SLAC-TRANS-13

Eksperimenty po nakopleniyu elekironov v sinkhrotrone (Experiments

on the Storage of Electrons in a Synchrotron) by Yu., M. Ado et al.
Akademiya nauk $5SR, Fizicheskiy institut imeni P.M. Lebedeva,
Laboratoriya fotomezonnykh protsessov. Moscow 1964. 9 pages.

Translated from the Russian (November 1964) by T, Watt,

************************************************************************
************************************************************************
************************************************************************

SLAC-TRANS-13

FXPERIMENTS ON THE STORAGE OF ELECTRONS IN
A SYNCHROTRON S L A C

by Yu, M, Ado, Ye. G. Bessonov and DEC 8 19es
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An experimental study of the possibility of the storage of
electrons in a synchrotron by the method suggested earliier by
one of u82 has been reportedl. In the present paper, we give the
results of an experimental investigation of the effect of various
factors on the lifetime of the particles. The experiments were
performed on the 280 Mev synchrotron of the Physics Ingtitute of
the Academy of Sciences USS RB. A description of the apparatus and
of the experimental tecimique may be found in the earlier paperl.

The number of particles in orbit was determined by measuring

the intensity of synchrotron radiation and was reggrded on a loop
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oscillograph, An oscillogram illustrating the storage process is

shown in Figure 1l. The rising part of the oscillogram corresponds
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Figure 1: Oscillogram of the particle storage process

to the dorage process, whilst the descending part characterizes the
lifetime of the particles (microtron switched off). The lifetime

of the particles was defined as the qguantity < for which exp(ut/r)
fitted the envelope of the descending part of the oscillogram. The
lifetime T was obtained as a function of the amplitude of the
high-frequency voltage V, the working pressure P, the energy of the
particles, and the depth of the amplitude modulation of the high-
frequency accelerating voltage, ‘AV/V (cfo references 1 and 2).

The lifetime T is given in the graphs below in units of the periods
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of the alternating component of the guiding magnetic field or
in seconds,
During the storage process, the particle energy varies in

accordance with the expression
/
[ 1 f'"*'J;__,
=Lt cod 29+ (1)
The particles are periodically accelerated to a maximum energy

Emax =B_+ EO, and are then decelerated to the minimum energy

Emin =5_ = EO. The frequency of the alternating component of the

energy was 1/T = 50 c¢/s,

a) The dependence of T on V. This was determined with

-6
Bypin = 75 Mev, E __ = 180 Mev, AV/V = 0.2, P~ 3% x 10"° torr.

V was varied between 1,5 and 1,0 kv, The results are shown in

Figure 2,
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b) The dependence of T on the working pressure was obtained

= 7,5 Mev, B = 180 Mev, V = 1,5 kv, AV/V = 0,2,

with Emi max

n
The vacuum chamber was pumped by two sets of pumps at diametrically
opposite points, The change in pressure was achieved by cutting
off one of the pumps. It was found that when the pressure was
changed by a factor of 2, the lifetime <t changed by a similar

factor,

c) The depencence of T on the particle energy, These

measurements were carried out with E_ = 94 Mev, V = 1,5 kv,
AV/V = 0,2, and P~ 3 x 1070 torr. The particle energy was varied

by varying the amplitude Eo of the alternating component. Storage

of the particles was carried out with Em n = Te5 NMev, Eo was

i
rapidly reduced to & value B! (cf. PFigure 3) after the limiting

number of particles had been reached, and injection of the particles

was stopped, The lifetime of the particles was measured after Eg

was reached, The points in Figure 4 show the measured values of T

for different B! (or, what amounts to the same thing, different B

min)'

The calculated values of T exceed the experimental values, This
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appears to be related to errors in the measured working pressure,
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Figure 3: Measurement of 1 as a function of the amplitude
of the alternating component Eé of the particle

energy.
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d) The dependence of T on AV/V. This was obtained with

Epjg = Te5 Mev, B =180 Mev, P~ 3 x 1076 torr, V = 1.5 kv,

AV/V  was varied between O and O.6. The results are shown in

Figure 5,
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Figure 5:
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A determination was also made of the number of stored electrons,
N, from the intensity of the synchrotron radiation after the particle
recording system had been calibrated, It was found that N = 5 x 108
under the following working conditions: T = 1,7 sec, cyclotron
current per pulse ~ 8 ma, AN/V = 0,2, the rate of increase of the

guiding magnétic field at the instant of injection 3% x 105 oe/sec.
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As in the earlier paperl, an 0,2 mm tantalum scatterer was used
instead of an inflector,

The mechanism responsible for particle loss in a storage
system with an alternating guiding field exhibits the following
characteristic feature, The disturbed particles are not lost
immediately but only as a result of an adiabatic increase in the
amplitude of the oscillations as the energy decreases,

Single processes affecting T include Coulomd scattering
and bremsstrahlung produced as a result of scatiering on residual
gas atoms, It may be shown that the partial lifetime determined hy
Coulomb scattering in the storage system with alternating energy is

given by

GgZYmin /2Y0Ymin + Y%min

= ,— == E
“p 4nr2g2‘NoC ’ ( mc?) (2)

where r = ez/mc2 is the classical radius of the electron,

Z = 7,2 for air, and the number of atoms of the residual gas per

16

unit volume is No = 7,12 x 10 P, where P is in torr. TFor a

vacuum chamber hzving an elliptical cross~section with semi-axes
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and Z the permissible angle of scattering Gg at minimum

