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Input of a beam of “‘cool” electrons into a straight-section orbit of a heavy charged-particle beam circulating in a storage
ring introduces an effective friction when the velocities of heavy particles and electrons coincide in magnitude and
direction. This friction causes the phase-space volume of the heavy-particle beam to decrease—‘‘electron cooling.”

In the work presented here, an experimental study was made of electron cooling of a beam of 35-80 MeV protons.
A study was made of the electron-cooling effect on the proton lifetime in the storage ring. At a proton energy of 65 MeV
and an electron current of 100 mA, the betatron-oscillation damping time was obtained and the equilibrium proton-
beam dimensions were measured to be: diameter <0.8 mm, angular spread <4 x 107°. Damping-time dependence on
the parameters was also studied. The problem of the equilibrium value of the proton momentum spread is considered,
and its experimental value is measured to be: Ap/p < 1 x 1073,

A detailed description is given of methods for measurement of the proton-beam apertures.

Some possible applications of the electron-cooling method are described.

One of the main problems of particle storage rings
is reducing the phase-space volume of a stored
beam to provide multiple accumulation of par-
ticles. In electron-positron storage rings, this is
possible due to synchrotron-radiation damping of
particle oscillations. This paper concerns an elec-
tron cooling method which provides a possibility
of multiple accumulation of heavy particles into the
same phase space volume of a storage ring. The
method was proposed by Budker and reported at
the Colliding Beam Symposium in 1966.

In electron cooling, a beam of electrons is intro-
duced into one of the straight sections of a heavy-
particle storage ring with a mean velocity equal in
magnitude and direction to that of the heavy par-
ticles. Coulomb scattering leads to energy ex-
change between the two kinds of particles and, if
the electron beam is monochromatic enough and
the particle trajectories are parallel, the electron
beam will play the role of a “cooler”, absorbing the
excess energy of the “hot gas” of heavy particles. In
a coordinate system moving with the mean particle
velocity, such a mixture of two beams passing
through each other is similar to a two-component
plasma relaxing until the temperature values
become equal.

The main characteristics of the electron-cooling
process are considered theoretically in Refs. 1 to 4.

The method of obtaining a cooled beam will be
quite different for various ranges of particle ener-
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gies. For proton energies up to 1 GeV (500-keV
electrons), the most simple and natural seems to be
a scheme with direct acceleration of electrons and
subsequent recovery of their energy. For energies
sufficiently high (20 GeV for protons, 10 MeV and
higher for electrons), one will have to use an elec-
tron storage ring as an electron “cooler” in which
beam monochromatization is achieved by synchro-
tron radiation.* Finally, in the intermediate region
it seems possible to explore a scheme with a circu-
lating beam. Electrons. are removed from the
circulating beam after being “heated” and replaced
with a new beam of cooled ¢lectrons, thus making
use of the electron-beam heat capacity.

In the work presented here, experimental results
are described on electron cooling of a proton beam.
The experiments were carried out in 1974-75. Some
of them have been described earlier,®>*® but for the
sake of completeness, the most important results
are included in this paper.

Electron cooling enables one to perform a multi-
turn stacking of heavy particles. Estimates show
that using this method, one can stack intense anti-
proton beams to provide a colliding-beam lumino-
sity of as much as 103! cm ™2 sec™ 1.

Two other proposals for stackmg antiprotons
are known to us. In the first,” it is proposed to
stack antlprotons resulting from decay in the
storage-ring chamber of A° hyperons produced on
an internal target by protons accelerated in the
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CPS synchrotron. The efficiency of this method is
quite low and the expected luminosity is about
10?5 cm ™% sec™ .

The second proposal is based on the so-called
stochastic-damping method of betatron oscilla-
tions® suggested by C. van der Meer in 1972. This
method has not been sufficiently studied yet and
the experimental results available® do not enable
one, in our opinion, to make definite evaluations
of its advantages.

Electron cooling, apart from its main purpose as
a method of achieving multiturn stacking of
intense heavy-particle beams, may find application
in a number of other experimental setups.

I EXPERIMENTAL SETUP

The experiments of the electron-cooling study were
carried out on the storage ring NAP-M (Figure 1)
specially designed for this purpose. Detailed de-
scriptions of the storage ring are given in earlier
papers.!0-14 ‘
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FIGURE 1 Layout of the proton accelerator NAP-M.

NAP-M is a zero-gradient racetrack synchro-
tron with edge focusing. Quadrupoles placed at the
straight-section ends permit correction of the
betatron tune shift.

Injection is from a 1.5-MeV electrostatic gener-
ator with proton current 1.5 mA per pulse; injec-
tion-pulse duration 4 psec; emittance 0.15 mmrad-
cm.

The electron-beam device!® is located in one of
the storage-ring straight sections; its parameters
are given in Table II, and its layout is shown in
Figure 2.

