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In the ahsrnce of intrabeam scattering the electrons arcrlern- 
tmn of in electroll grrrl results in a decreasing of longitudinal terrt- 
peraturr [I] At th? same time the transverse temperature (is 
assumed the absence of the transverse velorrlics perturbation) does 
not change% If the acrtrmpanqing magnetic field is sufficiently 
strong the tr;nrsverse movement of electrons is magnetized and 
their effectlvr temperature ib defined by the longitudinal tempera- 
ture. which value can be extremely small. 

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 thr form [S] 
satisfying to both asymptotic (3) and (4) in order to simplify lur- 
ther calculations: 

~:,,lfl.T,,: --‘> t fi,ir1,T,,i=~ P’(m) ’ p&&, (5) 

Introduction 

‘The mtrabeam scattering leads to an increasing of the longitu 
dinal temperature We can drstrnguish two effects: transverse-lon- 
prtudinal relaxatlorr whrxrr the temperature increase due to the 
transfer of the transverse motion energy mto the longitudinal one 
(Hoersclr rficss-t) 121 , and the longitudinal-lorlgitudinal relaxation 
ulrrn the temperature Increase due to the thermod~rrarnir rclaus- 
(ion only in the longitudmal drrection 131. 

Th? transvc,rsr-iougit!Idinal relaxation i\ easily suppressed bi 
suffrcieniip strorrg magnetic field [3] At the same time the oppor- 
tilllitlc~s of suppressing of 1h( Ir~ngitutlinal-longit\ldinal relaxation 
11:ive strong ~xmiincmrnts For sufficiently small elrrtron densit} 
the partrcular supp:rsi car, lx rvceivedl by use of more slowI! 
4 adliibiitl~ 1 avcekratiorr than in the I’lrrce yun [I]. 

IIlls pa;~ 15 drvot~~ti to the c~xpcrimrntal study of the iongitu- 
~irnal terrlp~:r illur(’ rtlar;5lion in c~lrctriirr beam and the sludy oi 
opporlrrrrit~t5 of lh(~ atlrabatri~ i~~x~r~l(~r;tiioir list- ia)r the stlpwc’oolrtl 
electron hram prel~aratinn. 

i.onRitu?irral-longitildlnal relaxation 

Ii 111~ trarl~~rr~e-l(~ngit~~(li~~~rl r~,l;ix;rtrorr 5 suppressed by a 
ma~rlc~trr field then the rrririrr corrtrihiltion to an in<,reasing longitri- 
tjirial tc~nlp~r;!tur~~ i, cr:csrr i-v ttir ti~ri~it~~ttirr;~l-i~~r~~it~~~tir~~~t rclilh;l- 
tion 

In an ortlmary ricctr~~rl Eun the ec~x~lerairon of electrons prU- 
cetds qurckly as compared to the period rli tbt~ plasma oscillations 
oi (ht. t~lrctrolls. ‘l‘twle fur, for tilt trmc of accel(~r:ition the relative 
locatron o/ tlrt. clrctrons in thc> licarrt practrcally does not chanEl!t 
;III~ tt:r:r rmti;il lixatli~rl \I sith the ch:iotic drstrihrrliorr is prrscrvcx. 
Sirloin t/x’ Ir:rr~ri~ldinal ti’mpcraturr a1tc.r acc~c~lt~ratinrr is small, ttlrs 
abscrrrc oi corr(.Iationa in posr1~~~112 of electrons leads to 115 ill- 
crease by the value n.&r~~~,~ (due to the electrostatic reputing). As a 
I-csult wr get the 89timation bi the torr~it~itlinal temperaturr [3] 

r‘r T =2R. +C2n’ (‘, (1) 

\\.11<‘11’ Ihcs wr’stant c IS al,clllt OllC. 
~$‘t, (x.1 hnijd a >illlplc nlodel to c>>tirrr;li<* t11c rnn\tarrt C ]6] 

