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Abstract

The experiments studying the radiation at planar channeling
£plane (110)) of positrons with energy € = 4,6,10,14 GeV in a
diamond and with energy & = 10 GeV in a silicon are analysed
/5/« A theory based on the authors® Earlier papers was used,

and it proved to be in satisfactory agreement with experiment.



The radiation at planar channeling of relativistic parti-
cles in crystals has been widely discussed in recent years (see
Hefﬁ;[ﬁ-?}&nd the references there). There has been carried out
a number of experimental studies of this process whose results
are qualitatively consistent with theory. At present a quantita-
tive comparison of theory with experiment seems urgent.

Iﬁ the nresent paper we discuss the experimente on radia-
tion of high—enérgy positrone at planar channeling (plane (110))
in a diemond crystal {%} (€ = 4-14 GeV) and in a silicon one
[5] ( £ = 10 GeV). The radiation at such energies ie nondipole.
A general theory of radiation at a quasi-periodical motion of
particles which is developed by the authors is convenient to
describe the phenomena. For calculﬁtion of the radiation cha-
racteristics it is necessary to average the results of Ref.[ﬁ]
over the iransverse energy particle diatributiun.'In the experi-
ments /4,5/ the crystal thickness 4 is less than fg , whers

{4 1s the dechanneling length /1/ determined as a length at
which the r.m.s. angle of multiple scattering in the same amor-
phous medium becomes equal to the Lindhard angle: 3;‘:Wlfﬁuﬁf 4
where. W, 1is the depth of the potential well of the channel.
Since the multiple ﬂcaftering of posltrons in the channel is
suppressed compared to an amurpﬁuua medium, the analysis <that
follows will be concermed-with "thin"™ erystals in which the
‘change- of the transverse energy distribution during the chan-
neling process may be neglected. That is why the radiation at
the channeling manifests itself,in the most clear way, in the
experiments under consideration. .

. In case of the relativistic transverse motion the frequency
of the emitted photon is determined by the following equation
(see, e.8., Raf.@b
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'caaa f ~ 1 {;]uat this situatiun occurs 1n the axperiments [,
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radiation ma':f henﬂe bé ﬂeacrihad :l.n terma af clasai:: ﬂlentrudy-
x.namicﬂ {we shall neglect tha quantm currectiuna N'&J/E‘}.

The parameter f dependa subatantially on the integral nf
mntiun - the tranevarse energy of the particla,&; H(x‘jﬁwﬁlf/g
For axample, fur the uscillatur pntential
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where Po = quﬁ}m—, Z =="£,_lqdn.' -For. particles Ii_ﬂ, ‘the 'fhhx.“.‘fl
(&« ’_uﬂ_;_ label 'c') . fc:f'::‘z e S) grows with '.-inu'reu-ai#g 'kha
transverse energy of the particle ‘and reaches the maximum," \fy-_n_- oA
at €, = U, - At Z> 1, when the particles move above the
barrier (€ >MW,, label 'nc') and acquire a ‘nonzero average ve-
locity projection onto a direction normal to the''corresponding
plane, txha quantity S(K) decreases very fast, for example,
' 4
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and at 2 v>1
§ue(®) = 200/ 45z by

Such behaviour of ((Z) ensbles one to calculate, at
wf

E}{, ~1, the emission cheracteristics of the above-barrier
particles in a dipole approximation,

The frequency of positron radiation @) at a given value
of the transverse energy €, is (o, ~ snd \? -~ dependent {(1),In
the dipole sppreoximastion (_5)4:{ 1) the difference in emission
frequencies (at a given 8,1 } for various €, is determined
cnly by the &L u&epenﬁenca of the motion frequency W, « For
the oscillator potential there is no such dependence, and the
epectral characteristiec of the poaitron raﬁiatim; with dif-
ferent vailues of the transverse energy dirfer by their intens-~
ity only. For this reason, if hpéec: 1, the difference of the PO=
tential U(x) from the oscillator cne ig essential aven when
. . Tor the particles mnving.with
various €, 15 not too large (see Refﬁ]}. In the nondipole

case | L‘? 1}, the more important factor determining the dif-

ir‘erme of the radistion frequencies for various £, is the

dependence of ¢0 on F’(».s.\} and, hence, in this case the cascil-

lator ;.ct@ntiﬂl is suited 28 a rather good approximations.