For electron-beam formation and transport, a
homogeneous longitudinal magnetic field is used

TABLE 1

Main parameters of the storage ring NAP-M

Proton energy up to 150 MeV

Injection energy 1.5 MeV
Curvature radius in magnets 3m
Straight-section length 7.1m
Vacuum-chamber dimensions in magnets

vertical +3.5cm

radial +5cm
Cooling-section aperture +5cm
Betatron wave numbers 1.24,1.34
Floquet-function values

in cooling section 0.7

on the straight-section edges 0.98

y-function values in the straight

section 0.8

Transition energy 110 MeV
Acceleration-cycle duration 30 sec
Average pressure 5 x 1071° Torr

Vacuum chamber is heatable (7 approximately 300°)

TABLE 11

Parameters of the electron-beam device

Cooling-section length I m
Electron energy up to 100 keV

Electron current uptol A
Electron angular spread 0, 2 x 1073
Longitudinal magnetic field 1 kG

at the gun location, designed to give particular
optical properties.!® The magnetic-field homoge-
neity is kept at a relative level of 3 x 10~ 3 by means
of magnetic shields and correcting coils. The device
has three straight sections, in two of which guns
and collectors are placed. The third is built into the
straight section of the proton storage rings (interac-
tion region). The straight sections are connected by
means of two sections used for the input of electrons
into the interaction section and for their output.
The centrifugal drift of electrons is cancelled by

FIGURE 2 Layout of the electron-beam device: 1—electron
gun; 2—anodes; 3—solenoids; 4—bending sections of electron
beam; 5—cooling section; 6—vacuum chamber; 7—collector;
8—vacuum pumps, 9—correction magnets.



EXPERIMENTAL STUDIES OF ELECTRON COOLING 199

adding a transverse magnetic field, leading elec-
trons along trajectories that coincide with lon-
gitudinal-field lines of force.

Typical operation of the device is as follows.
Protons are injected into a rising magnetic field.
Injection timing is synchronized with the field level
by an NMR sensor with accuracy AH/H < 1074,
With the same relative accuracy, the peak value of
the magnetic field is detected, giving the momen-
tum of accelerated protons. When operating, the
currents in bending magnets and correcting coils
are under computer control. As the desired proton
energy is reached, the magnetic-field rise is stopped,
the rf system is turned off, and protons coast in a
constant magnetic field with stability on the level
of AH/H < 1 x 10™* during the experiment. For
frequencies higher than 4 Hz, the ripple level does
not exceed 1 x 1073, After switching the rf system
off, the electron-beam device is fired up: longitu-
dinal magnetic field, electron heating of the gun
cathode and the proper current of electrons are
established (high voltages for a gun and a collector
are initially applied and are only retuned when the
experimental energy is changed). Electron energy
in the experiments was stabilized with an accuracy
of 5 x 1073; the longitudinal magnetic field stab-
ility was better than 5 x 1074,

I MEASUREMENTS OF PROTON-BEAM
PARAMETERS

A Measurements of Coasting-Proton Current

Measurements of coasting-proton current were
performed by means of a magnetometer!” which
detects the magnetic field of the beam. The mag-
netometer sensitivity is about 5 ¢A and measure-
ment time is about 1 sec in the current range
5-100 uA. Bunched-beam current was measured
by an integral pick-up electrode and a Rogovsky
coil.

B Aperture Probes

For measurements of the proton beam dimensions
and position, aperture probes crossing the beam at
a low velocity were employed. This method has
quite high sensitivity if scintillation counters are
used to detect protons scattered at a small angle by
the probe edge. 1n the experiments, the counter and
probe are located at the opposite ends of a straight
section (Figure 1). The method’s resolution 24, is

determined by the probe velocity v,,. Without
electron cooling, multiple scattering of protons by
the residual gas atoms causes proton-beam en-
largening. The time rate of change of the square of
the beam radius a is given by
da® b? n
at 1,
where 7, is the beam lifetime for the full aperture of
the storage ring; b? is a constant. Then, from the
obvious requirement that the change in a* from
multiple scattering be small compared with the
resolution,

2
_da® ag, )

Aaz = T < Ay
at v,
follows
b2
Amijn = N (2)
vprTO

When there is electron cooling and the proton-
beam equilibrium dimensions are achieved (see
Section V), Eq. (2) remains valid if 7, is replaced by
1., the lifetime of protons again single scattering
(see Section 1V).

For typical conditions of the experiment
(to ~ 10° sec, 1, = 5 x 10 sec) and the probe
velocity 0.3 cm/sec, the estimate of Eq. (2) gives 0.1
and 0.02 mm, respectively. Thus, the method’s re-
solution is determined in practice by what is tech-
nically possible (accuracy and homogeneity of the
probe velocity, the frame skew etc.), which enable
one to provide a resolution of the order of 0.1 mm.

C The Crossing-Filament Method

A thin quartz filament crossing the beam with high
enough velocity, in contrast to the previous method,
enables one to measure the proton density distribu-
tion without destruction of the beam. The sensor is
designed as a frame, one side of which is fixed on a
steel wire 1.6 mm in diameter (Figure 3). On the
opposite side of a frame the thin quartz filament
2-3 um in diameter is fixed. The frame can perform
rotational oscillations with frequency of 40 Hz
around the axis of the wire. In the two terminal
positions (oscillator stop points), the frame position
is fixed by means of electromagnets. The suspen-
sion-mechanism adjustment was performed in
such a way that the filament in its equilibrium
state should be on the equilibrium orbit. Then the
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FIGURE 3 Proton beam-density measurements system
(crossing-filament method): 1—proton beam; 2—steel wire; 3—
quartz filament; 4—clamping electromagnets; S—anchor.

section with the maximum filament velocity cor-
responds to the instant of a beam crossing. A
single crossing is attained by switching the electro-
magnets off for the time required for the frame to
pass from one terminal point to the other.

Detection of protons scattered by a filament was
performed similarly to that in the probe method
described above.

Protons scattered by the filament form a “halo”
around the unscattered beam. As a result, the
signal obtained when the filament crosses the beam
is the sum of a signal from the initial particle distri-
bution and a signal from the “halo” appearing with
the beam-filament crossing.

