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The electronuclear measurements always include the background from the (e*, €")-pair photoproduction reaction in the target. The
attempt to take into account this background through its computation by usual methods with applying the computation program
GEANT-3 has appeared impractical, since it would take several years for the PC to operate. The present paper describes the
technique, which permits one to reduce the time required for the PC computation of the background to a few hours. The developed
technique has been verified by carrying out computations of the background from the (e, ¢”)-pairs for the conditions, at which this
background was measured at Saclay. The comparison between the calculated data and the experimental results has shown their
agreement.
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PO3PAXYHOK BKJALY (e', ¢)-TIAP B CIIEKPH EJIEKTPOHIB, PO3CISTHUX HA SIZIPAX
I.C. Timuenko, O.1O. Bykn
Hayionanenuii Hayxosuii Llenmp «Xapkiecokuil (pisuxo-mexHiuHuil iHCmunmymy
eyn. Axademiuna 1, m. Xapxis, 61108, Yrpaina

B JlaHUX eNeKTposIepHUX BUMIpIOBaHb MpPUCYTHiH don Bix poToHapomkenus (e, €)-map B mimeni. Cripo6a Bpaxysatu neit dhon
[UIAXOM HOTr0 po3paxyHKy Mokasaia, 10 MPH 3BUYaiHii METO0NIOTIi BUKOPUCTaHHS 00uucToBanbHOI nporpaMmu GEANT-3 Takuii
PO3paxyHOK HEMOXJIMBHH, TOMy 1[0 HeoOXimHui s Hboro 4yac pobotu ITK ckiamae mopsmok Kijgbkox pokiB. B maniit poborti
PO3IIIIHYyTa METOAMKA, SKa JI03BOJIsie 3MeHIUTH yac pobortu IIK, mo notpiben s po3paxyHKy Lboro (GoHy, 10 KiJIbKOX T'OJHH.
Tepesipkoto 3HaiieH0l METOAMKY CTAIH BHKOHAHI 3a ii J0MOMOTrolo pospaxyHku (e', € )-oHy s yMOB, IpH AKuX Leit poH Oys
BUMIipsIHUIA B 1abopatopii Saclay. [lopiBHSHHS pe3yNbTaTiB pO3paxyHKy Ta eKCIICPUMEHTY ITOKA3aJIo iX y3TOKEHHS.

KEYWORDS: enexrposimepHi BUMiIpIOBaHHS, MillIeHb, (HOTOHAPOKEHHS 1ap, (JOH, MOAEITIOBaHHS

PACYET BKJIAJIA (e*, ¢ )-ITAP B CHEKTPBI DJJEKTPOHOB, PACCESTHHBIX HA SIJTPAX
N.C. Tumuenko, A.1O. Byku
Hayuonanvneiti Hayuneiii Llenmp «Xapokockuti pusuko-mexnuyecKuti UHCMumym»
ya. Axademuuecas, 1, 2. Xapvxos, 61108, Yxpauna

B 21eKTposIepHEIX W3MEPEHHIX BCEr/la MPUCYTCTBYET (OH OT (HOTOpoXaeHus B MumeHu (e, ¢ )-map. [TonmeiTka ydecTs 3ToT (hoH
myTéM ero pacyéra IoKa3aa, 9To Mpu OOBIYHON METOMOJIOTHH MPUMEHEHUS BRIYUACIUTENbHOM mporpaMmbel GEANT-3 takoii pacdér
HEBO3MOJKEH, TaK Kak HeoOxomumoe mist Hero Bpems pabots! I1K mopsimka mHeckonmpkux sier. B Hactosmielt pabore paspaborana
METOJMKa, KOTOpasi MO3BOJISIET YMEHBINUTH Tpedyromieecst st pacuéra storo ¢ona Bpems padorts!l ITK 10 HeckoabKHMX HacoB.
IIpoBepkoii HaiiIeHHOI METONMKH GbLITH BHIMOJHEHHBIE C €€ TOMOIIBIO pacuéThl GoHa oT (e', €7)-nap ans ycioBHii, PU KOTOPBIX
9TOT (hoH OBLT N3MepeH B nadoparopun Saclay. CpaBHeHHE pe3yIbTaTOB pacu€Ta 1 SKCIIEPHUMEHTa [I0Ka3ajo UX COrJacHe.
KEYWORDS: s1eKTposiiepHbIe U3MEPECHUS, MUIIIEHbB, (OTOPOKICHHUE Map, POH, MOJACTUPOBAHKE

The electron-nucleus scattering spectrum comprises the contribution of electrons from the (e', e)-pair
photoproduction reaction in the target. Its measurement procedure includes the magnetic polarity reversal of the
spectrometer, and the measurement of the positron spectrum, which is similar to the electron spectrum from (e', ¢)-
pairs. However, these measurements may take a substantial part of the time of experiment, i.e., costly running time of
the accelerator. Therefore, it is reasonable to replace the measurements of the background by its computation.