The JI}BE‘EPE?. cenity 0T the radiation intensity for the
poritroan mcﬁng in the planar chammel with s Ziven E_L has
the Pollowing form (see Ref.rti;]g Pormula(4.8))

&L --——--'Q n'.;:} ;.,Oié'g -———@pg’_i‘zx*}'
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where

E=0/20.3" | X, = S(ﬁift e ‘-'é_f—*‘é?f) :
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The integration contour in (5) lies below the real axis. The

(6)

integral (5) is a discontinuous function of Z(w) at the points
EC{{HS g}—-EmH{ M= 0,1,2,...). It is possible to separate
these jumps in an explicit form (see Ref.[ﬁ_i, formula (4.13)) and
after that the remaining integral obtained is already a conti-
nuous function Z , while the integrand behaves as 4'/1:.9 at
+ > oo, that maskes it convenient for nuinerical calculations.
Dividing (5) by W f_Q‘Ggmﬁ‘g and integrating it over X |
we find the total radiation probability:

_ 2ef ey % A L 2paint 1 )m
\J}({ }(n \lxt }<°+X{+K° 2t

To obtain the radiation characteristics at channeling, the ex-

pressions (5 ) and (7) must be averaged over the transverse en-
ergy distribution. This procedure is identical to that in Ref{ij.
Let us turn now to a qualitative structure of the spectral
intensity distribution at S) ~1., In this case the largest por-
tion of the radistion intensity comes from the first harmonic,
Positrons radiaste most effectively at £, == 7, so that, accord-
ing to (2), the radiation (after averaging over the transverse

)
energy distribution) attains e maximum at O = (WD axs Where
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The minimumof the spectral denaity is on the buunda:y of the first

harmonic:
Q g 1 '

N R N (Y T
where S_) is defined in (3), ?‘ is a value of j) at as low as
possible value of £, « Yor example, for the partinles antaring
a crystal at an a;ngle = o< Vo= \]E'Un |€ to the crystal
1

pléne ZF, — fi‘r /'TT SD g(?fj (cf.(3)). The appearance of the
second méxisum in the spectral distrihutiun is due to the con-
tribution from the second harmonic of radiatian, &}i'; —2m{-“
Such a picture is clearly observed if 2z, > Z:* - If the inverse
inaquality holds,the minimum of the averaged intensitylies(in terms
of Z ) between the points %o, and 23 _and 18 to the left of
the point . : 3

e pc Z, In tha*pnrticulur case 2% o ¥, these siruc-
turga can be washed out,

- For a given angle nf entry of the particles into a crystal
29 ’Tr ), after averaging ever the point of entry by means of
formula (1.5) in Ref.{l] we obtain

(L (>=4¢ Zjig_, =& O (e ) G PR

far -the total mdia‘l:im; intenait: of positrons trapped into the .

channel, where A= —-%S)q " 8 3'{'3- . Let the particles of

&

‘Such a situation occurs, for ample, at channeling of
positrons with £ = 10 GeV and 3' = O in the plane (110) of
the diamond and ailicﬁn single erystals; in this case, 84 = 0
and 5)6,2 = 1 ' |

R -




the incident beam are uniformly distributed over the angle '%'
in the interval J,—A < AT< A,+ A . Then the intensity (10)
should be averaged over the angle 'ﬁ' i

Fora
% A = 1=x® ({2 5 )

o ¢ .
where m—e — Ug]‘?; . -=&/'a;. The quantity <I<._Qﬁ;]g\>v
is an even function of E ~« In order to foreseen its beha-

viaur'a‘t %; = 0, the secondary derivative is necessary to cal-

- culate. For E.._{ 1 we find
¥ o 423
VLT (%, 8>y g AR
S = 4= A"

At E-:’Z 4{\]-5? the radiation intensity of the channelled positrons

(12)

has the minimum et WV, = O and vanishes when G=1+X , i.e.
it has the maximum between these points. In the case of a wide héam,
E ~ {ll@ » the radiation intensity decreases with increasing

.3“0 and it has the maximum at r?]'n = 0, Thus, the behaviour of

the radiation intensity ss a function of the angle of entry

depends, to a great extent, on the angular spread in the beam.

| If the mean angle of entry of the particles '3; = 0, the

radiation intensity of positrons in the channel has the form

{Ic(0,K)>y = ‘f{ {g ?r@ﬂ\ e

PR [ BENR L TR (1422 |
A .

