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The heuristic model for description space-energy characteristics of the high-energy bremsstrahlung has been de-
veloped. On its basis the method for analytical estimation photonuclear yield of isotopes in wide range of atomic
number (Z=20-80) and size of a target as well as of the electron energy (40...100 MeV) is proposed. The analysis of
validity of the model assumptions has been executed by means of it comparison with the results of simulation using
the program package PENELOPE/2006 [1] supplemented with database on the cross-sections of photonuclear reac-
tions. It has been shown earlier that such simulation method provides close fit with the experimental results. As an
example the reactions of practical interest *Ti(y,p)*’Sc, ®*Zn(y,p)*’Cu and "*"Re(y,n)'*Re are presented.

PACS: 07.85.-m, 81.40wx, 87.53-j, 87.53.Wz

1. INTRODUCTION

1.1. In the general case, the output devices of the
electron linac operated in the mode of isotope produc-
tion include a converter C in the form of a d thick plate
made from the material with great Z, and a target T in
the form of a cylinder of radius R and height H, which
is axially symmetric about the beam (see Fig.1). As a
result of the interaction between accelerated electrons
and the converter, a flux of bremsstrahlung photons (or
X-ray) escapes from the converter. The photon energy o
is continuously distributed in the spectrum in the range
0 <® < Op=Eo- Simultaneously, a flux of electrons
escapes from the converter. Their number and spectral
distribution being determined by the E, value, and also,
by the converter material and thickness. Thus, a flux of
mixed e,X-radiation is formed in the converter and the
target, which is responsible for thermophysical and ra-
diation conditions of these devices [2].
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Fig.1. Arrangement of basic elements for photonuclear
production of isotopes

In addition, as a result of (y,n) reactions occurring in
the converter, a quasi-isotropic photoneutron flux es-
capes from the converter. As an example of these reac-
tions that occur in the natural tungsten converter we
mention the 182W(\(,n)““W and 186W(\(,n)ISSW reactions.
The photoneutrons may also initiate the yield of differ-
ent isotopes in the target [3]. In the context of the given
problem, we restrict ourselves to the consideration of
(v,N) reactions only, because (y,2n), (y,np), (y,a), (e,e’),
(n,y) and other channels generally have substantially
lower cross section values.

1.2. The processes of high-energy photon transfer in
material media are generally described with the use of
the attenuation coefficient w(Z,w) [4]. In particular, the
intensity of the “narrow” photon beam dies away in the

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2010. Ne 2.

Series: Nuclear Physics Investigations (53), p.145-149.

target depth in proportion to exp[-i(Z,0)-z]. The p
value characterizes the so-called “free path” of photons.
So, strictly speaking, the reactions with photon partici-
pation can occur in the whole half-space behind the
converter (R—o, H—>). With an increasing target size
the total yield of the isotope product in the i-type reac-
tion (normalized to one accelerated electron) tends to its

theoretical limit y;°(E,). As an example, Fig.2 shows

the simulated distribution of *’Sc nuclei that are pro-
duced in a large titanium target (R=10 cm, H=15 cm)
under the action of bremsstrahlung.

Fig.2. Distribution of ¥’ Sc nuclei in the Ti target
(Ep=100 MeV)
Thus, at the initial stage of developing the photonuclear
technology, the main task consists in estimating the iso-
tope yield for real parameters of the accelerator (elec-
tron energy Eo, the average beam current I and beam
size), and also, in optimizing the target dimensions (R,
H) with regard to the total and specific activity. The key
parameters of the problem are as follows:
e clectron beam density distribution on the converter;
e converter’s material and thickness d;
o value of gap a between the converter and the target.
1.3. The number of new nuclei in the target per one
accelerated electron can be described in the general case
by the following formula:
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where d.)y(r,a)) is the differential fluence of

bremsstrahlung photons of energy o that are generated
by a single electron in the target volume element having

the radius-vector 7 ; o,(@) — i-reaction cross section;

@, — i-reaction energy threshold; v, — relative con-

centration of isotope-target nuclei; nt — bulk concentra-
tion of nuclei in the target; /' — target volume.
Thus, the problem reduces to analytic representation

of the functions &, (r,w), 0,(@) and to calculation of

integral (1). From its form it follows, in particular, that
in our calculations it will be sufficient to take into ac-
count only the high-energy part of the photon spectrum
Wy =Opin< @ < Ey. Those photons will be referred to as
“effective”.

2. DESCRIPTION OF BREMSSTRAHLUNG
2.1. PHOTON ENERGY DISTRIBUTION

It follows from the simulation data that the depend-
ence of the spectral bremsstrahlung intensity on photon
energy o for a thick converter can be described in the
linear approximation by the following expression

ON (E,,d,w)
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By extending this approximation to the whole pho-
ton energy range 0 < o < E,, it appears possible to de-
termine the coefficients b and ¢ from the conditions
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where 77 is the conversion coefficient. This coefficient is
defined as the ratio of the total energy of bremsstrah-
lung photons to the primary electron energy.

