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Introduction

In the absence of inirabeam scattering the electrons accelera-
tion of in electron gun results in a decreasing of longitudinal tem-
perature [1]. At the same time the transverse temperature (is
assumed the absence of the transverse velocities perturbation) does
not change. i the accompanying magnetic field is sufficiently
strong the transverse movemenl of electrons is magnetized and
their eifective temperature is defined by the longitudinal tempera-
ture, which value can be extremely small.

The intrabeam scattering leads to an increasing of the longitu
dinal temperature. We can distinguish two effects: transverse-lon-
gitudinal relaxation when the lemperature increase due to the
transfer of the transverse motion energy into the longitudinal one
(Boersch effect) {2], and the longitudinal-longitudinal relaxation
when the temperature increase due to the thermodynamic relaxa-
tion only in the longitudinal direction {3].

The transverse-longitudinal relaxation is easily suppressed by
sufficiently strong magnetic field {3]. At the same time the oppor-
tunities of suppressing of the longitudinal-longitudinal relaxation
have strong confinements. For sufficiently small electron density
the particular suppress can be received by use of more slowly
{adiabatic) acceleration than in the Pierce gun [4].

This paper is devoled to the experimental study of the longitu-
dinal temperature relaxation in electron beam and the study of
opporiunities of the adiabatic acceleration use for the supercooled
electron heam preparation.

Longiludinal-longitudinal relaxation

1f the transverse-longitudinal relaxation is suppressed by a
magnetic field then the main contribution to an increasing longitu-
dinal temperature is given by the longitudinal-longitudinal relaxa-
tion.

In an ordinary electron gun the acceleration of electrons pro-
ceeds quickly as compared (o the period of the plasma oscillations
oi the electrons. There for, for the lime of acceleration the relative
tocation of the electrons in the beam practically does not change
and thewr initial locations with the chaotic distribulion is preserved.
Since the lengitudinal temperature after acceleration is small, the
absence of correlations in positions of electrons leads to its in-
crease by the value me®n’™ (due to the clectrostatic reputing). As a
result we get the estimation bl the longitudinal temperature [3]:
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where the constant € is about cne.

We can build a simple model to estimale the constant C [6}.
We guess Uo(n, T) is the total internal energy of the thermodyna-
mically equilinrium {in the longitudinal degree of freedom) magne-
tized electron gas. By equaling the internal energy of elecirons
just after fast acceleration to the one after establishing the ther-
modvnamic equibibrniun we gel:

L == yin, T (2}

where U is a correlative energy of nonequilibrium state of an
electron beam just aiter fasl acceleration

In the high temperature region [ e“n'* the expression lor
correlation energy of equilibrium state is well known [5]:
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where ro is Debve radius. In the opposite case T, e’n'" the elec-
tron beam is crystailized and a correlative energy is equal to

Ue=T, /2 Ae'n*. (4)

The coefficient 1/2 in the first attend is connected with the magne-
tization of transverse degrees of freedom. The constant A is

determined by the grid type. The state with the minimum energy is
achieved for a volume-centered grid for which A=1.4. For other
types of grids the constant value A will be somewhat less. Let us
choose the dependence of the internal energy in the form [6]
satisfying to both asymptotic (3) and (4) in order to simplify fur-
iher calculations:
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Just after fast acceleration the correlative energy of an electron
beam  is small in comparison with e’n'”. Really the relative posi-
tions of electrons practically do not change during the time of acce-
leration. Therefore correlative energy expressed in the e*n'™ units
does not change and equals the correlation energy calculated by
(3) near a cathode surface where the condition of a weak non-
ideally of plasma is fulfilled (7,>¢'n"?®). For the usual cathode
temperature T,==0.1eV, in this case we can neglect in equation
(2) by values U’ and T3/2W in comparison with Us(n. T} ~¢*n'?
(see (5)). As a result if T3/2W < e’n'”® we have
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The solution of this equalicon is
T ~19 en't {7

We carried out the numerical sirmulations to get a more accura-
{e dependence of the electron gas internal energy upon temperatu-
re. The calculated dependence of the electron gas internal energy
upon temperature is shown on Fig. 1 for region:

0.1 e*n' P T 2e™n',
More high value of correlalive energy for the random deposi-
tion in comparison with the volume-ceniered grid is explained by
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Fig. 1. Dependerce of the internal energy of ecwlibrium electron gas on

tempesature. oo is a result of computer simulations (f--for the ran-

dom initial dispositicen. 2-—Tor the voiume entered gridy, -—-—— is lhe
result of calectation by formula (5)