The ratio of the signal from the halo to the
initial-distribution signal is the same as the ratio
between the beam density and the density of par-
ticles forming the halo. The particle density in the
halo one can evaluate as follows:

The rms oscillation amplitude increment for a
proton from a single pass through the filament is
determined by

2A07d

>
Y

A = J(AZ?> = R, f| (3)

where A6, is the rms scattering angle of a proton
per unit length in the filament material, d is the
filament diameter, R, is the average radius of the
storage ring, and | /| is the value of the Floquet
function at the point of the filament location. The
proton scattering probability on the filament at a
single crossing of the beams is

d
e=1-— exp<— U—T),d<a0, 4

where v,, is the filament velocity, T, is the particle
revolution period, and a, is the proton-beam
dimension. The density of particles forming the
halo is. of the order eN/(A? + a3)'/? and the ratio
of a signal from the halo to the. useful signal
V ~ N/ao iS
AV &do
v A* + a
If the particle oscillation-amplitude increment is
appreciably less than the aperture and the filament
velocity is high enough to be able to ignore mul-
tiple passes of particles through the filament
(e €1), the beam losses are then determined only by
the single scatterings at angles larger than that of
the aperture. At a proton energy 65 MeV, the
increment of betatron-oscillation amplitude for the
quartz filament of 2 um in diameter moving with a
speed of 5.5 m/sec is 3 mm, the scattering proba-
bility ¢ = 0.55, so that in measuring a beam of
diameter 2 a, = 1 mm, the halo contribution is no
larger than 109,. The halo presence is easily seen
in the oscillograms of a signal shown in Figure 4.
The halo contribution, according to Eq. (5), de-
creases as the proton beam dimensions reduce. An
interesting feature of the method described is that
its resolution capability is approximately the same
as the filament diameter. There are also errors
arising from filament skew or proton median-plane
skew with respect to the geometrical axis of the
storage ring. In this case the degree of freedom are
“intermixed.” These effects restrict the possibilities
of independent measurements of the beam trans-
versal dimensions.

)

D Magnesium-Jet Method

The magnesium-jet method'® is based on detection
of electron ionization occurring when the proton
beam is crossed by a vapor jet. In the experiments a
band jet was employed with transverse dimensions
1 x 20 mm?, the vapor pressure being about 10~°
Torr. A container with the magnesium is heated up
to a temperature of 450°C. Magnesium vapor is
emitted through a number of holes 0.5 mm in
diameter located on one of the container walls
(Figure 5). For the final collimation of the jet, a
shield is located 40 mm from the container wall.
The container and the collimator are fixed on a rod
that moves vertically with velocity 0.3 cm/sec
within the range +3 cm, which enables one to
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FIGURE 4 Vertical distribution of the proton-beam density
(crossing-filament method). Scanning scale 5.5 mm/div. a—
electron cooling is on; electron current 100 mA, proton energy
65 MeV, equilibrium dimensions 1.4 mm; b—electron cooling
is off, beam 200 sec after acceleration.

“observe” the whole useful aperture with the mag-
nesium jet. lonization electrons are collected by an
electric field on a luminophore with an applied
potential of +10 kV (preacceleration). Lumino-
phore luminescence is detected by photomulti-
pliers. Oscillograms of the photomultiplier signals
obtained with proton-beam scanning are given in
Figure 6.

The choice of magnesium as operating material
was determined by the necessity to provide an
average pressure in the storage ring on the level
5 x 1071° Torr with quite a high-density jet.
Metal-vapor condensation of the chamber walls
facilitates this task substantially. The relatively low
sublimation temperature of magnesium, its low
chemical activity at temperature 450°C, as well as
the lack of need for special care for its use all make

PHOTOMULTIPLIERS
FIGURE 5 Proton beam-density measurement system (mag-
nesium-jet method): 1—proton beam; 2-—magnesium jet; 3—
magnesium container ; 4—collector; 5—luminophore screen.

magnesium preferable to other light metals (lith-
ium, beryllium).

In spite of the low resolution (Az ~ 0.5 mm), the
method described advantageously supplements the
crossing-filament method previously described and
is very convenient for measurements of large beam
dimensions and for operational running of a
cooling process, as well as for the study of the time
characteristics of oscillation damping.

With vertical scanning, a signal from the photo-
multiplier is proportional to the number of protons
in a given horizontal cross section of the beam
(Figure 6). Therefore, by shifting the jet along the
coordinate z, one can obtain the proton distribu-
tion along the coordinate. If the jet is fixed at a
certain point z, one is able to measure the proton
density variation with time in a z-cross section of a
beam. This method was employed in the experi-
ments for measurements of the oscillation damping
decrement. The magnesium jet was put in a posi-
tion corresponding to the maximum density of a
cooled beam. After that, proton oscillations in the
beam were excited by a deflector kick and simul-
taneously the oscilloscope scanning was triggered
(Figure 7). The signal peak at the initial moment
corresponds to the proton density reduction in the
beam center just after the kick; the further be-
havior of the signal demonstrates the beam con-
traction and the particle-density increase. The
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FIGURE 6 Vertical distribution of the proton-beam density
(magnesium-jet method). Scanning scale 1 mm/div. a—proton
beam just after acceleration; b—cooled beam, electron current
100 mA, equilibrium dimension 0.8 mm; c—the beam 2 min
after acceleration, cooling is off; d—electron cooling is switched
on 2 min after acceleration; the beam shown in Figure 6(c) is
cooled.

signal from the photomultiplier varies according to
the law:

1 >

V(t) = VO [ (a2) ]
\/(Gf)min+ B? exp(—2/t)’

In the experiments, the photomultiplier signal was
analyzed with a computer least-squares method to
find the required parameters a2;,, B>, /.