The spectrum of positrons escaping from the electron-irradiated target can be calculated by the numerical
simulation methods, using the computation program GEANT-3 [1] for the purpose. However, the estimation of time
required for this computation has shown that it would take no less than 10* stream days of the PC. Hence, should the
need arise to calculate the background of (e”, e )-pairs, then for the solution of the problem it would be necessary to
change the computation procedure in such a way as to increase the computing speed by several orders of magnitude.
Precisely this optimization of computation is the aim of the present work.

(e*, )-PAIR PRODUCTION IN THE TARGET BOMBARDED BY ELECTRONS
The (e, e )-pair production in the electron-irradiated target is the result of two nuclear reactions occurring one
after another, viz., bremsstrahlung photon emission by incident electron (¢ — (¢, y) reaction), and electron-positron
pair production by this photon (y — (e*, ¢) reaction). The calculation of the bremsstrahlung photon spectrum is one of
the procedures, which is executed by the GEANT-3 program most often. As regards the (e”, ¢)-pair photoproduction,
the cross-section for this reaction can be calculated at certain conditions with the use of analytical formulas from [2].
© Timchenko I.S., Bukh.Yu., 2015
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The comparison between the data calculated by those formulas and the results of computations by the GEANT-3
program is given in Fig. 1. It is obvious from the figure that at positron energies £’, which correspond to the conditions
of application of the equations of [2], the data calculated by those equations are in agreement with the CEANT-3
computations. Let electrons incident on the target have
equal energies E). The bremsstrahlung caused by these
electrons presents a continuous spectrum with photon
energies Ey ranging from 0 up to Ey — m., where m, is the
electron mass. We write down the yield of bremsstrahlung
photons of energy Ey in terms of the differential cross-

300

% section do..,(Ey,E,)/dE, for the reaction e” — (e, y)

: (5 )

S 200 do Ey E

R e—y \ 70>~y

e N7 (EO,E;,) =Tne,nn , (1)
& Ve

3

% where n._ is the number of electrons arrived at the target,

n, is the target thickness represented as the number of
nuclei per cm”. The yield of positrons of energy E’ from
the (e', e )-pair photoproduction reaction is represented

similarly by
do, . (E,.E')
[ AR R R R R R R }/,e+
0 50 100 150 200 250 300 Ney (Ey,E') sy @
) ) ) E.’ MeV . . Here do,.+(E,,E")/dE" is the differential cross-section for
Fig. 1. Differential cross-section for (¢, €")-pair photo- the reaction y —> (e+, ¢); n, is the number of photons that

production by °Li versus positron energy E'.

X : hit the target and have the energy E,. The variable n, is the
The photon energy is E,=330MeV. The points show the

GEANT-3 computations, the dashed line is the complete yield Ny(Eo,E,), which is determined by (1). Substituting

screening case, (eq. (33.20), [2]), the solid line — absence of (1) for the variable n, in (2), and then integrating (2) over
screening (eq. (33.19), [2]). the whole spectrum of bremsstrahlung photons, we obtain

the positron spectrum originating from the electrons of

energy E:
E()*me
do E E'Y do._ |EyE
Ny, (Eg.E')= j = - NG )ne_nn dE, G)
dE dE},
0

It is not difficult to see that (3) describes the case, where the bremsstrahlung photons are emitted in the target of
thickness #,, and then, in the other target of the same thickness these photons give rise to the production of (e, e)-
pairs. What actually happens is that the bremsstrahlung photon emission takes place over the whole electron trajectory
in the target substance. We divide the target thickness into K identical layers. In a thin target, the yield of
bremsstrahlung from each layer is the same, and this yield from an arbitrary i-th layer can be written as

