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The velocity distributior of electrons in the intense
beam, which is produced by an electrostatic accelerating device,
noggesses a subatantial'anisotrapy: the apread of electrons over
longitudinal velocities is much less than that over transverse
relocities. When such a beam moves through the drift chamber, .
the longitudinal and transverse temperatures equalize. This
srocess becomes much slower if the heag.is generated and trans-
ported in the devices with longitudinal magnetic field. The
pregent paper deals with a study of this effect.




The intense electron beams with low temperature of parti-

clesg are of interest for a great variety of applications, for

- example, low-noise electronics and so on. In recent time the

charged particle acceleratgr physics hasg alsgo interested in

such beams in connection with the de?elopmenﬁ_ﬂﬂf the electron
cooling method /1/. The efficiency of this method ~ the time
decrements of  emlttance of the cooled heavy particles

and their momentum spread - depends Euhﬂtﬁntially on

the temperature of particles in the cooling electron flux.

In the study of the properties of the electron cooling,

it has been found out a characteristic igature of the distribu=
tion function of eleetron velocities in the inténae beam which
is accelerated in an electrostatic device (the gun): after ac= %
neleration the longitudinal-velocity spread of electrons is
much less than the trangverse-velocity ome /2/. Indeed, neglect=
ing the electron interaction and using the energy conservation
law and the conditions for iransformeation of the longitudinal

component of momentum, we find
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where dim ia the electron momentum spread in the sysitem where-
in the average velocity ¥ is equal to zero, m 1is the elec-
tron mass, I; ims the kinetic energy of electrons prior to ac-
celeration; p=v/c J:{'i—,s'f{" and W=mvV72 at v&c .
This result is none other than the consequence of the Liuville
theorem: conservation of the longitudinal phese volume of thg
beam during acceleration results in reducing, prnportiunally
40" the decreasing perticle density, the spread of the longitud-
insl component of the momen-tum. In the nonrelativistic case, to




which we confine ourselves in the following, this gives
BEAYE = Inir o or W, =lIny . (2)

The effect of such a "flatness" of the velocity distribution
function of glectrons is very sitrong; so, for thermo-emisgion
sources, when accelerating the electrons up to an energy of

the order of 30 keV, we obtain, ocrraapﬂndingly:

%

T =~ 0.1eV, T, =107 ev = 1072 &e.

However, at so low longitudinal temperatures it is already im-
possible to ignore the electron interactions, that imposes the
limitetion on a minimally possible longitudinal temperature of
the beam after acceleration /3/.

It has turned out that this characteriatic feature of the
distribution function enables one to inorease substantially the
efficiennj.éf electron cooling by an electron beam which trav-
els in s strong magnetic field (magnetized flux) /3/.

The efficiency of electron cooling grows linearly with
lengthening the cooling sentinnﬂif the‘propertiea of the elec-
tron flux rémain unnhangéable. In connection with this, the
‘natural question arises: how long the "flatnesa" of the distri-
bution function is conserved while travelling the electron beam
through the long drift section.

In Ref./4/ an attempt is made to obtain, in terms of the

thermodynamic approach, a variation of the transverse emittance
of the beam (transverse temperature) in an ideal Pierce gun,
which is caused_hg.the (electrostatic) electron interaction.
Ag is shown in fhat paper, this varistion is rather wesk. Un-
fortunately, the author was not concerned with the variations
in longitudinal temperature, whereas for the problem of elec-
tron cooling (the cited paper deals with just this problem)
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the longitudinal temperature plays a dominant role /1/.