'min>

t>0

b c

FIGURE 7 Proton beam-density variation in the center of
the beam after the inflector kick. Scanning scale 2 sec/div.
a—signal level out of the beam; b—the signal with the jet at the
center of the beam prior to the inflector kick; c—the same
signal after the inflector kick.

E Method of Neutral Hydrogen Atoms

With a small difference between velocities of pro-
tons and electrons (Av/v < 1073) in the cooling
section, radiative recombination of protons and
electrons is observed, with neutral-hydrogen atom
production. These atoms, having energies like that
of protons in the lower excited and main states, are
not ionized by the storage-ring magnetic field (the
electric field in the particle system is 400 kV/cm)
and are therefore not deflected. The atoms are
brought outside through a special window in a
vacuum chamber made of stainless-steel foil 0.2 mm
thick (Figure 1). A telescope made of scintillation
counters and a two-coordinate proportional wire
chamber detects both the full flux and the profile of
a beam of neutral atoms (in practice, of course,
protons are detected, when they appear in “strip-
ping” the neutral atoms on the output window foil).
In this way, one can measure the angular spread of
the proton beam in the cooling section by using the
long distance from the production point to that of
observation.
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IIT PROTON BEAM WITH ELECTRON
COOLING

The main results in the experiments are the follow-
ing. If the proton and electron velocities are the
same in magnitude and direction with an accuracy
Av/v S 1 x 1072 we observe:

i) betatron-oscillation damping;

ii) existence of an equilibrium dimension for a
proton beam;

iii) energy-spread reduction in a proton beam
and “blowing off” (acceleration or deceleration) of
protons caused by electrons;

iv) substantial increase of the proton lifetimes.

If the difference between the proton and electron
velocities Av/v is larger than 2 x 1073, these effects
are eliminated. The experiments were carried out
with the unbunched beam in the proton energy
range 35-80 MeV. A study of the bunched-beam
cooling has not been performed because of the
small lifetime 7,, of a beam with the rf system on:
the noise of the storage-ring bending field and the
noise of the rf system do not permit one to obtain
7, values substantially higher than 100 sec. Now,
by lowering the noise level we have succeeded in
increasing the lifetime up to 1000 sec, which en-
ables one to carry out further experiments on the
bunched-beam cooling.

The main results of the experiments on cooling
the coasting proton beam are given in Table IIL
The effective electron temperature T, given in
Table III is derived from the equilibrium vertical

TABLE II1

Typical experimental parameters and results of proton cooling

Proton energy 35-80 MeV
Electron energy 19-43.6 keV
Electron beam diameter 10 mm
Electron current I, 0.1-0.25 A
Proton current 7, 20-100 A

5 x 107 Torr
At an energy 65 MeV
Equilibrium dimensions of
proton beam
Cooling time (at electron current
0.1 A) 5 sec
Lifetime in cooling regime 5000 sec
Lifetime without cooling 900 sec
Effective electron temperature 7, 0.2 eV
Neutral hydrogen atom flux
dN

it
C P dr

Average pressure

0.8 mm

17+ 2A 'A tsec™!

dimension of the proton beam (Section V). Esti-
mates made on the basis of measurements of other
characteristics give close values of T, (Sections VI
and VII).

IV LIFETIME OF PROTONS

The lifetime of protons coasting in the storage ring
depends on many factors, among which one should
note primarily the effects of resonances and pertur-
bations of the magnetic system, effects of space
charge and perturbing effect of magnetic-field noise
and interaction with the residual gas. In the ex-
periments being described the latter was dominant.

Multiple scattering of protons on the residual gas
without damping causes a slow (diffusion) increase
of amplitudes of betatron oscillations and, con-
sequently, beam expansion up to the aperture
dimensions with subsequent particle losses on the
vacuum-chamber walls. This process is charac-
terized by a time constant t,,. Single Coulomb
scattering (nuclear scattering at this energy is neg-
ligible) at an angle larger than that of the aperture
leads to the particle disappearing however small
the beam dimensions are, and the beam intensity

reduces with the time constant t,:'°

b 2 B3,VZM2C3
fs = (R‘) a1 22 L S PO S B

Ly,

(7)

Here, b, R, are respectively the aperture and mean
radius of the storage ring; fis the Floquet function
for the storage ring; f§ is the proton equilibrium
velocity in units of the speed of light ¢, y =
(1 — BH~1Y2; e, M, m are respectively the charge
and mass of a proton and electron; Z, n, are the
atomic number and the atom density of the re-
sidual gas, L, = In(133Z~1/3)is the Coulomb loga-
rithm for the scattering process on nuclei, { >
means averaging over the orbit.

Ionization losses reduce the proton mean energy,
resulting in reduction with time of the equilibrium-
orbit bending radius:

R(t) = R(0) — bri

&

b 3 M 3 2,,2 2 -1

o= L FmMer gy (FmeT
Ry 4nZe*n 4 oy I

®)
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Here I is the average ionization potential of an
atom and V., is the maximum value of the ¥
function for the storage ring.

Fluctuations of ionizational losses enlarge the
energy spread in a proton beam, which leads to its
(diffusional) radial-dimension expansion.

