
El-95-369 

A.M.Taratin 

DEFLECTION EFFICIENCY AND ENERGY LOSS 

DISTRIBUTIONS FOR HIGH ENERGY PROTONS 

IN A BENT CRYSTAL 

Submitted to the Proceedings of the Workshop on Channeling 
and Other Coherent Crystal Effects at Relativistic Energies, 
Aarhus, July 10-14, 1995 



> _, •• 

TapaTHH A.M. . E1-95-369 
· 3q,¢eKTHBIIOCTh · OTKJ101iettm1 u pacnpeJle.nemU1 11011u3auuoH11i.1x · norepb . . - . . . - - ~ 

3Hepnm .llJUI npoTOIIOB BblCOKOH 3Hepmu 8 HJomyroM KP'!C'.anne 

3cpcpeKTHBHOCTb OTKJJOHeHirn 11 . pacnpe,nenenmi H~HHJaUHOH.HblX • n·oTepb 
. 3Hepnm npoTonoe: c 3Hepmeii 450 f38 -. npu npoxo)K,UeHHH tJepeJ · KpttcTann 
KpeMHHH, HJoruyrhlii e.nonh ( 111) nnocKoci-eii,nccne.noe·anhl MeTo,noM KOMnhJOTep-

. 11oro MO,nenupoemmH. 8b1pa)l(eHHe Jll]H TOpM<>JHOH cnoco6H0CTH, J~imcHIUee OT nyru 
tJaCTHUbl. ~ KpHCTanne, H Jl0KaJJbHM 3neKTp011HM_ nnOTHOCTb, ycpe,nHeliHM e.nonh 
TpaeKi:opHH tJaCTHU, ucnonbJOBaJJHCb Jll]H pactJeTa cneKTpoe, H0IIHJaUHOHHblX noTepb 
ii paccMaTpueaeMhlX ciioHx KpttcTanna. TToKaJano, tJTo nau6onee eepoHTHhle noTepu _ 
:mepmu H CTparrnmir Jll]H OTKJ19HeHHbl~ lJUCTHU yeenttlJHBaJOTCH npH ripoxo)KJ].e11m1 
ytJaCTKa KpH~Tanna c yeenHtJHBaJO~eiicH KpHBHlHoH'. X~pa~TepHcTHKH pacctJHTaH
HhlX cneKTp0B · noTepb 3HepmH Jll]H · OTKnO!le)IHOH · H HeOTKnOHeHHOH KpHCTaJJnOM 
cppaKUHH nytJia naxo.nHTCH ~ ~opoweM cornac1m c 3KcnepuMeHTOM. 
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1 Introduction 
I 

The energYlosses .of charged partides ·at their ~hanneling in single cryst~ls differ f~oin the 

losses at rand~m b_eam incidence when the particle directions are far from any axial or 

pl~nar directions in the crystal. The positively charged particles being in channeling states · 
. . . 

mcive through the crystal regions with low electron density and their mean'energy loss is. 
- . . • ! . " . • 

usually smaller than for random incidence [l]. The crystal eqtiiped with intrinsic surface 

barrier detectors allows to study particle states during their passage through the crystal 

by 'means of measu;ement.s of thei~ energy l~sses [2, 3, 4]. The usage ~f the bent cr;stals 

and.separation of the aeflected·beam fraction gi~e an additional possibility to investigate 

the energy los;es of well-channeled particles whicli po~sess low initial transv~rse e~ergies. 
< • -, -

at the crystal 1:ntrance avoiding the cont~ibutio~ from randomly traveling particles [5]. 

In- this work deflection efficie~cy and energy loss distributions -of 450 Ge V protons · 

during their pass~~e through the (lll)be~t silic~n crystal have been co_nsidered bycoin-· '. 

puter simulation. Th~ path dependent stopping power and local electron density ~veraged 

along the particle trajectories were used to construct the ene.rgy loss distributions for the · 

·considered_ crystal layers. The calculated energy -los_s distributions f~r. deflected _and _un-

deflect~d beam fractions are in good agreement 'with the recent experimental results [5]. 

It was shown that with the beam penetration into the crystal the most probable _energy , 

loss ~nd straggling increase f~r the deflected fraction at the crystal part with increasing. 
. . . 