In the present paper the experiments on temperature relax-=
ation in a magnetized electron flux are described. The experi- |
ments have been perfnrmed_with the beam of electrons whose en-
ergy has varied from 200 eV to 1000 eV. The electron density
has ranged from ‘[DT cm'3 to TDgcm"j, that has correaponded to

the beam current from 50 mA to 10 mi.
i

1. Bagic ideas

Let us discuss the basic ideas underlying our experiments.
They have mainly been formed as a result of the electron cooling
wethod develepment and are described in more details in the

eview article /3/ and in the literature cited there. When the
Llectron beam travels through the wvacuum chamber, its longitud-
.nal temperature grows because of the internal electron scatter-
ng and the energy transfer from the transyvarse to longitudinal
valocities will occur until +the longitudinal and transverse
temperatures become equal. In the case of a week magnetic field

(non-magnetized beam), such a relaxation is readily calculable

f5/:
T % TFE_?;.{ ke m
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where 2=1If is the longitudinal coordinate, fl is the current

density, A is the Coulomb logerithm, K is a numerical coef-

ficlent of the order of unity, which depends on the character of

the velocity distribution funotion of electrons. For the Maxwel-

lian distribution function and 7; L ?l this coefficient is

equal to 0.87. In this case, the longitudinal temperature in-

creases rather rapidly: so, the electron beam with an energy

L% ]




of 400 eV is almost completely thermalized at a current density
of 0.5 Afcmz on the 3-m length (characteristic parameters of
the experiment under discussion).

In the longitudinal magnetic field the energy transfer from
the transverse phase space to the longitudinal one is somewhat
complicated because of the limited character of the transverse

displacement of electrons, and sharply decreases if
ﬁ .5.: ‘H‘m}'h ” (4)

where ﬁ:(i_ﬁ mé’)ﬁ/e H 1is the Larmor radius of transverse ro-
tation of electrons in a magnetic field H; r,. is the shortest
distance between the scattered particles. In the case of a strong
magnetic field, the electron motion is representable as the mo-
tion of Lg:mﬂr circles with low longitudinal velocity and the
energy transfer from the transverse motion to a longitudinal
one occurs due to the violation of adiabatic collisions of the
Lermor circles. At a low electron density the minimum distance
between electrons is determined by the longitudinal temperature,
o ::ei/hﬂ + With this condition substituted into eq.(4), we

obtaii

-
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In the case of a low longitudinal temperature and s high elsciron
density, the minimum distance between the electrons is dictated

by the inter~particle distance and the condition {4) yield

g (6]
i :
The use of both equations, (5) and (6), determines the ne-

cegsary conditions to suppress the transvergely-longltudinal

relaxation., For the beam with the same parameters sa in ik

|
-

preceding example and at 0.1 eV these conditions require that

H>1 kGs and -.f; Lilnprh an Therefore, for the beam relaxation '

- %o be depressed as low temperature as possible is needed after

acceleration. Near the cathode the electrons have a high den-
gity, low averagé velocity, and a high longitudinal temperature
7, «In this case, the conditions (5) end (6) violate and the
relexation can proceed fastlyﬁ._ . .

The other -effect which leads to increasing the longitudin-
al temperature of the beam is a longitudinally-lomgitudinal re-
laxation. If the acceleration proceeds fastly compared to the
period of plasma oscillations of electromns, them the relative
distances between electrons do not  change during acceleration
and the initial state with chaotic locatiom of circles, which
slowly move, one respect to another, is conserwved. This state
then relaxes to that with the longitudinal velocity distribu-
tion, which corresponds to an appfuzima#u equality

i S e ; (7))

f.u z’f

fﬁe relaxation time is short and ig equal, in order of magnitude,

%o the plasms oscillation period; Por [, = 0.1 eV (cathode tem=
perature) and W = 400 eV both terms in (7) have the same va-
lue alfeaﬂa?' at h, =~ 102 em™> ( J = 15 Fa/cmz). With a further
zrowth of the current demnsity the contribution from the second
term 5ecnmaa deminant.