This function has a minimum at A = 0, reaches a maximum at

E ~ 0.7T7, and decreases =as \HE/?'} at A > 1,

Since the calculation of the s, -ral inte. turns out

to be a fairly tedious cedure, it seems usefu » £ind a
8

(13)

simpie method for estimating the main maximum of this distribu-
tion when changing the magnitudes of 'D; and A . Since this
maximom position determined by fomuia (8) keeps unchanged, one
can expect that its height will be connected with the total |
intensity of particles trapped into the chammel. The numerical
comparigson has shown that these quantities are indeed related
by a proportional derer-. nce, Thae l2iter makes possible, start-
ing v.'" the quantity d<L.(@)>/dw max  wi rize: T ok
AT © the value nf n{<IC@J‘}:}/c{u} max TOr any va-

e
‘ues of these parameters (we denote them vis Vo and g )y

0‘: o) -Y-: (\bJJ;j:” }ﬁhﬂf}: s G{<Ic@~3]?";}ﬁj> Gc('lnﬁﬁ%14)
G‘ l wax d a e <I¢(3:"E]>

The above relation proves to be helpful in the analysis since

it allows to compare the heights of the maximum of the epectral
radiation distribution for various m and A by using the
modified potentials. One of these modifications is, for example,
a smoothing of the potential barrier on the channel®s boundaries
near the plane as a result of the lattice's zero and temperature
vibrations. One can imitate this smoothing replacing the initial
potential for a potential which is traneformed, at a certain
altitude, S » Into a "turned over" parsbola whose maximum
is at the point x = c”g_ . The corresponding data for such a
modification are given in Table 1 in which the column with Zsm
corresponds to a conventional parabola for which figures 9-13
are drawn for various values of parameter .,

The validity of the relation (14) ism confirmed by direct
comparison of these Pigures and the values <I¢\>‘ presented in
the Table in arbitrary unitsf The value Z, = 0.84 cor-

* Formula (14) makes it posgible to obtain the contribution




responds to a silicon cr}stal at room temperature, i.e. just

at this altituda' the potential changes compared to the statical
caa\;. i‘l: follows from the data in Table 1 that the height of
the first peak grows with increasing the angular interval .ﬁ
fruﬁ EQ(MR to GOIAR; moreover, the temperature "smoothing®™ has
no influence on this tendency and even at Zﬁ’—“ﬂ.ﬁ this tendency
is comserved, | :

In Ref[4] the spectral radiation distributions have been
measured for positrons with & = 4,6,10,14 GeV moving along
the plane (110) of a diamond single crystal of thickness g-
Bﬂfﬁm. The angulai' .d.ivergenc:e of the positron beam waﬁﬁé 1{}.‘R,
and the accuracy of orientation of the cryatal was 11. Sruﬂ. We
obtained for the plane (110) in the diamond: Mo = 27.5 oV
(here account is taken of the lattice' vibrations leading to
the decrease of T, ). In this case the Lindhard angle is

: i 2
.%;—. : \L%‘E 2, ( -IOGEV 1

g0 that the positron beam may be regarded as a narrow one at
all energies used in the experiment. The effect of multiple

. (15)

cont-ed

of the particles moving in the chammel. To obtain the total
height, the contribution of the above-barrier particles must be
added. The calculation of the last contribution is aignifidaﬁtlx
simpler due to the dipole approximation.

In Raf.fi] the plane petemtial was calcult;tad for all media
with the use of the Thomas-Fermi approximation. However, the
result for a diamond ( % = 6) may be only regarded as a rough

estimate, so we huri carried out tha'un_r- exact calculation.

10

gcattering may be ignored because the ratio of the crystal
thickness E to the dechanneling length fg{* is as follows:
yiliag, o Dol -
AR ~ 0.} < 4 Gev. (16)
ga"u ﬁgohrao{ &

In Ref.E%J (Fig.3) the spectral intensity of the positron emis-

sion at & = 10 GeV is shown as a function of the angle of
entry of the particles with rempect to the plane (110). Fig.1
demonstrates the result of the theoretical calculation for the
values of C'U-D Indicated in ﬁ/ and A = 10‘,“1?. Curve 4 in
Fig.1 is presented for %; = 0, As one should expect, it has
the maximum at the point EG (see eq.(8)) and there is no
characteristic structure discussed above (22',:‘:* 24 }. At %; =
46{«411 (curve 3) the first and second maxima are at the points

% =%.and ¥ =9%,, and the minimum is at the point %,
(2%,>%, » see (9)). Comparing curves 4 and 3, one can see
that the height of the peak elevates in accordance with the
above analysis by means of formulas (14) and (11). Curve 1 and
2 in Pig.1 are calculated for the values of '3-.: equal to 115
and 92}“ e and "IT K e 10!“ R. the positrons are not trapped into
the channel and all the emission is due to the above-barrier
particles. At the same time, the experimental data of Hef.@]
(see our Fig.2) show the distinct pesk at = = x_ for %’u =
92!“ R, This peak can manifest itself only during emission by
positrons moving in the chammel. The contribution of these parti-
cles remains substantial in the experiment even at ﬁ; = 11‘5/»\ R.