· curvature.· 

.2. . Calculatio'n model 

The particle trajectories in a bent cry~tal were cakulated in the same manner as it was 

m·ade us earlier (6). That i~ the particle motion in the ~ffective potential of the bent· 

atomic planes was c~nsidered, and .the change in transverse v~locity of the particle due to 

multiple scattering by the.crystal ele~trons arid nuclei was peffo!med at every trajectory ·· 

step whose value was much smaller than the spatial period of particle oscillations in the 

channel. The model takes into account the realisticdistributi~n of the electr~n density in 
. . . . ' " . " . ~ - .:.. 

the crystal and good discribes the particle dechanneling in the straight and bent crystal [6]. 
' ;, , ... - ' ' . 

The full crysta] length was divided into layers _with thickness SL = 2.5 mm to consider the' 

e_volution ~f energy loss sp:ctra o~ protons· during their passage throug~ the cryst~l.T~e . 
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' · path dependent stopp!ni power [7J 
dE 21rZ2e4 -· • 2mv2-y2 : 

p(x) = -d (x) = --\-{[NZ2 + p(x)][ln-
1
- - ,82j +.C(x)·-NZ2c5}, .(1) 

. s mv , 

C(x) = L p(Kx)eilf,xln(2ml/n2K';). (2) 
. I · .· • K ,;co · i . ·· 

• • •• y s '., • ·. . . '· . J 

was used fo calculate the mean energy loss for every particle in the considered° crystal , 
' ,, -·. . 

layer 
\ -· dE .-- . . . . 

Lltr _;= ds (Ptr,Ctr) S:, )?)\ 

-~here C(x)is the corre~tion t~king'into account inh~rnogeneity of the el~ctron'density ~nd 
-' . ~· - . . _,,. . ' . ·- . 
the ·crystal structure periodicity, p(K;) is the Fo~rier transf~r~ of the electron density • 

_ I ' ' l 

p(x).averag~d along the c~~sidered c~ystai planes, Kx is the reciprocal-lattice:vect~r, c5'is 

th~ density effect correction; I i~ the mean excitatio~ poteriti~l of the crystal atoms, Ptr, 
, - I . ~ ., . -. - , ,. • 

ct. are the valt[esofelectron density an~ correction averaged ~oiig the particle trajectory 

in the lay~r. . 

The mean energy loss Li{. and ~ver~ged electrol1density)1!r:for the j~particle'i; the . 
'\ - , ._ - '. - - - . . - : ,. ., - - ,, , ·; ' ~ ' ~ . , . ; . 

. layer were used _to' construct the,Lanaau distributiO!l ';?(.\;;),'where .\;j is the distr~ution 
. ' ,- -· - ' ' - . --- •-

p~rameter value for the considered value of the particle energy lo~s Ll; 
. . . . . - t.. -'-- N C:. . . -~ . "~ / 

... .\;f= ',ei •t• -:-t ~.0.423 ::::.1n(e' /Tmax), . 
-. ,_:" 

/ 

... 

.\ 
\ 

e-21re4 . -· _ 
· - mv2 P:, SL•. 

(4) 

(5) 

Th~ ~idth of the j-parti~l~ Landau distribution is proporti~nal 'to the averaged electr~n 

d~:sity 'P:.. Therefore,t~ makethe ~eight of every parti:le the ;ame as for r~d~n: 

· pa~ticles the nomializatibn of :the distribu_tion w:as in~de .. 

. ') 

~-<, -)· .ivz2 ···c,· )_· 
',? Aij =•-. ',? _Aij • ', . -Pi, . '·,, .... (6) 

Th~ ar~ayof energy.loss values fo~ partide~ in th~ crystal layer Ll;·= i Ll., where Ll. is the 

di;tribution step, ;as considered.• The energy l~ss distribution i~ the layer w~~calculated 

by summatio~ ove~ all N. particl~ ·t,,_ 

. . N ... ·. 