In the case of a slow accelarﬁfian of electrons, plasma os=
sillations succeed in intermixing the density fluctuatione and
the longitudinal temperature after acceleration is determined
by the expression (1). The condiiion for adiabaticity of accel-

eration relative to plasme cscillations ims of the form
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where ¢J3,(2) is the plasma frequency at the point 2z . It
geems to be interesting that even during acceleration of the
electrons in the gun, which operates in the "law 3/2" (space
charge limited emittance), the adiabaticity condition is not
gatisfied. Indeed, if the electron interaction is neglected, it

follows from (2) that

Ll
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(9)
Substituting this relation into (7) and taking into account the
dependence of W and «J,(2) on 2 for the Pierce gun (the
"law 3/2"), we find that /\;m: 22" . Inparticular, only one
half of the plasma oscillation period will occur during acceler-
ation up to 400 eV.
_ The variation in longitudinal temperature during accelera-
tion is described by the equation
Lo W melk gt
d2 W 2 Wl

- r

(10)

if the internal electron scattering (3) is taken into account
and the influence of a magnetic field is ignored. The solution
of the above equﬁtion is the following:

]Tl I n Z
7;{2)2 ?;’ +??'Edliné |,"*'?;— ;{‘* ’ (113

where 7:'=:7:fﬂ) is the cathode temperature.

For j = 0.5 A/en®, W = 400 eV and 2 = 0.5 om, the sec-
ond term in eq.(11) equals 1}2-10_4 eV, and exceeds the first
by a factor of about 10. A magnetic field is capable to change
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substantially this relation if the magnetization conditions

(5) and (6) are satisfied. However, the very conditions, repres—
ented as rough inequelities, allow one to evaluate the gitug-
tion rather approximately, in particular near the cathode ,where
the density and longitudinal temperature of the beam ere high,
Thus, the question on the achievebility of a low longitudinal
temperature of the beam after aceceleration should be gtudied

experimentally.

2. Description of the experiments

The experiments have been carried out at an electron cool-
ing device /6/, in which the electron beam produced by a three-
electrode gun, is transported in a longitudinal maegnetic field
with a strength vp to 1.4 kGs. Having passed through the 3-m-
1ung.drift sectlon, this beam enters an analyzer (Fig.1). The
pregssure of residual gas in a vacuum ;hamher 4 was lower than
1078 more, :

The gun cathode was thermoemissive, oxide and had 2 mm in
dismeter. Its negaiive potential U, dictated the energy of
the beam. It was possible to chamge the potential of the first
anode from 2. to +3 kV, that allowed the regulation of the
beam current. The second anode had the zero potential (it was
grounded ).

The strength of longitudinal magnetic field in the gZun re-
gion can be varied relative to the field level in +the remaining
part of trajectory within 0.5+4.5 k(s with an additional short
solenold 2. At the entrance of the analyzer (Fig.2) the beam 1
hit a ;ollimating diaphragm 3 whose central hole was 0.1 mm in

diameter, The diaphragm had a positive potential of the order of

30 V. First, this ensbled one :o suppress the secondary elec-
5 :
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tron emission and, seccnd, to lock the residual 2a8 jions in the

beam (see below). The beam position et the analyzer entrance

was controlled by the current signal of two pairs of parallel -ﬂfl
wires 2 of 0.3 mm in diameter. This device had a small design Sl
defect: when the beam came to the wires, they were heated and ; el

deformed, partially closing the diaphragm hole. This defect was
noticeable at currents higher than 1 mA. Tt is the effect thst

caused the spread in the measurements when the beam was scanned L

over the collector (Fig.3, below). However, this defect did not W 8
influence the results of longitudinal temperature measurements ‘1
carried out in stationary conditions but, most likely, improved f (o |

the situation on the space charge in the collimated beam (usual- i 2
ly, the current to the collector did not exceed BK”A)' The cel- i -4