V,‘i gllcsi 60; I, f 7 ) ii the total interliz+ tnergy of th? thrrnrotlynzt- 
n~c.jll! ~ijrlrlr,)rrurrr (in thaw lorrg~tr!tlmai dcgrrr (Ii ireedtrm) Illwg!n~‘- 

tij,t,,j rleclrcirr g,is. fS\ eqrialirrg the ilit~~rr:;rt PnUgy of eirrirons 
, 

tilst .ttir>r !.I<( i!cc nil 5:. ~ri011 /I) ttrc, ~,rl,’ ar’cr- (3stahiishin~ the thtzr- 
111:313v11,111111. ~qlllll!:: !!‘I,, ‘3 (1 K”i 

2 t If’- ff,,!n. 7 I 121 

\*./lcr(s T/’ $5 a correlativr encbrpy oi nonfclLlilil,rirln~ state of jn 
ral~~ctr~irr hvarii JIIPI aiter fa5i ;icci4rratiinl 

111 111~. 111gt1 !t,mpt~ratur~ rrgl~,ll 7‘..i.rs’r;’ th? ~~upr~‘55K~n !or 
col-r-pl;itv II prlrrg\ oi eyurlihr~~~rn statt ii ‘ill.11 known [5] 

[,f, _ . . i _ _. 2; +p (3) 
21 /a 

whtrc, I ) 15 I)( lj\(, rriiL!iirs. III the ol~l~~~>rt~ case ‘~,,~9.6’sn’~ ’ tilts i,lec- 
trorr III~H~T IS cryst:rlii7t~d and a ro:rrlati\e energy is equal to 

iit = T /2 /?<,,‘a’ .‘. (4) 

Ttrc, (,rlc,ftr0cIl: I/2 111 this first attrrld r ‘i (.onrrectrd uith the nragn+ 
ti~ation tri ~1-;111svc’rv2 tirgreci of frc~dnni Thr constant A is 

Just after fast acccleratiorr the corr~~lalryc cncrgy of an rlrctrl)rr 
h(,ani (1’ is smal: rn Kmrpariion mitt. 6’ff’ + &ally Ilit, relative posi- 
tions of electrons practically do not change during the time of acce- 
Icraticm. Thrreiore correlative energy expressed in the (prr’,” units 
does not change and equals thr correlation energy calculated by 
(3) near a cathode surface where the condition of a weak non- 
ideally 0i plasma is frtlfillrd (T,,>r’n’,“). I; or the usual c~atbrxle 
temperature 7’11=0.1 eV, in this case we can neglect rn equation 
(2) by values ii’ and T:,/ZW in comparisorr with O,(n. T,,) -?n”. 
(we (5)). As a result ii Ti,‘2IY’+z~c’n’~” WC’ have 
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The i0lutitjri of this fquati(~~r 15 

7 - ,.!I (2,,‘1’! 17) 

WC cart ieil out ttir rluriri~rrk~al sirr.ul;~trirr~~ to gr,t 8 n~rv 2cL‘tIr.I 
tr dependence of the electrorr gas intrrnel rncrgy upon tcrrrprra?u- 
rc. The calculated clrprndcnre of the electroll gas internal energy 
uporr temperature rs shown on Fig. I for region 

0.1 &,““:-T,,<. &‘:‘,l’.’ 

Morta high vnl~rc of corrvlativv vrrergq for thv random dcposi. 
troll in romparis0ir with the .;otrrmt~-cr~nt~~rt~,i grid is t~rplaincd h> 
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,.:g , lk,“~“‘iLr-i,~ oi ill< iillVi.ll.ll tl,,‘ig! ,,i CC!,, l1111111111 l~lhimr1 p:1i 1111 
Iwl[n~-:ltlirc~ I, :i 1~~‘.Lllt ,>I <’ ill~iilt~~ll ‘llllill‘ill~)r~‘~ Ii f<ll ttiv rd!l- 

k1on1 inltl.ll dlLpwiib n :! ilil tii~ >O i~n~..-,,i,rlrri(,lf b:. (I), ~~~ 8‘ (11~ 
l-l~ydt (,i :ili.h l.ltii~l~ II\ i,jrr-ll Ii1 (51 