N, (Eo.E, )= N, (Eo.E, ) /K, @)

where N,(Eo,E,) is determined by (1). However, the probability of inducing the (', € )-pair photoproduction reaction
depends on the number of layers between the point of photon emission and the back surface of the target. For example,
for the photon emitted near the front surface of the target, the probability of occurrence of the y — (e, ¢") reaction is
maximum, whereas the photon, emitted near the back surface of the target, immediately leaves the target substance, and
thus cannot induce any reaction. We numerate the layers starting from the front target surface downstream. Then the
number of (e*, €")-pairs produced by the photons from the i-th layer will be given by

N, i(Eg.E')=N,, (Ey.E")x(1-i/K)/K . (5)
Let us make summation of equation (5) from i =1 up to i = K - 1, and let K tend to infinity. As a result, we obtain the
expression for the positron yield from all bremsstrahlung photons produced in the target exposed to electrons of energy
Ey

N, (Eg.E")=N_, (Ey,E")x1/2, (6)

where N%.(Ey,E'") is determined by (3).
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This expression can be represented as a structure
consisting of two hypothetic targets. The first target 4 of
2000 L thickness '4n, generates bremsstrahlung photons, and in

the second target B of thickness n, the photons from the
first target give rise to (e’,e)-pairs. We call this
representation of the target as the “double target” (DT)

model.
The computation of the bremsstrahlung photon
-, spectrum does not take much time of PC operation. Fig. 2
N. L exemplifies the result of the computation of this spectrum.
e We divide the spectrum into several similar energy
1000 "".‘.," intervals of width AE,, the average energy in each interval
I being E,,;. Let us consider the spectrum under discussion
'1\-3. . as a set of several groups of monoenergetic photons, each
N | group having the energy E,,;, with the number of photons
"l N,,, which have this energy. The N,,; value is determined

T et 1y

.
R [

1500

0y

500 e by the area of the spectral region lying within the photon

WNeaty energy range E,; + AE,/2. The number of photons per
E: bremsstrahlung photon from the L-th interval is given by

. L = Ne. /Ny,L.
IR PR R TR A | PR We apply GEANT-3 for computing the passage of
200 250 300 350 photons of energy FE,,, through the target B (the DT
E , MeV model). If the number of photons is sufficient, then, as a
¥ result, for the photon group of energy E,,, we obtain the
positron yield in the form of the spectrum N (Eo, E').
After computations for all the energies of monoenergetic
photons, it is necessary to sum the positron spectra
corresponding to these photons. However, for each
positron spectrum of that sum we need to have the
weighting factor that would normalize the spectrum to the number of electrons, which should fall on the target in order
for the spectrum to be obtained. In view of the normalization, the sum representing the positron spectrum may be

written as
N, (EyE'
N . (Ey.E')= Zﬂ @)
- n, X1y

130 180 | 230 280 | 330

100

| -

150

Fig. 2. Photon bremsstrahlung spectrum calculated by
GEANT-3.
Vertical lines show energy intervals, AE, = 50 MeV in width,
bold-faced figures show average energies E,,; for the intervals.

THE SPECTRUM OF POSITRONS COMING TO THE SPECTROMETER

Experimental positron spectra measured from “*Pb at E, = 354 and 645 MeV have been given in paper [3]. For the
purposes of comparison between the computed results and the experimental positron yield, we have used in our
computations the spectrum measurement conditions [3], i.e., the target thickness in units of radiation length
fo=1.6x107%, the exit angle 6 = 60°, acceptance angle of the spectrometer AQq = 7x107 sr. Besides, the positron yield
from the 2%Pb target was calculated at £, = 354 MeV, 6 = 20°, and from the SLi target of thickness #, = 0.3x10 rad.
length at £, =260 MeV, 0 = 15° and 35°.

Further, the computations are exemplified by the ***Pb target and E, = 354 MeV.

If we assume that the collimator of the spectrometer is a square in section, then using the AQ), value it is not
difficult to calculate the acceptance of the spectrometer in the scattering angle: AQ = 4.8°. The positron yield is axially
symmetric. Therefore, to speed up the computation, we replace the acceptance of spectrometer AQ, by the solid angle
included between the cones with openings 20, and 260,, where 0; = 0 — A6/2 and 6, = 6 + A6/2. This solid angle is AQ =
27(cosB; — cosh,) sr. If on a certain interval AB’ > A0, the N.. yield is assumed to be a linear function of 0, then in the
computations, AQ may be replaced by AQ' = 2n(cosd’; — cos0',) sr, where 6'; = 0 — A0'/2 and 0', = 0 + AO'/2. The
linearity is testified by a weak deviation from the unity ratio given below