«freezing» of the {ransverse coordinate fluctuations in the longitu-
dinal magnetic field. That gives the suificient correlation energy
increase and hence the additional corrections in (5) and (7). In
this case aiter the end of the longitudinal-longitudinal relaxation
the electron temperature in the rest frame is

T=16en'/ (8)

Time of the longitudinal-longitudinal relaxation have the same
order as a period of the plasma oscillations. In contradistinclion 1o
the transverse-longitudinal relaxation the longitudinal-longitudinal
one is not suppressed by a magnetic field, and as a rule it defines
the longitudinal temperature. Begun from the electron energy
100 ¢V and the current density 4 mA/cm? the second item in (1) is
equal to the first one and T,~1.5.10" eV,

The adiabatic acceleration

We introduce the parameter of adiabalicity of acceleration A as
a relative change of the longitudinal temperature due to accelera-



tion during a plasma oscillation period:
_ a1
= T, dt w 9)
During the acceleration of electrons in a gun operating in the
«mode 3/2» (and more than that in the gun operating in the mode
of emission limitation} the adiabaticity criterion A<l is not satisfi-
ed. Really for Pearce gun the parameter A is equal to 2+/2 and
does not change during the acceleration [6]. In the case of suffici-
ently siow acceleration A<l the plasma oscillations have enough
time to mix the densily fluctuations, and the increasing of the lon-
gitudinal velocity spread due to the longitudinal-longitudinal rela
xation is suppressed by a following acceleration,
Let us find the change of the longitudinal electron temperature
during slow (adiabatic) acceleration. The change of electron inter-
nal energy at acceleration on dW is
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where U(T, n)=U (T . n}—Uc(0,n). Hence, we have a differential
equation describing the temperature variation during acceleration [6]:

dE = -~ (10)
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Fig. 2 shows dependencies of the longitudinal temperature (ac-
cording to {11)) upon the current for parameters of ion storage
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Fig. 2 Caleulated dependence of the longitudiral ‘emperature of electran
beam on beam current al {ypical paramelers of jon storage rings
(W= 100 keV. Te==0.3¢V) for fast (/) and slow (2} aceeleration.

rings with elect-on cooling (electron energy up to 100 keV, initial
electron temperature is of order 0.3eV). At the same figure are
shown corresponding dependencies for the usual (fast) accelera-
tion in the Pierce gun, I is nécessary to emphasize, that adiabatic
acceleration means the usual acceleration in the Pierce gun up to
the energy W, and iollowing much slower acceleration up to full
energy, W . is defined by conditions of obtaining of the essential
current. Therefore the temperature at Fig. 2 is a function of the
full current and does not depend on beam radius.

Description of the installation

The temperature relaxation studying in electron beam was car-
ried out at the modified variant of «Solenoid model» instaliation
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Fig. 3. The scheme of the experimental installation.

[6]. A general scheme of the installation is given on Fig. 3, and
main parameters are the following:

Electron energy 50 — 800 eV
Electron beam current 0.01 — 10 mA
Radius of electron beam 1 mm
Magnitude of magnetic [ield 1 —4kG
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Solenoid length
Vacuum

2.88m
51078 Torr

The electron gun (13}, placed in the magnetic field of the sole-
noid (12) and electron beam moves along the solenoid axis to the
energy analyzer (6), that is an electron colleclor at the same time.
Alfter fast acceleration the electron beam passes through the adiaba-
tic acceleration structure of five pipes with 16 mm diameter.

In order to realize the adiabatic acceleration, the potential of
the accelerating struclure was distributed along the beam axis in
accordance with dependence ¢~Z*" This one corresponds to the
constant value of A-parameter {6]. The {ull length of the adiabatic
structure was selected to provide more slow acceleration, than in
the Pierce gun. It corresponds to condition A<C1, which is neces-
sary for damping of the longitudinal-longitudinal relaxation during
the acceleration. To simplify the current control, the gun anode
and the adiabatic siructure have the same high voltage source. The
voltage between cathode and anode determines beam current.

At the fast acceleration regime all structure for the adiabatic
acceleration has zero potential, that converts it to usual drift
space. As in the previous case, the voltage between cathode and
anode determines beam current, but the acceleration up to full
energy takes place immediately in the gap between the anode and
the first pipe of structure.

It is necessary to note, that acceleration in this case will be
faster than in Pierce gun, and parameter A will be lager, then
Pierce one (A==2+2 ). For beam current 6 pA and energy 1500eV
Arar == 60.

After adiabatic structure the beam passes through the drift
space (5), which consisls of five pipes, with 10 mm radius. The
energy analyzer (6) is placed inside these pipes and can move
along their axis. All these pipes usually has zero potential, if it is
nol emphasized especially.