P(Ll;) ~ Eip(.\;;).' (7) 
:,-_, j=l ··. • -

· Fig:1 shows the averaged electron density_ (a), the C(x) cor;:~ti;n term (b ), and the mean 
. . . \ __ - ' : . __ . '_. 

energy loss of 450 Ge V pro tops _(!;liii the { 111) chann1;l~,2( a silicon crystal at the room· 
,, ., . ' ' t;.,-;:', ....•... -.11·· ,·~·-~"""'~ 11·. . ,, ' ' '• . . .. . · •. · , . ·, · 'l (;Ol,t!h?:~;'3."'I h;1.,,l•~-1: ;_ ·. - . "·. · ·. 

I
t! ,,.-,.,",ii,t:.,.,i:v .. 1'~"'?"\'!'.;\!':J:r1•~u ' t ,, t,L,,'...1';· ... ;i;~f;-J;.i- - -i., ....... _ct"_~ ....,..J 

.! .. ~--.i- m o----•t r'" '. r•:-~;':" ov~,:::,,t·! ·•,~r·i,-=-t. :, ",; ': . .JI 
> • - - __: • ~.-,, ~--
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Fig.I. -The averaged electron density {a), the C{x) correcti~ii term (b ), and: th~ mean -

~nergj/1oss of 450 Geyproton; (c}i; the {111) channels of a siliccmcrystal at the room 

temperatme_in the ~oliere approxi~atio~ as a fun~tion of t~e distance fr;m the at~mic_ 

plane. The dotted lines show the corresp6nding valu~s for random case. The dot-dashed 
• . , I . . - . . . , , ., --· - , 

._ lines separate.the narrnw-and wide ch,rnnels. ' 
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Fig.2: The continuum potential of the (111) silicon_.shanncl (a), and the effective pia:nar 

. p~t;~ti~l for·the c;ystal bent ~ith the averag;curvature (b) arid with the maximum one· 

(c) at the bending angle ~f 8.9 mr~d.___The criticaltr~n~versc enc~gies ofparticles B:~, 
' ~ '· -· . . ' ' . ,- . . .. ' ',. •. . ,. ·~ ,_ 

•-·_ E~c f~r,the wide channels' in the bent crystal are shown by the dashed and do~~dashed 
. . - . ''- ,, . . . --:.::____; .,' . ' . ,· ' . . ~ ' . . ' -~ " . _· 

lines, accori:lingly, in ·fig.2b and fig.2c. The same values of E,.,c in the straight channel . 
. - - . - ... \.-

potential~re shown in fig.2a . 

~---
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/ 

-temperature irqhe Moliere appro;irnatio~- as a function.of the distance fro~i th~ :i.t~rnk 

~l~ne. 'B~th th~ electro11 den~ity and th~ correcti~n behavi~u'r lealto the decrease c,f the '_ 
- ~ '~ -. . . . ; -. . -. - . - . . 

. mean energy loss for p~rticles moving in the ~vi<l~ channels' and the increase in the narrow - . 
. ,-· ' . - . 

ones in. ~omparis~n. with the' loss at the r~ndom. i~cidence'; 

lnthe e?(perimc~t [5) the Si crystal 50.mm long in beam direction was bent with.a 3-. 
~ ' ' .,. . . 

point bending device. So, a 10 mm long straight pa;t ~v~at ea~h ~nd of the cryirtal. The. 
. . - ' . 

_crystal ber_:d' produced by thebending device is non-u'niform with maxiil'lum c'i,rvature 

.near the' central point". -The same crystal shap_g was considered in our simulation. It' wa~ 
, . . ~' ' ' . ~. ' ' . 

ass~med th~t the crystal curvature increases linearly:~ith ~pproa~h to the centr~l point 
' ,• ~' ""- . 