*irec,z.rngi, 01 ihe trarrsvc~rse coordrrrate flurtuatrons in the lorigitu- 
dinal rnapnetik, field That gives the suiiicicnt corrc~laticm energ)i 
increase and hence the additional corrections in (5) and (7). In 
this case after the end of the longitudtnat-longitudinal relaxation 
the electron temperature in the rest frame is 

7;,E I .6 eW’3 (6) 

‘come of thr longitudrrlal-lorr~itutllnal rrl;lxatic,lr have thr same 
order as a period of the plasma oscillations. In contradistinctiori to 
the transverse-longitudinal relaxation the ionRittrdin;rl-lorigitudinal 
one is not suppressed by a magnetic field, and as a rule it defmes 
the longitudinal temperature. Begun from the electron energy 
IOOeV and the current density 4 mA/cm’ the second item in (I) is 
qual to the first one and I‘,,? I 5. 10 ‘CL’ 

The adrabatrc acceleratiorr 

WC introduce the parameter of adiahaticity of acceleration ?, as 
a relative change of the longitudinal temperature due to acrelera- 
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tion during a plasma oscillation period: 

A=iiLLi. 
T,, dl wr (9) 

During the C~cccleration of electrons in a gun operating in the 
rmode 3/2w (and more than that m the gun opcratlng in thr mode 
of emission IImitation) lhe adiabaticity criterion I<: I is not satiafi- 
ed Really lor Pearce gun the parameter h is equal to 2 \iz- and 
does not change during the acceleration [S]. In the case of suffici- 
ently slow acceleration 1~1 the plasma oscillatiol,s have mo~gh 

time to mix the density fluctuations, and the Increasing of the loll- 
gzludinal veloc~ly spread due to the lorlgitudinal-longitlldjrlal lelit 
xation is suppressed by a following acceleration. 

I.et us find the change 01 the longitudinal elcc/~on temperature 
during 510%’ (adiabatic) acceleration. The chang? of electron itIter- 
nal energy at accrleration on dW’ is 

,f~;...T,,L!$ +f. uif +! ++ l/L!!!. 
I, 

(IO) 

where U(T,,. rf) =U,(T,,. nj -II, (0, n). Hence, WC have a differential 
cqwtlon describing the tcrnpwature variatlclrt durmg azcelrratw~ [ti] : 

(+ +gp+p++ u)” (II, 
II ,L 

Fig. 2 shows dependencies of the longitudinal temperature (ac- 
cording to (1 1)) upon the- current for parameters of ion storage 
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Fig 2 J‘;l!clil4tui +pc”der rt ,>i tt1c I<,llpltil~!ll ii: ‘rrnpt~ratlirr d ~~lwtr(lli 
hcanl 011 bea~r~ cllircilt ut t\r~~‘:3! ~IJ~cIII~c~~,~~ 0i 1011 ~i~il-;~gr ~III~;C. 

t '2 - IOil ic\' Tt-(1 3 c\') for i:ist (II :ind <lo*. (2, it< wlr~~:~tir).~ 

rings ulth vlwt Lack UIOIIII~ (c~lcctron encrgr IIF tl, IiKtkrV, Illill;LI 
electron tempcraturcS is of order 0.3 eV) At the> s;ime figure arc’ 
shown rorre~pontiing d(~pentien~‘ir~s ior the- ~15u;il (fast) ac~<,l~rii- 
titer ill ttitl f’irr~ i‘ gu.1 Ii ic, nwcs>iiry tcb tniptlaslzr,. tl1af ,tdlilb;lli< 
acceleration nitaans the usual acceleration in the I’ierw gun up 1~8 
tllc twr’rgy W’,,,,,, ;~rld iollou-irlg much sIou.c~ accctrratiori up to fllil 
energy, K ,,,, is tlcflncd by ccmd!tions of obtainirlg of thr essential 
current. Thtwforc th? tcmperaturr at fig 2 is B function of tilt, 
full wrrcnt and doe:, not deperld on beam rattles 

Description of tht’ insleltation --.---. 