It should be borne in mind that this estimate overstates
the roli. of multiple scattering for pozitrons moving in the
chann..] .

1




Thus one can conclude that there exists a significant (in '3?;_
units) effective anguiar spread when the positron beam travels
through a diamond crystal.* This may be caused by the irregular-
ity of the crystal structure (the so-called mosaic atrﬁcture )-.
The crystal used in the experiment ﬁj could have s mosaic struc-
ture larger than 50 rlR (Miroshnichenko, private communication).
We nave performed a detailed comparison of the theory with the
experimental data available for various values of A .« The ac-
cordance turns out to take pléca at A~ %’c. Fig.2 demonstrates
the curves for A = ?5{.411. As it is seen in Fig.2, at this va-
lve of A the theory describes quite well the behaviour of
the spectral intensity of radiation against %; . With this va-
lue of A we have calculated the spectral intemnsity distribu-
tions measured in ﬁ/ for ;TQ = 0, Figures 3-6 show the experi-
mental data for the spectral radiation imtensiiy which have been
obtained by the suthors of Ref./4/ for & = 4,6,10,14 GeV and
for %’a = O, To compare the theoretical and e::.rperimental Bhape_él
of the spectra, the vertical scale of the thenrati_hcal curves
wasg decreased by a factor of k - The theoretical predictions
turned  out to exceed, in absclute magnitude, the experimental
oneg; and for all energies k ~ 3 (with an acecuracy better than
10%,) figures 3-6 also Bhuw*‘:he theoretical curves obtained
for W, = 0 and A = 754 R (k= 3). It 16 seen that the theo-
retical shape of the spectra is comsistent matisfactorily with

This is also confirmed with the behaviour of the intensity
with an increase of the angles of entry (cf. (11)=(14) and the

analysis thers).

" For energies £ = 456 GeV it was taken the other frequency

scale on the theoretical graphs: &J = 0.8 Gy,

experiment. For the emission of positrons with € = 436 GeV,
when the coniribution of the higher harmonice to the emission
is relatively small and the boundary of emission of the first
harmonic is to the left from the second maximum, a qualitative
spectral structure is determined by formulas (8) and (9). At

€ = 10 GeV the degeneration occurs: 2&)5&:&_}&1 » Existence
of the minimum and the second maximum at A = TﬁfﬁR {7y e ﬁ—c )
is connected with the fact that in this cmse the welght of the
states with £, = 0 in the transverse emergy distribution is
cnmpﬁrgtively emall. The structure of the spectrum at E = 14 GeV
cnrraaﬁmds also to the above theoretical analysis (see formulas
{8) and (9)): at this energy Emg}x{mstl ,.1.5.-1:119 first and
second maxime corresponds to the emissiom of the corresponding
harmonics and the minimum of spectral demsity ie between them.
It is worse tonote that ﬁ:: is decreased with increasing energy
and at a given' A the contribution of the above-barrier parti-
¢leg to the radiatiom becomes larger. The last is naturally taken
inte account in Hga.j'-ﬁ.. Eoreover, the relative comtribution
of these particles is more significant st higher frequencies.,

The experiment in Ref./5/was dealt with the emission of

positrons at an energy of 10 GaV during their passsge through
8 silicon single cr;rﬂta'l of thickness Q = '90'!43 along the
vlams (110). The depth of the potential well cam be fommd from
the resulis of Ref.fil With tempermture vibratioms takem into
acoount we have 1,25 eV, end A= TIME, o= 1.9. If one
setimatew {,5 , Beceording to Tformula (l1.5} in Reij], thanlflfgﬁ
1/4. The distance between the planes (116) in Si 4s 1.924 and
the megnitude of E?_ng‘._ is found to be equal to approximately
110 EeV. In all graphs below, for £ = 16 GeV, for Si (110) fre-
gueacies ars taken in. umits of ﬁ-:m/ﬁhﬁf%.
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Pig.7 cshows the theoretical graph and the experimental va-
lues (in arbitrary units) of the dependence of the number of
emitted photons in the interval 3040J)< 80 MeV against the angle
of entry of positrons with respect to the plane (110). Eince{;?e
radiation of the first harmonic has s maximum at frequency{ﬂmﬁg
56 MeV (see formula (8)), this interval of photon energies cor-
responds to the characteristic radiation emergles of the first
harmonic by the positrons moving in the channel. In Flg.7 theory
and sxperiment are consistent with each other,and the experiment-
al velues of W (7) do not, at least, decresse with imcreasing

\%n}l up to \%;}‘t o 5{);1,-1. R.