'K(s)= {- Km 2s/L,_ · _- S;'.:oL/2, 
· -.. _ ' ... _ <Km(2 - 2s/ L); s > L/2, 

where K;;, -,;., 2 Ko is the maximum curvattire/K~ = 1/R~ ~ o/L is th~ average curvature 

';_hich k created when_ the central cr~stal -part ;;th the lenght ~ )s uniform!; li~nt with 
> • , ' - • • • ~ , • 

- the angl~ o.' - "'- · 

F'ig:2 ~hows th'e continuum potentialof the (111) ;ilicon cha~n~l (a), and the effective-
- . . , ---- ~ 

-pl~nai- potential for the crystal bent ~ith the average'.curvature (b) and with the u"iaximum 
.. . . . ' /. ' ·. ·.. - . - . . ~ -

_ . one ( c) ~t the bending angle of 8.9 mrad;' The criticaltransverse energyo( particles for 

--cha~neling decreas~s ;ith. i~~re~ing the cr;~t~l ~~rvat~re. S~, there is no p~ssibility 
-. '.. ·, - ,·. -- , < ' - , • , --.. • - • 

·for channeling in' the narrmv channelsfoi-.. this -bend of th; cryst~l at its central point,· 

- ~g.2i:'. The critical_ fransve_~~e energy_ ·values ~f EL Elc for, the \'iide channels, are sh~\~~: . 

in :fig.2b,c. These vahies allow to estimate approximat~ly the part ~f the' W-channele<l 
. ,· ' . - , ,,,.-, ' 

, particles ~t ~he cry~t~l ent~ance,-see fig.2~;\vhi~h ~aft _be kept ·iri ·the channels du~ing the 
•--- < --- a• '•, • '-• Y - • • 

-~passage ·through the bent part pf t_he crystal. 1 

. . . 

, 3 · _- Deflection effi~ien·cy~ 
- ... 

The beam ·deflecti~n effi~iency by a bent crystal is determined_ by the capture probability. 
. . - . ._ _, . . ,· .- - ..... 

of the incident, beam pai;ticlet into· the.:.channeling regime and the dechanneling_ rate of 
- , ~ ~· - •' ·.·-:- .. '--. ·. -_ . ~ ·~:•·'' _: . :' .::·> --.·- . ~-

' the captured fraction during its passage through the crystal.. The capture depends on the, 
~ . . . - - . ... ·- . . ' " . 

beam divergence. At.the crystal bending the capture redu·ces cl~~ t6 decrea:si~g tlie depth'. 

-~f the ~ffecti;e, pl~na; p6t~ntial: T~~ pariicle d~chann;l;ng i; ~th~ st.;~ight iryst:l occ~rs :_ -

' mainly due to inulti;I: s~atterin/by th«r crystal· elect;ons and ~u:l~i .. In ;he bent f;y~tal . 

'---, 
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I' 

,vhen it~ cur~ature increases aiong the crystallength the captured particles can leave the -

channels due to bending o, centrifugal clechanneling,- which is caused b.Y gradualloweri~ 

' . the pote~tial barrier: • The ·crystal bending gives a good 'possibility t~- ~tudy the particle . 
. . : _- - . . . - . , - -- I , 

dechanneling due to the sp_ace unfolding of the process. • 
. ; . ~ . ~- . . . 

The computer. simulation of t_he 450 GeV prnton beam passage through the silicon -

-crystal bent ~long the (111) atomic planes was perfo;med at the sa~e bending ~gles ., . , 
- ' ' • ' • • • •,• • I -/ 

,. of the crystal as· in. the experim~nt [5].- It ~as iu;~osed that the· angulardifitribution - ,. 
. . ~-- . \ - . - .- :· . . , .,- ._.·_ - - ,~; - ,/" 

oL the ,incident· beam is Gaussian with the rms angular deviation.{) .. Fig.3a,b show the _ 
. ~ , _- _-,,,~---· .. :----- . ,,,,_. -.-- .. , __ .:•,~,· ,· .-,:·,_, 
angular distributions of the beam passed, the crystal-for the bend~ng angles of 1.4 and 

,8.9 mrad, a~cordingly; for the case.with the 3-point bending device. Fif3c is the same 

as fig:3b for the case w~~n°'1he i~nti'al irystalya;t'is
0

uniformly.berit: The distiibutions .. 