Thus, in the linear approximation, we can obtain the
following expressions for the spectral photon distribu-
tion in the 0 < w < Ej range

Nos (£, d,0) = 2n(E0,d>(i—iJ , (3)
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and also, for the “effective” photon yield (®y,;,<®<Ej)

AN, (E,d, 0, ) =2n(E,,d)- {wE—“:"—ln[a)E—"‘o"“] - 1}. 4)
Formula (4) provides the estimation of the “effec-
tive” photon yield from the conversion coefficient val-
ue. The last one can be determined experimentally with
the use of a thick-wall ionization chamber or a calo-
rimeter or by the simulation technique. So, Fig.3 shows
the conversion coefficient as a function of the W con-
verter thickness, and Table 1 lists the AN, values for
different reactions, calculated by formula (4) and ob-
tained by the simulation technique (@y;,=7.2 MeV cor-
responds to the **W(y,n)"**W reaction threshold, being
the lowest from among those considered in the present
work). From the data presented in Fig.3 it follows that
in the 40...100 MeV range the maximum conversion
coefficient value is within the limits of 0.42...0.51.
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Fig.3. Energy conversion coefficient versus W converter
thickness. The figures indicate the electron energy E,
in MeV units

Table 1
“Effective” photon yields for different reactions (W converter, d=4 mm)

Eo, MeV 40 60 80 100
Reaction ANyl ANy ANyl ANy ANyl ANy ANyl ANy
*Ti(y,p)*’Sc 0.4527 |0.3772 | 0.7782 | 0.6895 |1.027 |0.9430 |1.230 [1.1572
*7n(y,p)"’Cu 0.5482 | 0.4693 | 0.8945 | 0.8118 |[1.153 | 1.0831 |1.362 |1.3093

"""Re(y,n)"*Re 0.7526 | 0.6813 | 1.136

1.0818 | 1.411 | 1.3884 |1.631 |1.6403

The analysis of the data in Table 1 shows that the li-
near approximation of the bremsstrahlung spectrum
gives an overestimated value of the “effective” photon
yield (up to 20%) at the lower boundary of the Z and E,
value ranges under consideration. At the same time, the
divergence practically disappears at the upper boundary
of the mentioned ranges. This is due to a certain radiant
energy redistribution between the lower and middle
parts of the spectrum at its linear approximation.

2.2. SPACE-ANGULAR DISTRIBUTION
OF PHOTONS

The peculiarity of electron dynamics in the linear
accelerator lies in the limitation of the cross-sectional
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size of the beam by the aperture of the accelerating
structure along the whole path of beam formation.
Therefore, the angular divergence of electrons on the
front surface of the converter can be neglected. The
probability density function of their radial distribution is
commonly described by the Gaussian law [5]
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where 9. is the standard deviation of the distribution.
The generation of bremsstrahlung photons and the
angle of their escape from the converter are determined
by the processes of accelerated-electron multiple scat-
tering in the converter. Therefore, we shall assume that




the radial and angular photon distributions behind the
converter can also be described by the Gaussian distri-
bution with the standard deviations &,.(E,d) and
0,0(Eo,d), respectively.

The simulation method was used to calculate the ra-
dial and angular distributions of “effective” photons
(Omin=7.2 MeV) for the W converter of different thick-
ness at various E, values. The distributions were ap-
proximated by the Gaussian functions with the result
that the following standard deviation o, as functions of
the converter thickness d ranging from 0 to 1 cm was
obtained:

3
5,,(d) =3, +k(E,)-d. ©)
For the 0.4 cm thick W converter the coefficient
k(Eo) value is variable from 0.053 (E, = 40 MeV) to
0.029 (Eo =100 MeV).
As an estimate of the average exit angle of “effective”
photons from the converter 0(E,,d), we take
0(E,,d)=~2In265, ,(E,,d)U 11776, ,(E,,d), (7)
which corresponds to the half-width at half-height of the
0 distribution. From simulation results it follows that for
the 0.4 cm thick converter the 6 value lies within the
range from 7.2° (E¢=40 MeV) to 3.8° (E;=100 MeV).
So, the standard deviation of the radial photon flux dis-
tribution behind the converter in the plane with the co-
ordinate z (z = 0 corresponds to the front surface of the
converter) is given by

8, (Bpd,2) =5, +k(E,)-d) +(z—d)- 10 (Ep,d) . (8)

Henceforth, to take into account the photon flux
density variation along the target axis owing to the an-
gular divergence of the flux, we shall use the 6, value
at the target half-height oratz =d + a + H/2.

