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Abstract

The eifects of considerable amplification of the pair
production by photons and of radiation ‘of charged
particles in aligned single crystals are suggested to use
for the creation of a comparatively simple ultra-
high-energy photon detector (w>100 GeV) with high
angular resolution.

We would like to attract attention to the possibility
of creating a relatively simple ultrahigh-energy photon
detector (@>100 GeV) with high angular resolution

For_definiteness, we chose the energy o=w,, when

=10W,,; the values of w,, are also given in Tab-
le 1. The spectrum of the particle pair, produced in the
energy range in question is rather smooth in the inter-
val 0.1<e./0<0.9 (e. are the electron and positron
energies respectlvely) see Fig. 2 in Ref.’. It is seen
from the comparison of curves 1 and 2 in Fig 1 that
when going from one main axis to another the probabi-
lity W/g changes but this change is not too significant.
When decreasing the temperature from room to the boi-
ling point of mtrogen the . increases, at a given
energy (see Fig. | in Refs??) on that part of the curve,

Table 1
Parameters of the Potential and Some Quantities Characterizing the Pair Creation
. Vo- @y, @9, ®Om, WECF m-x

Crystal } Axis T eV " as ol Gev | Gev | Tev | ™ T T,
Ca (1) 293 29 0.025 | 0.326 5.5 90 200 10 156

Siy, iy 293 54 0.150 { 0.299 15.1 150 350 14 68

Siyg (110) 293 70 0.145 | 0.324 15.8 120 250 12 78

Ge,, (L) 293 91 0.130 | 0.300 16.3 100 400 79 25

Ge,q, (110} 280 110 0.115 | 0.337 15.8 70 300 7.0 29

Ge (110} 100 1145 | 0.063 | 0.302 19.8 50 200 4 29

w (11L) 293 417 0.115 | 0.215 39.7 22 600 1.4 10.5

w () 77 348 0.027 | 0.228 35.3 13 400 I.1 10.8

, w, is the photon energy at which the pair creation
probability in the axis field is equal to the value in the
amorphous medium Wy,, ®, is the photon energy at

(better than 1073). It is suggested to make use of the
physical phenomenon of electron-positron pair produc-
tion by ultrahigh-energy photons in the fields of the
single crystal’s axes. It is important that the probability
of this process eF at ultrahigh energies exceeds consi-
derably that of the pair creation by photons in a
non-aligned crystal; the latter is close to the pair crea-
tlon ?robability in an appropriate amorphous medi-

W,,,. The maximum gain r,,, is given in Table 1.
The basic practical interest appears to be of Si and Ge
single crystals for which the exceeding of “F over
W, is rather large. This is the circumstance which is to
be used when creating the detector.

Let us present the necessary mformatlon on the pro-
perties of the phenomenon to be used' ™. At small
angles of incidence of a photon &,«V,/m (8,.is the
angle between the photon momentum and the axis, V,
the scale of the axis potential, and m is the electron
mass) the probability of the pair production by the pho-
ton W, vs. the photon energy is demonstrated in
Fig. 1. At low energies the probability WC is exponen-
tlally small, while at w=w, it equals the magnitude of

3 and then grows up to its maximum value
W/% Voox = Frae Wayy (see Table 1). The effect under discus-
sion should be used at the energies when W:'>>W,,.

max
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which WSF =10W,, ®n is the photon energy where WgF
achieves its maximum value, and r,, is the maximum
magnitude of the effect.

where WeCF, as an energy function, increases; meanwhi-
le the asymptotic values of W,” are weakly temperatu-
re-dependent. The electrons and positrons moving near
the single crystal’s axes radiate intensively. In the regi-
on of very high energies we are interested in this radia-
tion is of the magnetic bremsstrahlung nature. Fig. |
also presents the energy dependence of the inverse cha-
racteristic length of the energy losses L;' = l— Z—;’
where [ is the penetration depth of a particle into the
crystal (curves 3, 5). During the motion near the axis
the quantity L., is tens times shorter than the length on
which the particle in the non-aligned crystal loses its
energy" L,aa=1/W}y (the numerical calculations of
the radiation and palr creation probabilities in a cooled
Ge are also contained® ). Since the characteristic angles
in the pair creation and radiation processes ~mjw is

considerably smaller than the angle V,/m, the
high-energy photon with the angle of incidence
¥,V,/m causes, in the single crystal, a specific

shower evolving on the length tens times shorter in
comparison with that in the amorphous medium?.