T k?

energy is given by

NN (3)

{ .. 4
Rt Bvs a v
Ve b ar X
where Ar and AZ are the wavelengths of radial and axial free

oscillations of the particles,

The partial lifetime for the bremsstrahlung process is practi=-

cally independent of the particle energy and is given by5
13
14,9210
Ty = (4)
8 No

Multiple processes such as guantum fluctuations of synchrotron

emission and multiple scattering on atoms of the residual gas are also

found to lead to particle losses. Since the dimensions of the

separatrix are always much smaller than the dimensions of the trans-

verse cross-section of the vacuum chamber, it follows that particle

losses are determined by the excitation of phase oscillations and this

5

is governed by the effect of quantum fluctuations”’., Particle losses

may be described qualitatively as follows. Consider the trajectory on

the phase plane which coincides with the separatrix as the energy of
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the particles decreases to Emin‘ When B > Emin’ this phase
trajectory will penetrate well into the stable region, All
particles which, under the action of quantum fluctuations, will
leave this phase trajectory will be lost when the energy is sub=
sequently reduced to E . . Quantum fluctuations in this system

min

will have a more important effect than in a storage system with a
constant magnetic field,

In order to find the expression for the particle loss pro-
bability in our case, we must solve the Einstein-Fokker equation6
for the particle distribution function U in the case of an

alternating guiding magnetic field:

AUz 2 [, )T (5)
ot ot w“
where u is the square of the true amplitude of the oscillations;

A ¥ ,
dir_ 557 cell x Wj/

JET12]F (1-7)R*V séin l,@(} ) L
2| vl . i
‘Diedz‘(ywﬂmﬁy

and

describes the adiabatic change in the amplitudes of phase oscille

ations and radiative damping with decrement S,
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10
If uw wvanishes at o, the solution of (5) is

Ul Lt/ 7€ 0, (6)

where pz(t) is the solution of

dp'_dT | 2 d D (7)
A TAC P T

For stcady-state beam dimensions, p(t + T) = p(t) and the periodic

solution of (7) is of the form

, L DZ/L[ f-ﬂ (/H
pl %pmj ol

We shall determine the particle losses in each pariod of the

magnetic field by integrating the distribution (6) between U9m

and oo, The particle lifetime due to the excitation of phase

oscillations by quantum fluctuations of radiation will be given by

uadm/92 av

= Te = Tg

Tquant
since p-zfv V (because du/dt ~ 1/V), The factor o« is a slowly
varying function of V. The ratio uadm/p2 muet be taken for

E» Emin in which case the distribution (6) fits into the region

of linear phase oscillations, p2 is calculated from (8) and Y
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is determined by the method of adiabatic invariants using the

value of u

adm for E ~ Em. .

in

T and T

Let us compare the partial lifetimes = B

p’ quant

for the selected working conditions, as specified under points

(a), (bj, (c) and (d) above. The orbit radius of the synchroniron
was R = 81 cm, the free region of the vacuum chamber was

re X chs 4 x 4 ¢cmy and n = 0.6, It is easy to show from equations
(2) and (4) that in this case TB/TP = 23, 1.e. bremsstrahlung has

a much smaller effect on the lifetime than Coulomb scattering.
Quantum fluctuations associated with synchrontron emission have an
appreciable effect on the lifetime, This can readily ve seen from
Figures 2 and 5 (1t is a function of V and AV/V). It is difficult

to determine T and T from equations (2) and (9), since

guant
the quantities p, V, EO, and E_ are not accurately known, The
contribution of gquantum fluctuations and Coulomb scattering to

particle losses can be estimated from the experimentally determined
dependence of 7 on V., It follows from Figure 2 that when V = 1 kv,

T, 0.8 sec, whereas for V = 1,5 kv, T, = 1.2 sec, Using the

2
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difference l/'c1 - 1/12, we find from equation (9) that a = 4.8 .
Substituting this value of « into (9), we obtain = = 2.4

quant,l -

sec (V=1 kv), = 26 sec (V = 1.5 kv). From the condition

Tquant.Z
1/T1,2 B l/Tp ” l/Tquant.l,z
we find that Tp = 1,2 sec. It may therefore be considered that
when V = 1,9 kv, the lifetime <t is entirely determined by Coulomb
scattering. This is also indicated by experiment (b) above, and
the agreement between the experimental dependence of T on the
energy of the particles and the theoretical formula given by (2)
(cf. Figure 4). We can only conclude, without discussing in detail
the dependence of T on AV/V , that the introduction of amplitude
modulation has a small effect on T .

We note in conclusion that a reduction in the working pressure
leads to an increase in the importance of quantum fluctuations, This
can however be avoided by increasing V . For example, according to

(9),

T turns out to be of the order of a few hours for
guant

« = 4,8 and V = 2,5 - 3 kv,
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