3. THE PHOTONUCLEAR YIELD OF
ISOTOPES IN THE CYLINDRICAL TARGET

3.1. To express analytically the photonuclear reac-
tion cross section o;(@), we make use of the customary
form of description of the giant dipole resonance [6]:

(al,)’
(0)2 _ a)iZ)Q + (a)ri)Z 2 (9)
where [ is the excitation function width at half-height,
@; 1s the photon energy corresponding to the cross sec-

O-’(a)) — O_imax .

tion peak 0" .

Table 2 gives the characteristics of both the cross
sections for the reactions under consideration and the
target material of natural isotopic composition.

Table 2
Parameters of target materials and excitation functions
th max
Reaction | firs| ™ | ev] b’ | Moy | e
*Ti(y,p)"'Sc | 4.54 0.738| 11.6 | 6.8 21.3 7.32
BZn(r.p)”Cu | 7.133 | 0.188] 9.99 | 10.76 | 23.16 | 8.82
'Re(y,n)"*Re| 21.02 | 0.626| 7.38 | 424.65| 13.19 | 3.67

3.2. For the case of the cylindrical target axially
symmetric with radiant flux formula (1) can be rewritten
as

N d+a+H R E
- Da y o
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At linear approximation of the spectrum (3), the expres-
sion for the normalized differential fluence of “effec-
tive” photons with allowance made for attenuation of
their flux in the target material can be represented as

(1 1) T P
Oy’l(z’r’w)_ﬁ&ir(z)(w on exp{ {25;,(2)+y(a)) (z—d a):l},

(11

where 0, (2) is determined by formula (6).

3.3. According to the simulation results, in the
10<£w<50 MeV range overlapping the giant dipole reso-
nance region, the photon attenuation coefficient ()
varies only very slightly practically for all the materials.
Taking also into account the form of the excitation func-
tion oi(w), in the further calculations we can put
(@)= @,). Then, substituting eq. (9), (11) into formula
(10) and integrating over r and z we obtain
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formula(13) takes on the form
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Finally, the expression for the normalized yield of
isotopes in the cylindrical target can be represented in
the following form

y,-(Eo)={1—eXp{—

R }}
26, (d +a+H)/2)
{1-exp[-u(@) - H]}- 37 (Ey), (19)
where the yield in the semi-infinite target is given by

© _ & max'n(EO’d). _
Yi(E)=2v,pp y g; @) [W(g,)—Y(& )] (20)

3.4. The maximum volume velocity of isotope prod-
uct generation falls on the front surface of the target in
the neighborhood of the target axis (z=d+a, r=0), where
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the photon flux density is the highest. For this region,
the normalized specific yield of the isotope can be de-
termined as

j/’_ = di = VT &_ 772(E0’tc) O_[max .
dm; A 76;,(d +a)

¥(&) =& )] @1

3.5. With formulas (19)-(21) it is easy to estimate

the total activity of the target and its peak specific activ-

ity after the time of exposure 7 at an average electron
beam current / as

4(7) = Iy’(E){ exz{—%'fﬂ, (22)

where e is the electron charge, 7; is the half-life of the isotope.
3.6. Figs.4 to 6 show the normalized photonuclear
yields of ¥'Sc, ’Cu and '"Re isotopes as functions of
the electron energy Ejy (3.=0.25 cm; d=0.4 cm) for the
targets from natural materials, measuring 2RxH (cm).
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Fig.6. Re-186 yield from the Re target

The data were obtained through calculations by for-
mulas (19), (20), and also through simulation with due
regard for the excitation functions measured experimen-
tally [6]. The last ones are denoted in the figures by the
m symbol. The [W(g,)-"¥(¢,,)] function values for

the reactions are listed in Table 3.

Table 3

The [\ (&,) — (&, )] function values

Lo MeVil 4o | 60 | 80 | 100
Reaction
“Ti(y,p)"’Sc 0.1995]0.2829 [0.3265 | 0.3532
%Zn(y,p)°"Cu | 0.2026]0.3011 [0.3532 | 0.3853
"Re(y,n)**Re | 0.2474/0.2922 10.3150 | 0.3288

CONCLUSIONS

The high-energy bremsstrahlung flux, to which the
processing target is exposed, is substantially inhomoge-
neous. The radiation intensity and its distribution in the
target volume are governed not only by the electron
energy and the average beam current, but also by the
beam size, the converter thickness and material, as well
as by the target size and location. As a rule, the target
interacts only with a part of the photon flux, and as a
result, an uncertainty arises between the target activity
and the electron beam charge. It is just here lies the vital
difference between photoactivation and the heavy parti-
cle activation, when practically the whole beam charge
is localized in the target. Therefore, the normalization of
the isotope yield to the beam charge (accepted in accel-
erator technologies) without a detailed description of
activation conditions, appears not quite correct, as ap-
plied to the photonuclear method.