Figs 2 and 3 illustrate the orientation dependence of
the pair creation probability W.(9,) relative to the



{110) axes in Si and Ge respectively, at various photon
energies. These results have been obtained within the
framework of a general description of the orlentatlon
phenomena at the pair creation in single crystals®. To
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Fig. 1. The total pair creation probability vs. the

initial energy for Si{lll) (curve 1), for Si(110)

(curve 2) and for Ge(110) (curve 4), as well as

the inverse characleristic length of the energy losses

for Si{110) (curve 3) and for Ge({l110) (curve 5),

at room temperature.
describe the behawour of the functlon W.(9,), we intro-
duce the angles t)OB and ﬁo 2 given in Table 2. By
definition, 1} W.(8; )= Wpy, i. e. the angle ﬂo may
be regarded as the boundary at which the coherent ef-
fects manifest themselves For Si and Ge the approxi-
mate formula 0;" ~30V,/v/ oWy, holds (here V, is
taken in eV, @ in MeV and W, in cm™"Y and
2) Wo(0"") = (1/2) W.(8,=0), i.e. the angle 8 '"?
characterizes the angular resolution. As it is seen from
Figs 2 and 3, near the threshold chosen w=w,, the pair
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Fig. 2. The pair creation probability vs. the angle of
incidence relative to the (110) axis for Si, T=293 K
for ©=0.4 TeV (curve 1), for v=2 TeV (curve 2)
and for w=>5 TeV (curve 3).

creation probability in the axis field (¢,<V,/m) is clo-
se to the coherent creation probability (8,>V,/m) so
that there is a wide plateau in the onentatlon dependen-
ce and, correspondingly, the angle ﬂo 2 s fairly large.
As the energy increases, at smalil angles the peak in

the function W.(9,) appears. This peak grows up to
o~ o, and, as it is seen in Figs 2, 3 and in Table 2, its
width decreases.
Table 2
The Angles Characterizing the Orientation Dependence
(in mrad) for the Pair Creation Process

Si¢110) Ge (110)
o, TeV '&SH ﬁl;l/‘z; o, TeV ﬁOBH 0{;!/2'
0.4 1 1,2 0.3 10 2
2 6 0,6 1 6 1.2
5 4 0.4 3 4 0.7

Our detector is a matrix of aligned single crystals of
small thickness L For deflmteness we take Si with
L=1cm= (1/13) (L ,, —l/WBH) When the photon
moves at a large angle to the axis the pair creation
probability is, correspondingly, low, whereas when the
photon is incident inside the characteristic angle discus-
sed above the pair creation probability is roughly equal
to unity, beginning with ®=w,,. The angular resolution
of the detector IS energy dependent and is characterized
by the angle \‘}o (Table 2). The particles of the pro-
duced pair are detected by a detector of small thickness
(in radiation lengths), for example, by a thin sciatilla-
tor. In addition, there is the possibility of detecting the
signal directly from the single crystals. Already at
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Fig. 3. The pair creation probability vs. the angle of
incidence relative the (110} axis for Ge, T=280 K,
for @=0.3 TeV (curve 1), for w=1 TeV (curve 2)
and for @=3 TeV (curve 3).

w=~w,, the particles of the produced pair radiate inten-
sively. For an exhaustive description of the situation, it
is necessary to solve the equations of the cascade the-
ory in aligned single crystals. This problem has very
recently been analysed by the authors®. The cascade
evolution was considered under the conditions mentio-
ned above (Si, the (110) axis, L=1 cm, T=293 K) for
the energy range o,<w,<!0 TeV. When the photon
energies are w>>w, the cascade evolves due the particu-
lar mechanism in the field of the single crystals axes
and for o<w, the particles radiate mainly in the field
of the axes but the pair creation’is due to the Bethe-He-
itler mechanism (mixed cascade). The photon energy
@;=100 MeV was taken as the lower boundary, this
corresponds to the efiective threshold of pair photopro-
duction in the matter. The lower boundary of charged



particles energy was g=10 GeV (if e<10 GeV, the
photons with energy o <100 MeV will be mainly radia-
ted). We have obtained the number N, of outgoing pho-
tons with ©>100 MeV: N,~40, 90 and 150 for the ini-
tial photon energy w,=0.4 TeV, | MeV and 2 TeV, res-
pectively. The number of charged particles Nua is
Na~N,;/11. One should emphasize that the authors*
have made a quite satisfactory description of the experi-
ment’ on the radiation of electrons with the initial
energy w,=0.15 TeV, which are incident near the (110)
axis of the cooled (T=100 K) Ge single crystal; note
that on the thickness L=1.4 mm, i.e. L~(1/2)Ly
(L,,;.:l/W/fF, we~w,o), the electron emits approxima-
tely 10 photons and loses about 75% of its energy.
These results are confirmed by a more detailed analy-
sis®. Thus the above calculations dealing with the mul-
tiple radiation of photons by the charged particles mo-
ving near the single crystal’s axis are well-grounded, in
the indicated sense, experimentally. The said above
enables one to suggest the following possible scheme of
the detector. A standard (for example, lead, tungsten)
converter of L/?,,H thickness is placed behind the thin
scintillator which is fixing the fact of pair creation in
the single crystal. In this converter the emitted photons
are transformed into the pairs, and a very strong sig-
nal caused by 80—300 particles will be registered in
* ihe second scintillator next to the converter (correspon-
ding chart is sketched in Fig. 4). After a comprehensive
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Fig. 4. Rough drawing of the detector. The photon,
moving along the axes converts into the pair (pius
some additional pairs) and the produced charged
" particles radiate many photons. The charged partic-
les produced in the crystal are detected by the first
scintillator. In the convertor photons produce e*e~
pairs, so that a very strong signal is detected by the
second scintillator. A distance between parts de-
pends on the needed angular resolution.

analysis of the cascade process® we see that there is a
possibility to measure the energy of an initial photon
basing upon the properties of this signal.

