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LIBRARY 
An experimefltal study of the possibility of the storage of 

electrons in a synchrotron by the method suggested earlier by 

one of us2 has been reportedl. In the present paper, we give the 

results of an experimental 

factors on the lifetime of 

investigation of the effect of various 

the particles. The experiments were 

performed on the 280 Mev synchrotron of the Physics Institute of 

the Academy of Sciences USSR3. A description of the apparatus and 

of the experimental tecilnique may be found in the earlier paper'. 

The number of particles in orbit was determined by measuring 

the intensity of synchrotron radiation and was recorded on a loop 
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oscillograph. An osci .llogram i llustrating the storage process is 

2 

shown in Figure 1. The rising part of the oscillogram corresponds 

FiPure 1: Osci .llogram of the particle storage process 

to the storage process, whilst the descending part characterizes the 

lifetime of the particles (microtron switched off}. The lifetime 

of the particles was defined as the quantity 1; for .which exd-t/d 

fitted the envelope of the descending part of the oscillogram. The 

lifetime 7 was obtained as a function of the amplitude of the 

high-frequency voltage V, the xorking pressure P, the energy of the 

particles, and the depth of the amplitude modulation of the high- 

frequency accelerating voltage, AVIV (cf. references 1 and 2). 

The lifetime 'I; 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) 

The particles are periodically accelerated to a maximum energy 

Emax = E= + Eo, and are then decelerated to the minimum energy 

E min = 33, - Eo. The frequency of the alternating component of the 

energy was l/T = 50 c/s. 

a) The dependence of 2 on V. This was determined with 

E = 7.5 IvIev, Emax = 180 Mev, AV/V = 0.2, P* 3 x 10 -6 
min torr. 

V was varied between 1.5 and 1.0 kv. The results are shown in 

Figure 2. 

Figure 2: 

Dependence of 'I; 
on the accelerating 
voltage V 
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b) The dependence of 't on the working pressure was obtained 

with Emin = 7.5 Mev, Xmax e 180 Mev, V = 1.5 kv, /UT/V = 0.2. 

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 dependence of 7 on the particle energy. These 

measurements were ca;,ried out with E, = 94 Mev, V = 1.5 kv, 

AV/V = 0.2, and P 5~ 3 x 1O-6 torr. The particle energy was varied 

by varying the amplitude E. of the alternating component. Storage 

of the particles was carried out with Emin = '1.5 Mev. E. was 

rapidly reduced to a value XA (cf. Figure 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 EA 

was reached. The points in Figure 4 show the measured values of ' 

for different EA (or, what amounts to the same thing, different Emin). 

The calculated values of 'G exceed the experimental values. This 
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appears to be related tc errors in the measured working pressure. 

Figure 3: Measurement of z as a function of the amplitude 
of the alternating component El of the particle 

0 

energy. 

4: Figure 

Dependence of 7 on the 
amplitude of the alter- 
n;ting component of the 
particle energy El. The 

0 

solid curve was calculated 
from equation (2) and is 
normalized to the experi- 

mental value of z at 

*A = 86 Mev. 
___ 
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d) The dependence of 7 on aV/V. This was obtained with 

E min = 7.5 Mev, Emax = 180 Mev, P N, 3 x 10m6 torr, V = 1.5 kv. 

AVIV was varied between 0 and 0.6. The results are shown in 

Figure 5. 

k 
f-&&a% _. F# 

'periods 

Figure 2: 

Particle lifetime 7; as 
a function of the depth 

of modulation of the 

alternating voltage AV/V. 

A determination was also made of the number of stored electrons, 

M, from the intensity of the synchrotron radiation after the particle 

recording system had been calibrated. It was found that N cs 5 x lOa 

under the following working conditions: 'G = 1.7 set, cyclotron 

current per pulse ~8 ma, NT/v = 0.2, the rate of increase of the 

guiding magnetic field at the instant of injection 3 x 10 5 oe/sec. 
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As in the earlier; paper1 , 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 'c include Coulomb scattering 

and bremsstrahlung produced as a result of scattering on residual 

gas atoms. It may be shown that the partial lifetime determined by 

Coulomb sea ttering in the s torage system with alternating energy is 

given by 

(2) 

0g2Ymin /2YoYmin + Y2min 

%P = 4xr%*NoC f 
( ) 

Y=$ 

where r e = e2/mc2 is the classical radius of the electron, 

z= 7.2 for air, and the number of atoms of the residual gas per 

unit volume is No = 7.12 x 10 16 I?, where P is in torr. For a 

vacuum chamber htving an elliptical cross-section with semi-axes 
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"k and Zk, the permissible angle of scattering 8 at minimum 
8 

energy is given by 

where A r 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 

(4) 

Multiple processes such as quantum 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 E > 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 Emin. Quantum fluctuations in this system 

wiI.1 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 equationb 

for the particle distribution function U in the case of an 

alternating guiding magnetic field: 

(5) 

where u is the square of the true amplitude of the oscillations; 

and 

describes the adiabatic change in the amplitudes of phase oscill- 

ations and radiative damping with decrement S. 
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If u vanishes at 03 , the solution of (5) is 

where Q2W is the solution of 

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

solution of (7) is of the form 

We shall determine the particle losses in each p::riod of the 

magnetic field by integrating the distribution (6j between u adm 

and co. The particle lifetime due to the excitation of phase 

oscillations by quantum fluctuations of radiation will be given by 

"quant 
= Teuadm/Q2 p TeaV 

since p -2 N V (because dz/dt - l/V). The factor CI is a slowly 

varying function of V. The ratio uadm/Q2 must be taken for 

EBE min in which case the distribution (6) fits into the region 

of linear phase oscillations. Q 2 is calculated from (8) and uadm 
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is determined by the method of adiabatic invariants using the 

value of uadm for E M Emin. 

Let us compare the partial lifetimes z p' "B and "quant 

for the selected working conditions, as specified under points 

(a), (bj, (c) and (d) above. The orbit radius of the synchrontron 

was Ii = 81 cm, the free region of the vacuum chamber was 

rk x Zk= 4 x 4 cm, and n = 0.6. It is easy to show from equations 

(2) and (4) that in this case 'c /T BP 
= 23, i.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 be seen from 

Figures 2 and 5 (T is a function of V and &V/V). It is difficult 

to determine zP and %Gquat from equations (2) and (y), since 

the quantities p, V, Eo, and E= are not accurately known. The 

contribution of quantum fluctuations and Coulomb scattering to 

particle losses can be est-imated from the experimentally determined 

dependence of 1; or1 v. It follows from Figure 2 that when V = 1 kv, 

'1 = 0.8 set, whereas for V = 1.5 kv, 72 = 1.2 sec. Using the 
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difference 1/y - l/y we find from equation (9) that cf = 4.s . 

Substituting this value of cl into (y), we obtain 'c quant.1 = 2.4 

set (V = 1 kv), =quant. 2 = 26 see (V = 1.5 kvj. From the condition 

l/y 2 = l/z + l/T 9 P quant.l,2 

we find that z = 1.2 sec. 
P 

It may therefore be considered that 

when V = 1.5 kv, the lifetime 7; is entirely determined by Coulomb 

scattering. This is also indicated by experiment (b) above, and 

the agreement between the experimental dependence of % 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 1; on WV 7 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 

(YL %quant turns out to be of the order of a few hours for 

a = 4.8 and V = 2.5 - 3 kv. 
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