ThcY tempcra:urc relaxation siudying m t~lectron beam was car- 
ried o:lt ai the rllottlfierl variant of aSolenoid modt~lz inilal!;iti~w 
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[G] A grnrral schemc~ of thr installotiw~ IS g~vihr~ ~iu Fig 3, a,,< 
maw parameters are the follov+ing: 

Electron CWP”LI\ D- 60 - hOO rV 
Electron beam current 0.01 - 10 ri14 
liadills of clwtrou bcarn 1 1,111, 
Magnitildr nl magnetic iici!d t-4 k(i 

Solenoid lengtll 2.88 m 
Vacuum 5. IO-” 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 collector at the same time. 
After fast acceleration the electron beam pasws through the adiab;l- 
tic acceleration structure oi five pipes with I6 mm diameter 

In order to realize the adiabatic acceleration, the potential of 
the accelerating structure was distributed along the beam axis ~1 
accordance with dependence y-%lid This one corresponds to the 
constanl value of l-parametrr [6j ‘I‘hts full lr11g111 of the adiabatic, 
structure was selected to prov,de more slow actelrratiorl, than ir: 
the Pierre gun it corresponds to contiitiwl AC:: I, which is rwct’~ 
sary for damping of the lorigitudin;ll-lorlgittldilal rt*laxatwn durlny 
the acceleration. To aimpliiy tllr current control, the gun anode 
and the adlabatlc structure have the same high voltagr source. Th? 
voltage between cathode and anode determmes beam current. 

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

It is necessary to note, that acceleration in this case will he 
faster than in Pierce gun, and parameter h will be lager, then 
Pierce one (h-2 ~‘2~ ) For hcam rurrrnt 6 piz and energy 1500eV 
A - 60. l,dl - 

After adiabatic structure the beam passes through the drift 
spare (5), which consists of five pipes, with IO mm radius The 
energy analyzer (6) is placed ilisidc these pipes and can move 
along their axis. All these pipes usually has zero potcnlial. if it is 
not emphasized especially. 

The scheme of measurrmrrlt oi the longitudinal tenlperature is 
the same as described in 161 The mrthod is based on the analysis 
oi the energy spread in a fnlr electron beam cut irorn the main 
bean] with small hole (0.025 ntm raduis). The analysis is per- 
formed with decelerating electric flrltl of the analyzer diaphragm. 

Experimental results 

‘I‘rans~~~rse-long!itutlirlat r?l.lxallori Dn;.i ohl;iini.(i 111 cxp(yri- 
ments or1 the NAP-M and the ;iSolrr:~~id rnodel~ 161 pwzs only 
indirect iniormation about depcndenrc of the Iungitudinal tcrnpera- 
lure up011 coordlnatr along the t)k.wril. hw;~uw lh(, (‘nt’i fi\ \p~t~ed ib 
measured ill the singlrs point al the wd of the, drift spac’c. I!sing of 
tilt, mwIn~ wicii’b nrlalyrrr ;Illoi\c to cari 1’ llut (!irwl d~sc~i\atic~r~ ., ,... 
ii: tli6, tl ~ill.icrsc~~l(~ilfiitii~irrl:li I~~.IX;I~IO~I 

th~ain Fig 4 stiows tlic. tlrp~n~icwcr i&l 
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spread upon the wordinare % for \-a:iouh niijgtlltudihs of inag~~eiic 
field anti hcarn currents. Slope of the curve directly corresponds to 
the rate oi trarlsverse-longitudinal relaxation. The strong damping 
of the relaxation by the longitudirial magnettc f~cltl is rtral-ly WCW. 
The irregularity oi the experimental curves at large currents is 
<,uniwcted with the considerable transverse bwlir ttispl;i~crru~nt do 
to excitation of Ion-clrctron transverse oscillations 171, The iolliza- 
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lion of residual gas leads to the ion accumulation inside the elec- 
tron beam right up to the equality 01 ion and electron densities 