,, consist of two pe~ks for the si;~ight beam)md fodhe deflected fract_ion: Th,ere are ~lscf· ; 

parti~le~ betweJn thc~e peaks.,'They are the particles which were initiit.lly ~ha~neled at 

th~' ~rystal ent;ii:tc_e\ut then lost in _the bent-part of the cryst~t It is clearly- seen foi 
. . . . ~ ~. ~. - . .'-

the bigger ben1ing angle that the particles !~ave bent_cha~nek~ainly in the crystal part-. 
i . _. ,. , . . -: • -- ,· . . . .•, '. . . ' ' _' . ' ;- . . . 

where its curvature increases: The particle losses occur here mainly,due to. the bending .. · 
\ • -,~ - • "' • ,,,.,. '" ~ •• '-. '.. ' - •-. : •• • ,~ - •••• , - '-~,: < 

dechanneling. . · 
. ' ' 

___ The computer simulation ~!lows to register e'~a~tly the particle states in th~ crystal.-~-' , 

, The_pai-ti~les which c~rr~·out a finhe'.tr'ansvers~ motion in th/nar~ow o::~ide channels of 
: • ~ • • • ·~ -. • ' ,,.; • / • ', \ ~. '· .. • >. ' , ,. •• r·· , i ' , 

. the crystal _will be called N~ or W ~~hanneled particles below. FigA,5 show the dependences 
. . ,____ . ·,,: ', ' ·- ,.' 

':· of N-channeled and W-channeledfractions 'on the crystai'depth; accordingty;for the same '--

: condi~ions as fig.3. Besi~es, curve 2 in fig:4,5a shows the fractio; ·capturedjnto the 
. . ' -. ,. . , : , i . . /·.,·._', .·: · .. ':.>_"\·,. ' : 

-· channeling states in the -crystal volume: -The volume capture events occur mainly in the . /_:' - ', ·_ . _\-_ -· -·. . .- . . . '... . . < ,· .. 
front straight part of the crystal because its bend takes away fast the plane directions out 

of th~ ~~row i~cident b~am. 

The N~d1anneled fraction begins decrease notice~bly in the front straight part of the 
_- , I . • . • -. • ·, , 

crystal· already .. It_ occurs· due to ·ordinary "'"multiple· scatterfrig- by ,the _crystal -electrons.• -

~hose density .is higher in the narrow channels_ than the a:irer~ge one. The centrifugal 
' ' - • - ''<_ • -· ·-, • 

~:le~hanne!ing which app~ar~ i~- the, b
0

ent'crystal pa,;t with incr~asing cur;ature compl~tes· 

th~ p;ocess for t~e· la~ge'b~nding angle",. figAb. F~r small be~-di~g a~gles ~hcii the ~n-
- \ ' . ' ·~---, ., 

trifugal dechanneling is not strong about few percents of the N~charineled particle~ achieve -

- the exit_ e~d~f .th~ ~ry~i-al,fig.4a. \ . ,. - - - . - . . . •· 
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Fig.6. The 'deflection efficiency of 450 Ge V prot~n -beii.ni with a sili~n crystal bent 
., .. ..,_ '.•_ . :~. . ·--~- .· . .. . - - - : '. . ·, ., . . . ' ., ' . - ' .- ~ \ ' ~' : . :. - '. - - ' -. 

along the ( 111) plan~s ~s- a fu!lction -~f the crystal bending lngle. ( a) Comparison of the . 
. . ' - . , - . -- ·' . . ·. --

--: ,experimental res~lt:. with the simul~tion o~es.~hen a3~point hen.cling devicei~ used/the. 
- ~ . . . ' . . . ' ,- ,- . ·., . ·- ' - . ' " ~- . 

rms angular deviation of the bea~ 19= 3 µrad. (b) The ~-imulation.results for two_ cases 
. ' . - - >· •, - --- ' . . .· :, - ·. - . . - ---:-- , ~,...,,.. .• •. ' ' :, ~ 

when.a: 3-point bending device is used, and when the centra:l'crystal part is uniformly 
' - . _·. - . - . ·- '. ; .,· ~ ' ·. ' ~ .- -- ,, . . . _. 

be~t, t9 ='J µrad> 

..::..- .._ 
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For the W. -chan~eled fracti~n .ihe orctinary 'dechanneling in \he straighf parts is small 

' ' ' ' -

. because of low electron density in' the middle of 
0

the wide ~hannels, but the fraction' 
--- . ., , '. _, '- ,. _'. . . - ,-....._ ~ .• ~·· . l .· '. . ' .• 

decreases. fast in the first bent pa'rt of th~ crystal,· fig.Sb. · Curve 2 i~ fig.4,5b shows .the 

idealiz~d case whe~ multiple ~catteri~r was switched_off. It is ~een by compariso~ these'' 
, - /' . . . ,, . . 