R:Né+ Ne+
AQ'/ AQ -

®)

Here N'../AQY is the yield of positrons N, in case of a larger solid angle AQ', normalized to this angle, N../AQ is the
same for the smaller solid angle. In practical terms, it may be considered that if AO is between 1°and 5°, and A6’ > 2A0,
then the deviation from the unity ratio R roughly corresponds to the relative error in the calculated yield N'.. value,
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which arises due to the increase in the solid angle from AQ to AQ'. The admissible value of the error depends on the
(e', e )-pair background contribution to the electron spectrum. In our yield calculations at ® = 60°, the angular
acceptance of the spectrometer specified the angle A = 4.8°, and for the computation we took AO" = 10°, which was
consistent with AQY’ =0.95 srand R=1.1 £ 0.1.

For all that, the application of the above-given
technique shows that the PC operation for a few hours
ensures the computation of positron yield from the **Pb
100 L target within a statistical uncertainty of about 10%, but only
for # > 0.1 rad. length, while the real target thickness ¢, is of
about 0.01 rad. length. One can try to calculate the positron
yield from such thin targets by carrying out the following

3 operating sequence:
N a) calculation of the yield N.. for a set of values of
et t>0.1 rad. length;
L b) the finding of the function N..(f),which adequately
‘; (a) describes these calculated data;
c) extrapolation of the function N..(f) to the region of
0.1¢ t < 0.1 rad. length, i.e., = f.
The success of applying the described procedure
depends on the choice of the function N..(¢). Let us examine
0.01¢ the function.

0_61 01 If in the passage of the photon through the substance
only the reaction of (e’, ¢")-pair photoproduction took place,
then, as it follows from the definition of the term “reaction

100 L cross-section”, the positron yield would be linearly

dependent on the target thickness: N..; oc . To arrive at the

spectrometer, the as-produced positron should be scattered
10k through the angle 6 + A6/2, which results from positron
interaction with the target substance. If this interaction is

N ek described only by the cross-section for scattering by the

1L electron, then the positron yield should also be linearly
dependent on the target thickness N, oc t. Since both the

(b) photoproduction and scattering reactions take place in the

target B in sequence, then the yield for the positron coming

to the spectrometer can be written as N, oc £2. At small target

thicknesses, the large-angle positron trajectory deviation

occurs mainly due to positron-electron scattering. However,

, . at these conditions other, less probable, processes manifest
0.01 0.1 themselves. Therefore, in the #-dependence of N.. under
¢, rad. length consideration, the exponent on ¢ is not exactly equal to 2. The

i ) GEANT-3 program can calculate the processes that exert
Fig. 3. Positron yields N, versus target thickness . influence on the positron motion in the substance. Using this

a) The points show the calculation for the **Pb target at £, = program, we have calculated a variety of positron yields in a

330 MeV and § = 60°, the solid line is the result of function  wide range of # values for the following cases: ***Pb target at

(9) fitting to the points; bo) the same but for the "Li target at E, = 330 and 610 MeV, exit angle 0 = 60°; 208py, target at

E,=250MeV and 6 =15°. E, =330 MeV, 0 = 20° and also, °Li target at E, = 250 MeV,

0 =15°and 35°.

The calculation results relating to each of the energies E, were reduced to the same number of photons 7, , which
corresponds, according to the DT model, to the photon yield from the target 4, as n.. electrons are incident on it. Then
the calculated positron yields were fitted with the function

0.1F

001k

N, (t)=Axt? ©)

where 4 and p are the variable parameters (Fig. 3). The powers resulting from fitting were as follows: p = 2.0 to 2.1 for
the lead target; 1.6 to 1.9 for the lithium target. On substitution of the target 4 thickness ¢, into function (9) with the
obtained parameters, we get the positron yield from the target under consideration. We denote this yield by Ne. (%),
and assume that the N, (%) value, derived in this way, has been determined with a reasonable degree of accuracy.
However, it took more than 24 hours of PC operating time to compute the positron yield, which corresponds to one



42
EEJPVol.2No0.2 2015 I.S Timchenko, A.Yu. Buki

photon energy value. This time consumption is admissible in the elaboration of the computation procedure, but is
undesirable in actual practice.