Collector current, relative units

limated beam was decelerated in the longitudinal electric field i -

of an analyzing diaphragm 5 and came to & collector 6 connected ’ 2

to the zero potential ("earth") via & resistor R.oq7 = 10 kO «

10 MO. The voltage on this resistor enabled the beam current to ’ 0)

be measured. The potential of diﬁphragm 5 could be ranged with-
in given limits , from -30 to +30 V relative to the cathode po-
tential, that made it possible to anslyse the energy of the col-

limated beam., The change in the potential of the diaphragm was ‘a
performed by the computer with a digital-to-analog converter g

with the cathode potentisl. The measured dependence of the col-

lector current I CI) on Hhe potential U of the analyzing A Fig.3. The results of scanning over the entrance hole of the
ol [ analyzer by the beam: the dependence of the currents in

diaphragm was processed by a computer. It computed, based on E the collector (current density of the beam), the width

the integral spectrum messured, the differential gpec trum d%mllf f ofdifferential spectrum &lf and of the value of its

centre of gravity aU on the transverse shift of +the

dU, its width oY , and the voltage of analyzing diaphragm
beam at the entrance of the anslyzer.

AU , which corresponds to the half of the intensity of the
‘collimated beam,

The systematic errors, which occur with such a method of
13
12




analysis of a longitudinal temperature of the beam, are mainly
commected with the variation of the potential inside the analyz-
ing dlaphragm and alsc with the shift of electron energy in the
¢collimated beam becasuse of iits space charge. Both errors in the
experiments under description sre unegligibly smell. In addition,
there can exist, in the beam, the longltudinal veleocity spread
associated with "optic" perturbestions of fhﬁ beam in the gun -
(the influence of anode aperture holes) and bearing no relation
to the effect under study. This spres? is of "aperture” character
(incraasés with mowing off from the systenm axis) and can be signifi-
cant for the diode and triode guns witﬁ no sccompanying magnetic
field. In the giums with the strong magne+ic field guidance such
a spread is strongly suppressed /7/. For s complete eliminstion
of the errors &saociatgd with this sgpread, a control scanning of
the beam over the entrﬁnce hole of the analyzer (Fig.3) was per=
furmedlin each seriles of measurements and for tampersiure measu-
rements the "unperturbed™ region near the beam axis was chosen.
The scanning was carried out by introducing a transverse magnet=
ic field into the drift sectiion.

Fig.4 shows the typical curves of the funotions of I, 4
(U). Fig.5 is an original demonstration of the sensitivity of
the longitudinal temperature analysis described above, in which
two differential specira are preéenﬁeﬁ. These' spectra were ob-
tained for the beam with the same curremt, T =-90$uﬂ, but pro-
duced by the gun, which operates, in ome case, in %he limited
emiaaian régima and, in the other case, in the "law 3/2". In the
gecond case, the mean elactrnﬁ energy in the beam is higher be-
cause of the formation, near the cathode, & minimum potential
which reflects an "extra® ourrent from the cathede and is equal

to /8BS

dIcallde

relative units
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Potentlal of analyzing diaphragm, V

Fig.4A. The dependence of ﬁLL,ﬁ,/a!H on the poiential of the
analyzing diaphragm for wvarious values of the syatem's

magnetic fields:

T

Magnetic field, kGe

Number ef __
gHEe on the drift in the gun apeotrum
section -region width, eV
1 Dr6 - ‘Eii'ﬂ.ri
2 i 31
3 3.4 ;i

The ourrent beam is 2.4 mi, the electron enerzy is 400 eV.
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The influence of .he gun regime on the lengitudinal
velocity distribution of electrons: 1 - regime of limit-
ed emission; Z - regime of current limitation by a space
charze ("re,ime 3/2"). The current beam is 90 FA, the
energy is 400 eV, the magnetic field is 1 kGs throughout.
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T;: Im«.l
um;" = —e—-—i EH I—- . {12}

Here Imax ig the saturation current of the cathode, I is the
beam current. Calculated from (12) on the basis of the results
in Fig.5, the longitudinal temperature of electrons near the
cathode is equal approximately to 0.2 eV. .