"' curv~s that th:·centrifu~aldechanneling is the main proces~ of the. particle l~sserout of 

the channels for the large bending angles: On the other haiid, in'the second bent part of. 
~ ., ' . . .. _·- . ,, ' ·-. . ' - ~-, , 

the crystalthe losses of the W-channeled fraction 'a:re almo~t abse~t because the potential i, 

'·;:, - , ~ '·. _·: '.,,·- -. , •.-- -.,· , ~-•' --~--- -~- . . - ' 'I 

depth is growing up to the,previous-level of,the straight channel, whereas the transverse 
,'.• . . -. . ' ' .. .. -

energies of the particles passed the central crystal point are.limited by the lowest value 

of the barri~r of the effective pot.entiaf whic6 exi~;s i~ this point. 'In the case. when th~ ·• . 

.central c;sfalpa~t i; uniformly b~nt, figA;5c,' the centrifuiaI dechanneli~g occurs' o~ly in 

. one poinLat /the tran~itio~ from ~he fr~~(straight • crist~l ,part fo the bent one, bu;•these .. 
' ' ,'' ' - ' ; - . j ' 

losse~ are very large. . . 

The calc~lat~d deflection efficien~y a,; a function of the crystal be;di~'g angle .is pre" 
' ~--·- . ' " . ' . . 

sented in 'Iig.6. For small bending 'angl~ the efficiency values c~lculated for the beam 

~ith the rms an~.;far de~iati6ri J = 3 ~rad ~red~se io ,th~ exp~rimental o~es, whereas 
l. • , . ·; .:· -c. • : - ·,. ''-. :·'/ .. _. •· ' • •• • ' 

for the large angles'they are noticeably higher, fig'.6a; This discrepance'.may be caused by ' 
,,. . . . ._ . ' . . ... 

additi~nal losses of the chai:meled· paiti;les in the experimen(du~ to local dist~rtions of-
: .. ~. I,' , ' . __ . ~ - _- 'I :- ' , ~' ··. • . ,;••· _.-· , ··. 

the crystal lattice from the pressure of the bending device. The beam deflection efficiency 

for,the large b;ndi:gangles ,is conside;ably higher for the' c~e wheri the ~entr~l c!ystal 
' . - . . -,. ~ '{. ' . - : - . : . . \ ', ., . - .'-.,.' \ •' - , 

part is uniformly bent, curve 2 in fig.6b, i? = 1 µrad .. . . ,, - . . 

. 4' 1 Energy loss, spectra'.of protons i~ bent .. crystal 
·""-.: 

-,,,. \ 

T~e en~rgy li>ss · specti~~for 'iiandom bea:n in~idenc"e which is/i ~sui Landau distrihu~ 

tio~"is show~ infig.7a: Fig.7b sh~;s the/nergy l_oss distributio~ in the ~rst crystal:layer

f~r.the aligned incidence'i:ir°450 GeV protonbea~, J := 3 µr1:d, the beam tilt angle re!.1.tive , 

t~ the pla~e di~e~tion:i?~ :=:c. 0. There are two peaks in the spectrum at ~~p ~ O.M,:!p and · 
·, • - '. ,.: , : , . , • , . I . ' - ;' . _,-_ . . '• .• 

~!~" ~ 1.1s~:p, where' ~:p is a most probabl,e energy lo§S for.random incidence of_the 

beam. The first p;ak is fo;m;d by the W-channeled pa;tideswith low traris~erse energies: 

The seco~d one by the N-channeled ;articles, and.the W-ch~nneled pa~ticies with larg~ . 

,transverse e~ergies, ~~d besid~s the quasi-channeled' particles. ,vhich are governed b~· the 
' \ ·, ' ' - ' ' .. \,., .. ' ·-. , _'' ' '· 
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, average' ~lanai potential too, but ~O\'e thr01igh the crystal crossing the atornic planes at --·- ·- . ' ,...., - . .-

sm~ll angles. "Their ~traggling is 54 % la~ge~ than for random incidence due to high lo~al 
. ,_'• '.:- ~-, . .. . . . . ' . . ' . ' . 