A further computational shortcut consisted in choosing the optimum set of the yields to be computed. So, from the
array of N, for a wide range of ¢ values employed to obtain the yield N, (%), different sets of these values were
chosen, and function (9) was fitted to them. Each fitting gave its N, (%), where the index j denoted the set of computed
yields used in the fitting. As a result, the group of N, j(#)) values was formed, from which the nearest to N..,,(fy) were
chosen. The computations were carried out at different photon energies and angles of scattering by ***Pb and °Li targets.
As a result, the most optimum set was found to consist of two yields corresponding to the target thicknesses ¢ = 0.08 and
0.33 rad. length. The N..(fy) values computed on the basis of these yields differed from the N.. ,(t)) values by no more
than 10% or 15%. This difference specifies the limit of accuracy of further computations, where the computed positron
yields corresponding to the mentioned thicknesses are used to obtain the yield N..(f).

ol 14}
A 12F
~
> 8 i [ ]
@) 1ok
Z L. [ ]
£ 6f 0.8}
E -
w 06)
g 4r (a) I ] (b)
S 0.4}
Nb
2 L
= 02}
1 n 1 ) 1 A§ 1 ni 1 l; | . I 1 n : n ] § n I.
100 150 200 250 300 350 300 400 500 600
E', MeV E', MeV

Fig. 4. Positron spectrum
a) 2%®Pb target, 1.6x107 rad. lengths thick, at £, = 354 MeV and 6 = 60°. The points show the present calculated data; the cross
shows the experimental value taken from [3]; b) the same but for the positron spectrum corresponding to £y = 645 MeV.

Using this method, we calculate the positron yield from the ***Pb target at 6 = 60° for photons of energies 130,
180, 230, 280, 330 MeV. Then, by means of (7) we obtain the positron spectrum corresponding to the electrons of
energy Ey= 354 MeV incident on the target. As stated above, a similar spectrum was obtained by experiment in work
[3]. From the figure given there', the yield of positrons of energy E' = 100 MeV can be estimated to be
8.7+ 1.4 nbn MeV ' sr”', this being consistent with our calculated data (Fig. 4a). The authors of paper [3] also gave the
experimental positron spectrum from the ***Pb target measured at £, = 645 MeV, 8 = 60°. Our positron spectrum
calculations carried out for this case are also in agreement with the experimental result (Fig. 4b).

In the experimental works [4] and [5] the important results of the Coulomb Sum values of °Li and Li respectively
were obtained, however the detailed measurements of positrons emission from the target were not carried out and so the
background of (¢”, e")-pairs wasn’t taken account. Using the developed method we calculated the positrons spectra for
typical measurement conditions [4,5]: Ey =260 MeV, 6 = 35° and E, = 135 MeV, 6 = 160°. According to the performed
calculations, the maximum value of ratio the (¢', ¢)-pairs background to the scattered electrons yield was 4x10™ in the
case of @ = 35°, and was 5 x107° in the case of measurements under 6 = 160°. These obtained values correspond to the
tails of quasy-elastic electron scattering peaks, where the experimental errors amount to 20% + 50%. Thus the
neglecting of the background of (¢, ¢)-pairs in works [4] and [5] may be consider as justified.

! For ease of comparison between our present calculations and the data of [3], Fig. 4 shows the (e, ¢")-par background in the same
form [3], i.e., as a twice differential cross-section. It should be noted that this representation of the (e*, €")-par background is
incorrect. That is, in view of the ¢ — (e, ) reaction taking place in the target 4, the yield of the (¢*, ¢")-par background is N,, o £.
However, according to the definition of the reaction “cross-section”, the reaction yield is directly proportional to the target thickness.
Therefore, what is shown here in Fig. 4 and in Figs. of [3] may be called “the pseudo cross-section” corresponding to the target
thickness 7”. If comparison is made between two pseudo cross-sections corresponding to the same target thickness (Fig. 4), or
between the reaction cross-section and the background cross-section [3] (both cross-sections being measured on the same target),
then in both cases this is merely the comparison between two yields represented in not exactly correct form.
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CONCLUSION
The main result of the present paper lies in the development of the methods, which in the case of electronuclear
experiment enable one to compute (with a PC) the background of (e, ¢)-pair photoproduction on both heavy- and
light- nuclear targets (***Pb and °Li, respectively). In each case, it took about 12 hours for the PC to compute the
positron spectra by these methods (Fig. 4a, b), which may be considered quite acceptable for practical work.
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