171 
To check the dependence (12)) at first proposed in Ref. [6], the 

numerical steering of the constants CL, C1. C3 to experimental data 
was iulfilled by the least squares method. 

d’, 
0’2 = $! ,/s Clexp( - pi ,,2f,2tf+,J,,) (12) 

The results show that experimental data is in satisfactory agrer- 
menl \rsith formula (12) for the following values of constants: 

cs =7.4 +;; Cp=O.% ‘::2” c3=0.35.+;:5 

The poor accuracy of CL-C3 (up to 50% by X’-criteria) is 
explained hy Ihe weak dependence of formula (12) under simulta- 
neous varying of the constants. Lel us note, that if it is necessary 
to estimate the relaxation rate out oi the accepted region (magni- 
tt:dc of magnetic lleltl 1 .- 3 k( ;, the electron density IO” -- IO’cm ‘, 
7’,- 10 I cl’] iormula (12) ran be used with the certain care. Thts 
con\ldcrahle difierenre between CI -CJ and previous results (see 
[6]) is connected with the strong depel;denrr of the expressiotl 
(12) upon rniiiitl temperature. In the first experiments the 
tcmpcrslure was measured only at the end oi Ihe drift space and 
the inilial trmpe~ature -as unknown. For the calculations 01 initial 
temperature wab used T,,;.,,. -2e’n”’ that has led to mistakes [6]. 

1 on~iiudinal.lo~~~itud~nal rclaxatu!. Fur direct observation of 
the Iong~fudinai~lorIgitudinal relaxation (with damping of the 
ir;irisverse-lol~gltllilirlal rclaxai~c~n by strong magnetic field) the 
electron beam after forming in the electron gun was transported 
on low energ) 2.5OeV) to tht: first gap between pipes altainahle 
fur 11~ mcivirig .411alyzer, (see Fig 3). whrrc bttsm was accelerated 
to the iuil energy (SO0 eV). Fig. 5 shows the dependence of the 
IunpiIuillrlal tcmpcratllre upon the tlmr from the moment of last 

acielcratiori iri dimensIonless variables. It is clearly seen that tent- 
peralurr r~~laxatioll occur for (he tur~e the same as the plasma 
oscillation period For romparlson the result5 of computer simula- 
t;on (Ii tht, I(,nl~it~~tl~rlal-io~~git~~~~i~,oi relaxation are shown on the 
\amt~ ilgurc- Thrb cffr.4 oi the iirlal temperature dccreaslng ior 
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lor fast accelrrat~on [I) md occele~-at~u~~ &.ith drift spxti’ (2) I= lOO~4. 
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mcbre slowly a~&erdtiorl ih shoN31 LIP Ilie I:ig ii The upper curve 
corresponds to the last acceleration (at point A), the Iower one 15 
obtained at ~H’o-step acccleratiorl of the beam with the same para- 
meters. At iirst it is Ihc acceleration up Lo the intermtdiate energy 
25OeV (at poirit A), then ihe drlfl (15crn). y*here relaxation of 
temperatlirts occurs. after that uccrlcratlrm up 10 itie full energy 
(at point N) and observation of the followmg relaxation. Fig 7 
shows the dependence of the lorigltudlnal temperature up,,rl dis- 
tatlcc along Ihe drift space after fast arid slow (adiabatic) 
acceleration ilt the electrorl fiuu The tliffrrenrc~ ifi initial tcnlpera- 
lures is connected with damping of longltuditlnl-ltr118l(udinsl rcla- 
xation by adiabatic acwlcra\lo[l The regular growth oi tmperatw 
rc along coordlnale i5 cor~~~r~lrtl with Ihc traIlsvet se-lon~ttudirul 
relaxation. This figure clearly demonslratcs the growth of the tra- 
ncverre -longitudinal relaxation rate with the temperature growth. 
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