesting and completely unexpected.

CONCLUSION

In the present review we have attempted to show what
interesting prospects are opened up by the application of
electron cooling. Together with other methods for cool-
ing beams of heavy particles, this method provides the
possibility of performing qualitatively new experiments
in diverse fields of elementary-particle physics and nu-
clear physics.
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