· electron density along their trajectories. 
-· ' .. . - . 

I ' 'The energy loss sp'cctrum of th~ deflected beam fraction for the crystal bending angle 
, . : '\ ' - . . . - _- - ·: ---· . ,,- ,• 

of. IA mrad_ is also shown in -fig. 7b. · The d-eflecte~pa,Eticle; fon:1 · 1ow-e~ergy-loss sid_e of- , 

' the peak' I.,· They. are the w:ch~uneled particle= ~ith sufficie~tly low transv~rs~ energies_' 

- t~'keep i'u the channels duri~g the passage through the central point_ of the crystalwhere 

th~:~epth-~f the effective ~)l~~~r p~tenti~J\s minimum anci COJ;sider~bly smaller than -for 
~t-raight cl1a9nels. • 

The spe.ctra of the defleckd fractions for two bending angles of the crystal, IA· amd 
. - - . . ' ' - '• . ' 

. 8,9 mrad; ~rc'compared·in fig.7c. Th~-spe~trum widthi; redn~ed by 30-35 % fort~e 

... bigger"angle • because .the _deflectea pa1:ticies hav; loy,;~ initial -tr~nsvers'e ~~:rgies a~d, 
• • •~-• C • - "• - ~ > • ' • 

·: conseq~ei1tly, smaller ele.ctrmi' density along the tra}~ctori~S:what redi1ses the energy _loss 
' . ' ' ". . ' .. ' . ..... . 

straggling. 

'Fig;S shm~s the «;~olution of :the energy loss spectra for the clefl_ected and undefl;cted. ' 
- -.., . - \., ' ,. ·-. '- ; .. . - '\·,-- ' ~- '' ; .. ' -~-.. _, . ' ·.: ' .··.: :. :_: ' 

beam fractions ·auring the passage thi-ongh the bent crystaL: The energy. losses for the· · 
- - , • • ' ' - '~- ~ - _; • - •• _:: ,, - ' •• • • • - • • ' •• ' • • • ~ ' ' ,r· :. - •, • -. 

.. undeflected_ particles of. group. Il becorrie. the same. as for raridqm. incidence· soori after 

· the 'r>artide enfra1;ce int~ the;,,bent'crystal part because ofdechaimeling and fast leavirig 
, ': , ~ . ' ,. , . . - - -- - ' .. - •' ' ,_ 

the angular regi~'n near the planes dueto thci;_ bending. 0~ tlie ~ther hand, the energy 
·-.. ·-..: - ~ ' - - , . \· . 

lo~ses for the deflect~d-fracticm iuc~e~~ dui;ing tl:eir ,:tPeroach t~· the c;entral _cry~t~I point 

.. because of increasing the trajectory shift,t~ the outer chatmel ~vall ,vherc the electron 
-·- -· - ;.- ' ' '.' ' --·-

'- density is higher. The same oc'cnrs with the l!riileflectcd particl~s of gronp I, which were'' 

' initi_~lly w~~hanneled. i'hc, groiu~ of the energy losses for tl;e _defle~t~d,bean~ fract,i~-~ in 
- ' . . ,. : . . - - , . _ .... 

. the crystal part with iricrea,;,ing curvature is more clea~ly. ~hown iu fig.9, where the energy 

loss spectr~ fo/differ~i1t~cry;tiCd~pii1s are combi,~e~. , • ,. . ,'. ,: ' '. . '. 
. - - / ' 

FigJ O shows the aligned- energy loss spectra for the cases' when· the iricide~t beam 
" ·. - . .. . ~ . . . . -

!ncliricii'relative to'tliedirection of the cry;t~lplai1es (;), and when its divc~gen~e_incrcase~, · 

(b ) .. Ii1_thc 'both cases the channeled fra?tiondec'rea;es. The decre~se ~f tllC W-charmeled. 