The scheme of measurement of the longitudinal temperature is
the same as described in [6]. This method is based on the analysis
of the energy spread in a fine electron beam cut from the main
beam with small hole (0.026 mm radius). The analysis is per-
formed with decelerating electric field of the analyzer diaphragm.

Experimental results

Transverse-longitudinal relaxation. Data  obtained in  experi-
ments on the NAP-M and the «Solenoid model» |6] gives only
indirect information about dependence of the longitudinal tempera-
ture upon coordinate along the beam, because the energy spread is
measured in the single point at the end of the drift space. Using of
the moving energy analyzer allows to carry ont direct observation
of the transverse-longitudinal relaxation process in the electron
beam. Fig. 4 shows the dependence of the longiludinal energy
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spread upon ihe coordinate Z for various magnitudes of magnetic
field and beam currents. Slope of the curve directly corresponds to
the rate of transverse-longitudinal relaxation. The strong damping
ol the relaxation by the longitudinal magnetic field is clearly seen.
The irregularily of the experimental curves al large currents is
connected with the considerable Lransverse beam displacement due
to excitalion of ion-electron transverse oscillations [7]. The ioniza-
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tion of residual gas leads lo the ion accumulation inside the elec-
tron beam right up to the equality of ion and electron densities
17].
To check the dependence (12), at first proposed in Ref. [6], the
numerical steering of the constants Ci, Ca, Cs to experimental data
was fulfilled by the least squares method.

) ne’j m ( Cé*
Sy 2L 2 C [ .S S—— R 12
dz W \/ T, 1 eXp { pyletn'-HCy T,,)} (1)

The results show that experimental data is in satisfactory agree-
ment with formuta (12) for the following values of constants:
Co=T74117 =035 C3=035101 .

The poor accuracy of Ci—Cs (up to 50% by y*-criteria) s
explained by the weak dependence of formula (12) under simulta-
neous varying of the constants. Let us note, that if it is necessary
fo estimate the relaxation rate out of the accepted region (magni-
{ude of magnetic fietd 1-~3 kG, the electron density 10°—§0°em™”,
Tim=0.1eV) formula {12) can be used with the certain care. The
considerable difference between C,—C; and previous resulls (see
[6]) is connected with the strong dependence of the expression
{12) upon inilial temperature. In the first experiments the
temperature was measured only at the end of the drift space and
the initial temperature was unknown. For the calculations of initial
temperature was used T,,., =2¢*n'/® that has led to mistakes [6].

Longitudinal-longitudinal relaxation. For direct observation of
the longitudinal-longitudinal relaxation (with damping of the
{ransverse-longitudinal relaxation by strong magoetic field) the
electron beam aHer forming in the electron gun was transported
on low energy {~50eV) to the first gap between pipes attainable
for the moving analyzer, (see Fig..3), where beam was accelerated
1o the iull energy (800eV). Fig. 5 shows the dependence of the
longitudinal temperature upon the time from the moment of fast
acceleration in dimensionless variables. It is clearly seen that tem-
perature relaxation occur for the lime the same as the plasma
oscillation period. For comparison the results of computer simula-
tion of the longitudinal-longitudinal relaxation are shown on the
same figure: The effect of the final temperature decreasing for
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Fig. 5. Dependence of the longitudinal electron temperature on time after

fast acceleration. 4+ -+ + 4+ is a result of computer simulation; ---- is

the experimental  plots,  [==300pA,  W=2800eV, n,=3.73.107cm™,
t=16-10"cm/¢
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Fig. 6. Dependence of the longitudiral eleciron temperature on coordinate

for fast acceleration (/) and acceleration with drift space (2). /=100 uA,
W==800eV. A is the first acceleration gap, B s the second one.
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Fig. 7. Dependence of the Jongitudinal electron temperature o coordinate
after fast () and slow {2} acceleration /=200 pA, W=-470 eV,

more slowly acceleration is shown on the Fig. 6. The upper curve
corresponds 1o the fast acceleration (at point A), the lower one s
obtained at two-slep acceleration of the beam with the same para-
meters. At first it is the acceleration up lo the intermediate energy
250 eV (at point A), then the drift (15cm), where relaxation of
temperature occurs, after that acceleration up to the full energy
(at point B} and observation of the following relaxation. Fig. 7
shows the dependence of ihe longitudinal temperature upon dis-
tance along the drift space after fast and slow (adiabatic)
acceleration in the eleciron gun. The difference in initial tempera-
tures is connected with damping of longitudinal-longitudinal rela-
xation by adiabatic acceleration. The regular growth of temperatu-
re along coordinate is connecled with the transverse-longitudinal
relaxation. This figure clearly demonsirates the growth of the tra-
nsverse -longitudinal relaxation rate with the temperature growth.
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