The lifetime of a proton beam can be roughly
estimated from the partial times 7, 7,,, and t,.
For the parameters of the installation NAP-M
Aege = 2 cm, vacuum 5 x 1071° Torr, Z =7,
p = 0.35; the corresponding quantities have the
values: 14, =7 x 10® sec, 1,,, = 1.5 x 10% sec,
7, = 2.5 x 103 sec, which gives a lifetime of order
1000 sec. The values are consistent with the experi-
mental results given in Table III.

If the electron cooling acts effectively, the oscilla-
tion damping of protons introduced by electron
cooling causes beam contraction and suppresses
the expansion due to multiple scattering and the
proton acceleration by electrons counteracts the
ionization energy losses of protons. As a result, the
lifetime of protons in the cooling regime is deter-
mined by the value of 7. The concepts given are
clearly demonstrated in Figure 8. Without electron
cooling (curve 1), the proton beam with dimensions
(just after acceleration) appreciably less than the
aperture grows slowly at first, and its intensity is
reduced only by single scattering with the time
constant T (the “plateau” on the curve 1). After
the beam grows up to the aperture dimensions, its
intensity is reduced with the time constant t,, >~
0.2 7. With electron cooling, the beam does not
grow, and its intensity is reduced with the time
constant 7 (curve 2) and consequently the lifetime
increases by a factor of I, ~ 5. This lifetime in-
crease for the proton beam was the first effect
observed in experiments on electron cooling.

V EQUILIBRIUM AMPLITUDES OF
BETATRON OSCILLATIONS

The proton-beam contraction and its monochro-
matization in the cooling regime proceed when
damping dominates over diffusion processes. The
latter, apart from multiple scattering and fluctua-
tions of ionization losses, comprise the proton
diffusion caused by the noncoherent fluctuations
of the electron-beam density, by noise of power
supplies for the electron beam or for the magnetic
field of the storage ring, etc. The corresponding
balance equation (Langevin equation) for the
square of the betatron-oscillation amplitude of the

1000 2000 Tsec

FIGURE 8 Time dependence of the proton-beam current:
1—without electron cooling; 2 -with electron cooling. Proton
energy 65 MeV electron current 100 mA.

i-th coordinate has the form:
dA} 247

dA?
i u*%@fﬂ ©)

where 7, is the cooling time for small amplitudes
and (dA?/dt)g is the diffusion rate for the corre-
sponding process. In particular, for multiple scat-

tering
dA} 2b?
1) ~ ==, 10
< dt >ms Tins ( )

In the simplest case, when the electron-beam
density is constant and electrons have a spherically
symmetric Maxwell distribution in the velocities,
analytical expressions [Eqgs. (11-14) and Eq. (17)]
can be obtained describing the betatron-oscillation
damping caused by electron cooling. A non-
spherical distribution does not significantly alter
this relation. For proton diffusion on electrons of
a cooling beam?2°

dA,Z 4m Roegi 2
() - 2% s, an

where 0,; is the rms value of the ratio of the i-th
transversal component velocity to the average
velocity and (| f;|*), is an average taken over the
cooling section for the Floquet function for the i-th
degree of freedom.

Equilibrium values for the amplitudes 4., can
be derived by setting the right-hand side of Eq. (9)
to zero. For the most important diffusion pro-
cesses [Egs. (10 and 11)], we obtain
A

eq _

R,
m ) M[{ b \r,
,/2M9ei\/<|fi| >e+%<R00ei> "{:"_s<|ﬁ'|2>-

(12)
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In the case of sufficiently low pressure, when
M < b >2 A
Tms 2 7 3 le>
Rob.i) <Ifil*e

2m
equilibrium amplitude values are achieved that cor-
resporid to having the “temperatures” of the elec-
tron and proton “gases” equal, the so-called
“temperature limit” for the proton-beam dimen-

sions:
Agq m
4= [2— 12> 0., 14
R =24 AP (14

In the experiments, the minimum vertical and
radial dimensions of a proton beam are found to be
0.8 mm (4,, = 0.4 mm). Formula (12), using the
measured value A,,, gives 0,, = 1.5 x 1073 or
T, = 0.2 V. It is interesting that the proton-beam
dimension is only twice as large as the temperature-
limit value (14) obtained for this 6,,.

(13)

VI DAMPING DECREMENTS OF
BETATRON OSCILLATIONS

For small amplitudes of betatron oscillations, when
the rms proton velocity in the particle system is less
than the rms velocity of the electrons or, in the
laboratory system, when

Opi < Heia (15)

the frictional force is proportional to the proton
velocity’ and one can introduce the damping
decrement of oscillations or the cooling time for
small amplitudes
1 OF;

A= — =1 16
In the case of a constant density of the electron
beam and a Maxwell distribution of the electron
velocities, an expression for 7, has the form

2 3 T 3/2
S R ’"C( ) T

©" 2 /an crpnL, ¢ \mc?
T, = B*y*mc?0Z, (18)

where 7 is the fraction of the proton orbit occupied
by the electron beam, L, ~ 20 is the Coulomb
logarithm for the scattering of protons by electrons,
r, is the classical radius of the proton, j is the elec-
tron current density, and T, is the electron tem-
perature in the particle system. Formula (17) does

not take into account the effect of a longitudinal
magnetic field on the transition of proton energy
to electrons caused by interactions, so that is
justified only for transverse proton oscillations.