Similar dats for photon emergies in the interval 600< W<
1000 MeV are presented in Fig.8. The theoretical curve in Fig.8
was caloulated according to the exact formulas, however, only
the sbove-barrier positrons {EE}aB} contribute to the radiation
in the whole interval of angles "1 . For such:-values of X an
approximation familiar as the coherent radiation theory becomes

’aﬁpliaahle$ (see Hef{iL p.83)., In our opinion, the correspondencs
between the theoretical and experimental data in Fig.8 is un-
gatiafactory.

Figs. 9-18 show the theoreticsl spectral radiation Inten-
sities for various angles of entry of the positrons with respect
to the plane {110). Pigs. 9,14, and 16 chow the experimental
data ggf,ﬁnamJuﬂi mﬁinTkﬁgﬁ; we normalized the vertical scale,
but inﬂthia case the experimental valueson the graphs are in-
creased by a factor of k, k = 1,2 in Pig.9 end k = 1.7 in Fig.

= T Ve T TR T T T e T T e R

ha ha radie 1 7 at planax
The correspondence between the radiation theory at i o

. e R et o
channeling and the theory of cohersnt radiation was discusss
L ' =]
in Rafeﬁi Ta the case under comsideration their predictiona
differ by a few per ceni.

1 4:2.

14 and k = 2 in Fig.16. The shapes of the theoretical curves

and the positions of maxima and minima are in satisfactory

‘agreement with experiment. Note once more that for -%L = 0

4
Y ;L :Qmﬂ\ﬁ? in these graphs and a position of

T

minimum ceases to be connected with the lower boundary of the
particle distribution over transverse energy. However, in the
case when m,;“u 5D’MR (Fig.16), Qm&lx *ﬁhmﬁfh=?mﬂfgd(aee
eq.(9)) and g,‘ ='S>o('§'mi“f'3§:{}.95 go that one can immediately
indicate a position of minimum in the spectrum which corresponds
to the radiation boundary of the first harmonic, GJEELﬁ:TS MeV.

As for an absolute magnitude of the spectral intensity,
the experimental and theoretiecal results are in agreement within
their accuracy for the interval of angles ]%\4 EUPR (Fig.9).
The theoretical value of the absolute spectral intensity in the
interval of angles \31él50faR is larger than that in the intér—
val |V« 20MR and, as it is shown above, the change of the shape
of the potential due to temperature vibrations does not affect
this tendency. Experimental data of the paper Z@ indiecate the
opposite tendency, that contradicts, in our opinion, the data
of the same experiment (see Fig. As has already been mention-
ed, radiation probability at lea . does not decrease with in-
creasing Earl in the interva1 under discussion. Thus, theory
exempt from free parameters describes satisfactorily a wide set
of experimental results. One can hope that further experimental
and theoretical studies will clear up the reasons for the rest
digcrepances,

We thank very much I.I.Miroshnichenko and a leader of expe-
riment /5/ E.N.Tsyganov for numerous, detailed and extremely

helpful discussions concerning the experimental situation.
¥~ In Mgs.11-13,15,17, and 18 the contribution of the above

barrier particles is presented separately.
15
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Table I

Zg = Z, = 0.84 Zy = 0,58
11 < 20mR | 0.346 0.365 0.389
(V| < 40mR | 0.376 0.394 0.413
|1< 60mR| 0.403 0.421 0.482
1W1< 80mR|. 0.347 0.362 0.423
\ U< 100 mR| 0.277 0.290 0.338
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PaGora nocrymuaa — 27 oxrabps 1981 r.

OreercreeHnuit 3a sumyck - C.I.Ilonos ;
llogmuecano ¥ newaru 2.XI-I98Ir. MH I5I04
Yen. 2,1 neu.x., 1,7 yuerHo-usan.a.
Tupax 290 sks. BecrnaartHo

3agas B I39.

Orneuarano Ha poranpunre WSi® CO AH CCCP