The differential spectrum width is connected to a longitudin-

al temperature at the entrance of the analyzer by the relation

e .U = 2aYwWT, 0 (13)

3. Experimentael results

inverse to (1):

1« The firat and major result of the experiment is a strong
dependence of the longitudinal temperature of the beam after its
passage through the drift chamber on the value of magnetic fields
in the device. The considerations mentiuﬁé& in the preceding part
of the paper allow the assuﬁption to be made that in the non-
magnetized beam the value of spectral width & U should grow with
current density as Jui . This follows from the comparison of
formulas, (11) and (13); curve 1 in Fig.6 is constructed basing
on these formulas. The experimental curves presented in Fig.6
are of characteristic form: in the region of low currents there
exist a plateau whose length depends on the magnitudes of fields.
At high enough currents the ourve reaches the asymptotic I1IE,
that corresponds to beam heating in the gun in the drift section
(3,11). The existence of the plateau on the experimental curves
points to a gtrong influence of the longitudinal magnetic field

which suppresses the process of transversely-longitudinal tem-
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perature relaxation. Its length grows with increasing the field
i (curves 2 and 3). The minimum values of the spectrum width, in

‘ 2k - : the experiments were 0.2 V, that was close to T.;-,/E -
Su 1 /1 : | 2. The possibility for independent tuning of maegnetic fields
e T e ; in the gun region end in the drift section has made it possible
R | ' to reveal a strong influence_' of the gun magnetic field on the
: o relaxation process. The results in Fig.4 and curves 4 and 5 in
51 At Fig.6 clearly show an important role of the magnetic field H.
e - My (7. ) ' : 5 in fhe gun, The plateau length in such cases is much large com=
if': pared to that on curves 2 and 3. Such a lengthening of the pla-
‘i’, | teau with a growth of the magnetic field in the gun is account-
2 '.‘ 5 _ ; o g ed for by the influence of the two effe-cﬁs, whoge relative con=
24 . : : tribution is diffiocult to separate. The first .effect is a sup-
_ : / . . ; K ‘ pression of ®he internal electron scéttter:l.ng during the period
f': - . . | s . of acceleration: in the gun region the conditions for satisfac-
sl .,;;-!:-w - . i i : ‘JTJIMA?TE__ tion of inequalities (5) and (€) are extremely severe, but as
. S 1 : . % ylch iy -T.a""g'?} Ay the magnetic field in the gun grows, they “bagir-l working'. The
g5 g2 a5 A4 (S e, T 2 gecond effeot is an adisbatic expansion of the beam during its
tranapoert from the »egdon of strong magnetic field HE. in the
Fig.6. The depanﬁenna of the specrtum width § Y on the parame- gun {on thg' cd‘sht}dg) to the region of increased field H in the
ters of the electron beam and of the device. \ drift seoction. In this case, the beam denslty decreases propor-
: tionally %o EfE, and §  increases proportionally to fﬁﬁfg}wz
ks Mﬁt.i"-‘ field, EG“_ . Eleg:grnn energy, , As & result, the condition (6) is satisfied in the drift section
e T T iy e e
- mer? wWH-HT
1 Calculated curve (formula (11)) " 400 - - I-= jumg_,.a; Hleg ey L// T3 Rh (14)
2 ;[ 1 ' 400
3 1.4 ' . 1.4 400 - If the first effect "does Ilﬂ‘f:.ﬁ‘l.’r'ﬂ'.‘c"}i:“ for any reason, the wvalus
4 1.2 3.85 400
5 : 3.2 1900 of I, o0.¢4 in (14) limite the length of the plateau on the

= curves in Fig.0s Here r. and T, im +the beam radius and tempers-

i8
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The dependence of the gpectrum width on the hlactfun
beam current at a decreased value of the magretic field

‘in the gun region. Curvea 1 and 2 differs from each

other by the beam.pusitiqn onn the analyzing diaphragm.
The field is 0.8 kGs in the gun region and 1.2 kGa on
the drift section. The electron energy is 400 eV.
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ture on the cathode.