In the experiments, the damping decrement of
vertical oscillations was measured and its depen-
dence of various parameters was studied. Measure-
ments were carried out using the method described
in Section II (magnesium-jet method). In the in-
itially cooled (4., = 0.4 mm), proton beam, vertical
betatron oscillations of amplitude 3 mm were
excited by an inflector kick and the oscillation
damping was observed (Figure 7). Use of the cooled
proton beam enabled us to cancel the effect of
proton-beam dimensions on damping time. This
simplified significantly the interpretation of the
results obtained.

The cooling-time dependence on the crossing
angles between the proton orbit and electron beam
axis is given in Figure 9. This is in good agreement
with the results of numerical calculations simulat-
ing proton-beam cooling in NAP-M by an electron
beam with a Maxwellian distribution of velocities.
In Figure 9 the estimated curves (6, ;) are also
given for various values of electron temperature.
Experimental points fall closest to the estimated
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FIGURE 9 Cooling-time dependence of the proton-electron
beam crossing angles. Experiment: 1 estimate for 6, =
1.7 x '1073; 2—estimate for 6, = 1.5 x 1073; 3—estimate
for 6, = 1.15 x 1073, Proton energy 65 MeV, electron current
100 mA.
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curve corresponding to an electron temperature
T,~02eV(0,, ~0, ~15 x 1073).

The cooling-time dependence on the initial am-
plitude value of betatron oscillations excited in the
cooled beam was also measured (Figure 10). The
decrement remains approximately constant up to
an amplitude A = 3 mm (6, ~ 2.5 x 107%). If the
amplitude is larger than the electron-beam dimen-
sions, the decrement reduces substantially, al-
though cooling continues up to A~1 cm
(0, ~15x 1073).

Az sec”’

af

0 / 2 3 4 5

FIGURE 10 Cooling-time dependence on the initial am-
plitude of betatron oscillations excited in the cooled beam.

& CAlmm)

This result is consistent with measurements of
the cooling-time dependence on the accuracy of the
vertical coincidence of beams (Figure 11). In these
experiments, the proton-beam shift with respect to
the electron beam was performed by a proton-
beam orbit displacement in the cooler straight
section and the orbit-shift magnitude was measured
by an aperture probe. The cooling time remained
constant up to an orbit shift Az ~ +2 mm. With
larger shifts, the picture eventually became more

i
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FIGURE 11 Cooling-time dependence on the distance be-
tween the beam axes. Proton energy 65 MeV, electron current
100 mA.
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FIGURE 12 Dependence of the betatron-oscillation damp-
ing decrement on the electron current. Proton energy 65 MeV.

complicated due to electron-beam space-charge
effects (Section VIII).

An orbit shift in radius does not affect the elec-
tron-cooling effectiveness unless the proton beam
comes out of the electron beam.

Measurements of the cooling-time dependence
on the electron current showed that within the
range I, = 80-200 mA, the decrement of oscilla-
tions increases linearly with the electron current
(Figure 12), as the theory predicts. It is noticeable
that even within this narrow range of current varia-
tions, the electron-beam space-charge influence
was perceptible (see Section VIII).

For application of the method, it is essential to
find out the cooling-time dependence on the mean
particle energy. Corresponding measurements car-
ried out within the proton energy region 35-75
MeV showed that 7, increases with the energy
growth approximately as B2 (j = const). This re-
sult can be interpreted as an increase of the effective
temperature T, with energy in Eq. (17).

VII ENERGY-SPREAD DAMPING

In a way similar to Egs. (12) and (14), one can ob-
tain expressions for the momentum spread (mono-
chromaticity) of a proton beam. One should now
take into account, though, that due to electron
acceleration the distribution function is substan-
tially deformed. If near the electrode surface, the
electron flux is sufficiently described by a quasi-
Maxwellian distribution function of the velocities
with the temperature equal to that of the cathode,
after acceleration up to an energy W the longitu-
dinal energy spread of electrons is reduced; as a
result of this, the “longitudinal temperature” of
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electrons in the particle system has the form
Tx | Tk
22 me? AW

This relation gives the nonrelativistic limit for the
longitudinal temperature. From relation (19) it
follows that the longitudinal temperature of the
accelerated electron beam is substantially less than
the transverse temperature. This condition is main-
tained because the time required for electrons to
pass between the gun and collector is much less
than that required for equalizing the temperatures
of the different degrees of freedom.

If the mean electrode energy fluctuates with a
frequency more than 7, ! (power-supply noise)
then, of course, the effective temperature exceeds
the value (19). This increase can be accounted for
by adding the rms amplitude of the energy fluctua-
tions

T ~ (19)

Tk =Tq + AW. (20)

If the proton velocity spread in the particle
system is much larger than that of longitudinal
electron velocities in the same system, but less than
the transverse velocity spread, or, in the laboratory
system

A
Ou> Lo X
ps ~ BPmc?y
then in the laboratory system the temperature
limit for the spread in the longitudinal component
of proton momentum is described by the expression

(). =
Ds eq - 4M L” e

Here, L, ~ L,, and L, are, respectively, the
Coulomb logarithms for the energy-transition pro-
cesses in the particle system from the proton to
electron in the transverse and longitudinal direc-
tions respectively in the presence of a longitudinal
magnetic field.

If the limit (22) is so small that the equilibrium
spread of the longitudinal proton velocities in the
particle system is less than that for electrons, so
that

21

m L, 22)

m L, T¥
— g K
ML, %~ Pmcy
then the equilibrium spread (Ap/py)., is

AP) L, T%
SP) o [rig, K 2%
(Ps eq Ly " Bmc?y (24)

(23)

The beam monochromatization time required for
the equilibrium value (22) is

Ap\ L,
7 ~—< ) Slco 25)
981 in L||

Here (Ap/p,);, is the initial value for the proton
momentum spread.