In high energy physics this device can be employed
as a thin directed converter. As an illustration, let us
consider a W crystal ((111) axis) of thickness L =0.2,
Lyp~0.9 mm. Beginning with the photon energy
o>~ (50-+-80) GeV the pair creation probability in it will
be of the order of unity (depending on the 'tem})erature?x
at a relatively wide expectance angle 9'? (see
Fig. 5). Similarly, the electrons that are incident on
this converter near the axis will radiate extensively (the
characteristic angles for radiation and pair creation are
of the same order). A rough drawing of the single
crystal system inserted in some universal detector for
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colliding beams experiment is presented in Fig. 5. When
outgoing particles escape inside small solid angle
(fixed target experiments, HERA experiments, etc.) the
single crystal system may be also very useful (see

~
beam ~

Fig. 5. Single crystal insertion in the universal
detector gives the possibility to detect e* and (with
energy starting from 10 GeV (for W) and distin-
guish them from hadrons.

Fig. 6). The main advantages of single utilization for
particle detection are: 1) detection and separation of
electrons and photons from hadrons; 2) measurement
of e*, y energies.

crystal

|
converter

Fig. 6. Single crystal insertion into the detector for
fixed target experiments. The produced pairs may be
detected by any tracking device.

‘Another interesting region of applicability” of the de-
tector is y-astronomy. We would like to discuss the
question of the detection of superhard photons from a
point source, for example, Cygnus X3. The data on its
emission of photons with an energy of 1 TeV+10® TeV
have been obtained by observing the Cherenkov radiati-
on in the atmosphere, wide atmospheric showers, as
well as the muons in deeply underground detectors. The
experimental data obtained are quite different. It is re-
cognized that the averaged flux of photons with an
energy higher than o behaves as L/w and the flux® is
I(0>250 GeV=10"2=10""!° photons/cm?s. With such a
flux, a Si detector (the (110) axis) of 1 m? area will
register 300—30 events with ©>250 GeV per year. The
detector should be oriented to the source with an accu-
racy of about 1073, The events of interest can be sepa-
rated using the system described above.

The authors are deeply thankful to A.N. Skrinsky for
numerous helpful discussions and his attention to the
work presented. We are indebted to A.G. Chilingarov
for discussion.
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Discussion

W. Vernon. What is the effective solid angle of accep-
tance for the crystal or a detector?

V.N. Baier. Typical angular resolution is at level from
several milliradians in W down to 10™* radians, depen-
ding on the photon energy. This defines the solid angle
for the selected direction where sharp increase in inter-
action cross section occurs.

V. Sorgel. You presumably require very high quality
crystals, don’t you?

V.N. Baier. No. Of course there must be some quality.
In the experiments made so far the level of an internal
curvature in single crystals was about 107%. What is
really necessary, say for W, is about 1072 So you see
that the requirement for crystal quality are rather
weak. But of course it must be a single crystal.

T. Toohig. How well do the crystal in the matrix need
to be aligned?

V.N. Baier. There are many methods to achieve the ne-
cessary alignment accuracy. One of the possible ways
is to use for the alignment this very effect which is so
large.

C.U. CepeansikoB. KakoBbl HOHH3allHOHHbIE
3/IEKTPOHOB B YCJIOBHSIX 3TOTO YCHJIEHHS?

norepu

B.H. Bajiep. Hukakux u3meHeHHH B HOHH3ALLHOHHBIX IO-
TepsiX M0 CPaBHEHHIO CO CTAHAAPTHBIM PEXHMOM He Npo-
ucxonut. MoHH3aUHOHHBIE MOTEPH HEe CBA3aHLI C 3THUM Me-
XaHH3MOM M TO3TOMYy He MeHsioTcs. O6Gcyxaaemblii Mexa-
HH3M SIBJISIeTCS] JOMOJHHTEJNbHbIM K YXKe HMeloLUHMCS.
Yike npoBeneHbl NepBblie 3KCMNEPHMEHTH B 3TOH 06J1aCTH H
nocJje HEeKOTOPOH NPEeAbICTOPHH Tenepb 3KCMEPHMEHTaJb-
Hble JaHHbie corjacyiorcss ¢ teopHeii. Habmionaemas Be-
POSITHOCTb €CTb CyMMa GeTe-raidT/iepoOBCKO# H BEPOSATHOC-
TH aaHHoro 3dgekra. Tak uTo 3TOT 3PpPeKkT sABAAETCA 10-
6aBOYHBIM, XOTAl H O4Y€Hb GOJIbLIHM.