3. With a deorease of the field in the gun below 1 kGs it
has been revesled that the dependence d'}((I) becomes non-mono-
tonous. On the curve there appéar the maxima and minima whose
pogition varies during the scanning over the transverse cross
gection of the beam and the-depth increases with increasing the
current (Fig.T7). These oscillations do not disappear when in-
creaging the field in the drift section if the gun field re-
mains small.Occurring of these oscillations is probably con-
nected with large transverse velocities of electrons caused by
the aberrations of the gun optics. Note that as the magnetic
field in the gun falls off, these aberrations influence atrong-
er and stronger./T/.

4. Applying a positive potential, relative to the walls of
the vacuum chamber, to the cﬂllimatiﬁg diaphragm and to a spe-
cialized electrode at the exit of the gun, one can lock, in the
beam, the ions produced during the residual gai ionization by
the electron beam. Then, both the electric field of space charge
of the beam and the change of longitudinal velooity with radius
, which is caused by this field, disappear, as a result. In this
caée, as the experiments have shown, the width of the spectrum
somewhat decreases at high currents. This can be ancnuntad.far
by the fact that, as the beam is compensated, the radial gra-
dient of longitudinal velocities decreases.

5, A very striking illustration of the influence of a mag-
netic field on the relaxation process is the obiained depen-
dence of spectral width on particle energy (Fig.6). For a clas-
sic diffusion, the spectrum width, according to (13) and C1t),
ig energy-indepsndent, and is only determined by the current den-
gity in the beam and also by the drift section length. The ex-

et
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Fig.8. The dependence of the spectrum width on the electron
energy at low currents of the beam. -

Magnetic field, kGs

Number of Beam ourrent
curve on the aritt in the gun (ma)
section region i
el 1 1 50
2 1 4.3 100
B Calculated ocurve (formula (6)) '
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periments show that with the same magnetic field in the device
the length of the plateau on the curves in Fig.6 increases as

the electron wenergy increases {curves 4 and 5), that is con-

nected with lowering the longitudinal temperature and density

during scceleration up to a higher energy.

At 8 low current in the beam and a strong magnetic field
the relaxation process is strongly depressed and the longitud-
inal temperature in the electron beam isg determined by the
longitudinally-longitudinal relaxation. Fig.8 gives the energy
dependence of the spectrum width at different magnetic fields
in the device. Curve 2 corresponds to a strong magnetic field,
and well coincidences with the calculated curve 3, conatructed

according to formulas (7) and (13). Curve 1 corresponds to &

small magnetic field in the device. In this case, the electrons
scquire high transverse velocities iﬁ the gun, that leads to
increasing the differential spectrum width because of the finite=

ness of the analyzer input hole. The minimum on curve 1 is as- |
goéiated with decreasing transverse velocities as a result of

the "resonance optics" effect /7/-

ion el el on

Thé performed experiments have shown that a longitudinal
magnetic field in electron beam devices strongly suppress the
process of longitudinally-transverse temperature relaxation.
This mekes it possible to produce the intense electron beams
with a very amel)l spread of longitudinal velocities and, ocor=
respondingly, with a high degree of order of the particles in
the beam. Such beams can be transported in a longitudinal mag-
netic field without the variation of their characteristics. Tht

23




value of its longituﬂinai temperature at the exit from the
source (gun) plays a dominent role in the process of longitudi-
nally-transverse relaxation of the beam in the drift section.

Beiow we formulate some recommendations concerning the
generation of such beems:

- the diatributigg_of an electric field in the near=ca-
thode Tegion of tﬁe gun should obey the "law 3/2" (Pierce gun)
and particle acceleration behind this region should be adiebat-
ically alow with respect to the frequency of plasma ogcillatione
~ of electrons;

- # strong enough lomgitudinal magnetic field which satis-
fies inequality (4), should be applied to the whole track; for
& given field in the drift section, the critioal current den-
sity, to which the beam magnetization "works®, %ncreasea with
growing the field in the gun regiun. |
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