· --f~~cti~~ is observe<!'in ~edn:ing the'·~p~ctni1~1 maxirn111~1 I, whc;t:as. ~h: ;leirease oft.he', 
"'', •r• • •,- :-__,,••. •=:.••"'-f • ~ _. !' .. ••a'~••, •• •~-• ~ - •, •. - , •• 

partkl«:) .fracti~n w}1osc energy losses arc larger: tl1a11 the ranilom .one leads to· the st1ift 

·. of the maxim~;i1 II to the ·lo~~r ~~lues of the e1;e'j:i;;.1~~ses'. On' ~l;c_ o·tl;~r .hand, ,ti;~ 
' , ,... ·.; . . .. . .. . . . . . . . . ', 

' · ::most prob~ble energy l~ss ofth'.e W,clia1;nel~d group I increases with dis~rientation of the 
• • • • ' - ' / ""' •• : - <! • .- ,·\. :- ' s ' _, • -
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Fig.7 . .. Th; energy· loss distributi~ns in the. first :crystal Ja.yer for random: incidence 
- , . ' . . . . ' . : . - ·. . . - , . . - . ~· '" \·. 

. (Landau disfributi_o~) (~)' ~rid:fo'r aligried incidence of,450 GeV'proton'bea~,\her~s 
-· .. t. - ~ .,,.. - , ' ,· ' • - ' .. . ' 

angular deviation of the beam_t? = 3 µrad (b). ·The hatched histogram is the.distribution 
' . . .- , . - ~ . . .•' ' ' .. - . - ~ . 

fo; the deflected beam fracti~n ~t the crystal hen ding ~ngle ~fl A mrad. The arrow shows 
. ·- .--~·- --.· . - ._, - . .• : s., - .. ·._,- - - - -r ;,' . ·-

the most probabl~ energy loss for the random 'incidence. ( C) Comparison of the deflected I 

·:fr~c~ion dist;ib~·ti~ns for,twobe~din~·an;i~s of the crys~al, :1.4 an_d 8.9 mral (haich~~). , 

The di~tributioris were normalized at ~1:c saine height. . - . . ,·.:.. ~.:: · .. · 
-. . ~,. 1,: -~'~,-: :·-. ;-' -~-, / 
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different beam divergence, i? =· I and 10 11rad(hatched), !?0 == o: (c) The energy loss .. · 
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~pectra for the deflected fraction of the· beam; th~ conditions an•.the san;e as for fig.JOa. 
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· crystal ~ith the b/~m .irid. does :not chang~ ~ith in·c~easing • the beam. divergence. 

·c~iresp~n~irig ~ro~th ~f the most ~~robable ·ene;:; loss for the deflected;fracti~n with the' . ' . - . . - . . . ' ' . ~ . . . : . ,. . 

crystal-beam .disori~ntaticin is shown_ in fig.IOc. Thi~ growth ~.c;,urs becausJ th~ higher 

-levels.of the t~ansverse energiesare irihabit1:_d by the be~m pc1.rticles. 

5: Conclusioh 
. ~ .' 

Th~ calculated' energy loss distributions for the deflected a~d ~rideflected lie~m fr'actions 
' ' ' . ' . . .· ' . . ' . / ~ , - ' ' 

>in 'the (111) -~ilicon .be~t cry~titl, .naimely their :r;aximum positions and -width~,Care in 

. good agreement .with. t~eel!=periment -[5], The. comput~r. experiment ~howed that the in_ost 

. probable energy_ loss _and strnggling of thedeflected beam fra~tion increase duri~g the' 

.✓--

b~am penetration in th<'; crystal part with increasing curvature:' 
,,, ' • ► / •• \ - , .... • .-. 

, The position of the energy .loss' spectrum maximum for channeled particles is deter- • : ✓ - - . \ ,. ' 

mined by their transverse e~ergy di~trib'ution. · It was (demonstrated by ~ur computer 
'- '. . . '· ,, . ·-. . ,- ! - . ~ - . . '. ' . \ - ' - ' 

sim;lati~ri that the- most probable ehe;gy loss for the' deflected fraction of_ the ~arrow 
. . ' - : . '·. . -. - . ~ '• ' ~ •' 

incident beam grow~ with' increasing the beam tilt arigle relative to the crystal -planes and 
. ~ . . - . , . . . . . . - ... . ' . ' : ,, . 
does not. change with incrJasing the beam divergence: 
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