The cooling time and equilibrium amplitudes for
betatron oscillations in the case of a flattened dis-
tribution are described by equations that differ
from Eqgs. (17), (12), and (14) only by numerical
factors of order unity whose exact values depend on
the specific form of the velocity distribution
function for electrons.

The first experimental proof for proton momen-
tum-spread damping due to electron cooling was
the observation of the above-mentioned “blowing-
off” effect. When the mean energy of electrons is
changed within a small range close to its optimum
value, the coasting proton beam is shifted in radius.
This occurs because of the acceleration or decelera-
tion of protons by electrons. It proceeds until the
mean velocities of proton and electron beams
become equal.

Figure 13 represents the oscillogram signals of
the scintillation counter that registers protons
scattered on the edge of the radial-aperture probe
crossing the beam. If the electron energy is changed,

—_."\‘“c‘?'

10.442

DIVIDER VOLTAGE

10.442-10.450

“VELOCITY ATTRACTION" BETWEEN ELECTRON
AND PROTON BEAM

FIGURE 13 Proton beam “blowing off” by electron beam:
dependence of the proton-beam shift in radius on electron
energy. Proton energy 65 MeV, electron current 100 mA.
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the signal center is shifted. The lower oscillogram
demonstrates the partial “blowing-off” of protons
with rapid (compared with 7)) variation of electron
energy for the value AW,/W, ~ 8 x 1074, With
poor pressure inside the electron device (5 x 107°
Torr), the space charge of the electron beam is
compensated by ions. A relation was obtained
between the orbit displacement of protons and the
relative variation of kinetic energy of electrons
(Figure 14). Inside the electron beam the depen-
dence is linear and consistent with the known value
for the Y function of the storage ring NAP-M in
straight sections (y = 0.8).
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FIGURE 14 Dependence of the radial shift of a proton beam
on electron energy when the mean velocities are close.

These results stimulated us to perform an ex-
periment on proton acceleration by an electron
beam. To this end, after switching cooling on, the
electron energy and the magnetic field of the
storage ring are increased simultaneously. The
attainable proton energy gain was dependent on
the correlation of the rates of variation of the
storage-ring magnetic field and the electron energy.
An optimum increase for the proton energy was
found to be 1.29%, and the acceleration time was
200 sec, which corresponds to a mean rate of
energy gain 4 keV/sec.

If one changes the electron energy suddenly and
measures the speed of radial equilibrium-orbit
displacement of the cooled proton beam, the longi-
tudinal component of the friction force introduced
by the electrons can be obtained.

1 dR, Y

=—F,. 26
Ry dt p'! (26)
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FIGURE 15 Longitudinal frictional-force dependence on the
difference between the mean velocities of protons and electrons.
Proton energy 65 MeV, electron current 100 mA.

In the experiments, whose results are shown in
Figure 15, the time required for protons to reach
the probe located at a distance 3 mm from the
proton beam was measured. In Figure 15 in addi-
tion to experimental points, we show the calculated
dependence F | on the difference of mean velocities
of protons and electrons, assuming a Maxwellian
distribution of electrons in transverse velocities
and a J-function distribution in the longitudinal
velocity. That is, (T, < T,). Values for transverse
electron temperature and the Coulomb logarithm
involved in F were obtained by employing the
least squares method on the experimental data.
These values are

T,=08eV (0, ~34 x 1073, L, ~8

This difference between L and L =~ 20-is appar-
ently connected with the electron-beam “magneti-
zation”: the transition of proton energy to electrons
is complicated by a magnetic field.

Direct measurements of the equilibrium value of
the proton momentum spread were not carried out.
If it is assumed that half of the proton-beam radial
dimension is caused by the momentum spread,
even then the value (Ap/p)., does not exceed
5 x 1073, Estimates made with Eq. (21) for 6, =
3.4 x 1073 and AW/W =1 x 10~* give (Ap/p,)
~1x 1075,

eq

VIII HIGH-CURRENT OPERATION

Experiments on electron cooling were started with
relatively poor vacuum conditions, primarily be-
cause the vacuum chamber of the electron-beam
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device was not designed to be heatable. As a result,
even the small fraction of electron beam uncap-
tured by collector and striking the chamber walls
caused intensive outgassing. After long training of
the vacuum chamber by electrons, however, and
reducing the electron-current losses to a level of
AJ,/J, ~8 x 1073 anaverage pressure 5 x 10719
Torr was achieved with electron currents up to
250 mA.

With the vacuum improvement, the residual-gas
concentration turned out to be insufficient to
provide electron-beam space-charge neutraliza-
tion, which was observed during measurements of
the cooling-time dependence on the electron cur-
rent value (see Section VI, Figure 12). When the
electron current increases, the optimum energy
value for cooling linearly increases so that

I AW
———=0012A"".
W 0 (27)

e

This result enabled us to understand an effect pro-
duced by the electron-beam space charge on the
cooling process. If the space charge is not com-
pensated by residual-gas ions, the beam potential
is reduced with respect to the vacuum-chamber
walls by the value

J, 2
AU(p) = — Bc<1 - % +2In Z") (28)

where p is the distance from the beam axis and a,
and p, are the radii of the beam and chamber cross
sections, respectively. This means that the electron
energy is reduced by the same amount at the point
p. Consequently, for resuming the cooling opti-
mum it is necessary to increase the mean electron
energy while increasing the current of electrons

Po
1 +2In—
LAW 4 _ooiiAat (29)
J W pcW
which is in good agreement with the experimental
results.

With good vacuum conditions, measurements
were made of the cooling-time dependence 7, on
the electron-energy detuning (Figure 16). The al-
lowable electron-energy deviation from its opti-
mum value was found to be small; AW/W ~
5 x 10~ *. Direct measurements of the orbit distor-
tion performed with the aperture probe gave the
value AR ~ +3 mm, which is twice the value that
corresponds to the relative change of the proton

£
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FIGURE 16 Dependence of the vertical betatron-oscillation
damping time on the electron-energy detuning. Proton energy
65 MeV, electron current 100 mA.

energy (5 x T0™%). This apparent disagreement is
caused by electron-beam space-charge effects: ac-
cording to Eq. (26), the energy of the electron beam
depends on the distance from the beam axis. There-
fore, when the mean energy of electrons W(p = 0)
is retuned, since the magnetic field is constant, the
radius of the proton orbit is either increased or
contracted decreased by the amount

AR = yR, 2PAR) _ g APAR) g

pS e

where p, is the electron momentum on the beam
axis and Ap,(AR) is the difference in momentum
between electrons off the axis and on the axis in
accordance with Eq. (28).

Thus, under good vacuum conditions, when the
space charge of an electron beam was not com-
pensated, its effect was noticeable even at com-
paratively low electron current.

The influence of electron-beam density fluctua-
tions on the cooling process was also studied.
Electron density modulation was introduced by
applying an alternating voltage (AV/V ~ 107?) to
the first anode of the electron gun. At frequencies
w = (1 — v)w,, resonance excitation of betatron
oscillations of protons was observed.

One more effect connected with ions accumula-
ting inside the electron beam should be noted.
Distributed ion pumps were located inside the
vacuum chamber of the electron device. These
pumps were designed for operation in the longitu-
dinal magnetic field of the electron-beam device.
It appears, though, that switching the electron
beam on when the distributed pumps are in opera-
tion leads to a rapid loss of protons in a time much
less than the proton lifetime without electron beam.
Measurements of proton displacement showed
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that in the electron beam, even at a current as small
as I, = 10 mA, charge is stored, producing an
electric field of 300 V/cm. This accumulating charge
is connected with the operation of the distributed
pumps, where both neutral atoms and ions with an
energy W, of the level of 1 keV can be produced.
Neutrals are ionized by the electron beam and
leave it, leaving slow electrons “trapped” in the
beam by the longitudinal magnetic field and the
decelerating electric fields of the gun and collector
at the beam ends. These.electrons may leave the
beam by diffusing slowly across the magnetic field
or by recombination with ions. Accumulation of
electrons proceeds until the fast ions are trapped by
the negative beam potential produced by electrons,
establishing the dynamic equilibrium between
ionization and electrons leaving. As a result, the
transverse electric field of stored electrons may
achieve the value

‘. 31)

The events led us to stop the use of distributed
pumps during experiments and to design an im-
proved vacuum chamber using distributed tita-
nium sublimation pumps.

IX CONCLUSION

The present work describes experimental studies
of the main features of electron cooling. Good
agreement with theoretical considerations was
obtained.

The method developed opens up new possibil-
ities in the physics of elementary particle and
atomic nuclei:

1) Building of devices for proton-antiproton col-
liding beams of high luminosity at high and super-
high energies. One of the possible projects of this
kind is the project VAP-NAP at the Institute of
Nuclear Physics of the Siberian Division, USSR
Academy of Sciences, which is described in Ref. 4.

2) Building of a device with proton-antiproton
colliding beams at an energy of some GeV with a
very high monochromaticity (up to 10~ ) designed
for precision experiments. Implied here are storage
rings with built-in devices with electron beams,
where electron cooling is not only employed for
stacking antiprotons but also for maintaining the
parameters of interacting colliding beams in the
course of experiment.

3) Building of storage rings for protons, anti-
protons, or multicharged ions of a very high mono-
chromaticity for precision experiments on physics
of atomic nuclei. In these accelerators, the particle
beams are monochromatized with electron cooling
before striking a target. Especially promising are
such experiments with the use of internal super-thin
targets. The thickness of such a target is limited by
the condition suppressing multiple scattering of
accelerated particles in the target by the electron-
cooling effect.

4) Obtaining a large number of slow antiprotons
for the study of scattering of antiprotons by nuclei
and for the study of electromagnetic and nuclear-
bound nucleon-antiproton states. Similar experi-
ments can be set up with stacking of antiprotons of
a low energy (on the level of MeV) and subsequent
electrostatic deceleration. One can put the anti-
proton in an electromagnetically-bound state effec-
tively by lining up the antiproton beam and a
parallel beam of the required atoms with the same
mean velocity. In these experiments, for electron
cooling one will require an electron beam with a
temperature T, lower than that of a cathode.

5) Obtaining intense directed fluxes of antihy-
drogen (antiatoms) to carry out experiments on
antiatom properties and for other exotic purposes.
Antihydrogen generation may be performed using
two storage rings (antiproton and positron) with
common straight section where the particles have
the same velocities.

The aim of this listing which, of course, does not
cover all the possible applications of the method,
is to call attention to its wide range.

The authors take pleasure in expressing their
thanks to all the staff of the Institute who helped in
preparation and performance of the experiments.
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