The analysis of the data in Figs. 4 to 6 shows that the
proposed model gives overestimated isotope yield val-
ues for the targets with Z<30. The discrepancy de-
creases till the coincidence of the results is attained in
the region of Z = 40, E; = 50 MeV. With an increase in
the electron energy the model starts to give underesti-



mated yield values. The discrepancy becomes greater at
Z — 80 (see Fig.6).

The mentioned difference between the analytical es-
timation data and the simulation data can be explained
by the fact that the proposed approximation of the
bremsstrahlung spectrum (see formula (3)) gives overes-
timated (up to 20%) “effective” photon yield values for
all the reactions at E, < 100 MeV, the discrepancy de-
creasing with an increase in Z and E, (see Table 1). The
reversal of the sign of discrepancy between the isotope
yield data in the region of Z>40, E;>50 is due to the fact
that the proposed model takes into account the channel
of isotope production only under the action of photons
generated in the converter. At the same time, as the Z
value of the target and the electron energy increase,
there grows the contribution from the reactions due to
photons produced in the target itself by the high-energy
part of the electron flux that has passed through the
converter.
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Cmamowsa nocmynuna 6 peoaxyuio 02.12.2009 2.

AHAJIMTUYECKHA METO/ OIIEHKH BBIXO/IA M30TOIIOB ITPH ®OTOSAJIEPHOM
IMPOU3BOACTBE

B.U. Huxugopos, B.J1. Yeapos

Pa3paboTana 3BpucTHYECKasi MOAENb [UISl OMUCAHHS MTPOCTPAHCTBEHHO-IHEPIETHUYECKHX XapaKTEePUCTHK BBICO-
KOPHEPTeTHYHOTO TOPMO3HOTO M3IMy4deHHUs. [IpenoxkeH MeTO I ¢ ee HMCIIONB30BaHUEM /IS aHAJTUTUYIECKON OICHKH
(hoTosmepHOTO BBIXO/a M30TOMOB B IIMPOKOM JAMAaNa30He 3HaueHHWH aToMHOTO HOoMepa (Z=20-80) u pa3MepoB Mu-
IEHH, a Takoke YHeprud AMeKTpoHoB (40...100 MaB). [IpoBenen aHamn3 000CHOBAHHOCTH IOIYIIECHUA MOJCIH ITy-
TEM €€ COIIOCTABJICHUS C pe3yJbTaTaMU MOJAEIMPOBAHMUS Ha OCHOBe mporpamMmuoil cuctemsl PENELOPE/2006, mo-
MOJTHEHHOM 0a30i JaHHBIX MO CEYCHUSIM (OTOSICPHBIX peakiuii. Panee ObLIO MOKa3aHO, YTO TAKOW METO. MOICIIH-
pOBaHUS JaeT XOpoIllee COTJIacHe C pe3ysibTaTaMu SKCIEepUMEHTa. B KadecTBe ImpuMepa pacCMOTPEHBI MPEICTaB-
JISTIOIIUE TIPAKTUIECKUH MHTEPEC pEeaKInU 48Ti(y,p)‘wSc, (’SZn(y,p)mCu u 187Re(y,n)l%Re.

AHAJITUYHWUI METO/J OHIHKH BUXO/Y 130TOMHIB ITPA ®OTOSIIEPHOMY BUPOEHUIITBI
B.I. Hixighopos, B.JI. Yeapoe

Po3pobiieHo eBpUCTHYHY MOJENb /ISl OIMCY NPOCTOPOBO-EHEPTETHYHUX XapaKTEPUCTUK BUCOKOEHEPT€THYHOTO
rajJbMiBHOT'O BUIIPOMIHIOBAaHHS. 3alpoOIIOHOBAHO METO/ 3 ii BUKOPUCTaHHAM ISl aHAIITHYHOT OLIHKK (OTOSAEPHO-
T'O BUXOJY 130TOMIB Y IIMPOKOMY Jliara3oHi 3Ha4eHb aToMHOTro HoMepa (Z=20-80) i po3MipiB MillleHi, a TAKOX eHep-
rii enekrpowis (40...100 MeB). [IpoBeneno aHasi3 0oOrpyHTOBaHOCTI IPHUITYIIEHb MOAENI IIUISIXOM il TOPIBHIOBaHHS
3 pe3yJbTaTaMi MOAEIIOBaHHs Ha ocHOBI nporpamHuoi cucremu PENELOPE/2006, nonoBHeHoi 6a3010 naHuX 3 1e-
peruHiB doTosaepHnX peakuiil. Panine Oyio mokaszaHo, 1110 TaKKil METOJ MOAEIIOBAHHS J1a€ 100pe MOTOKEHHS 3
pesyNbTaTaMH eKCHepuMeHTy. Sk mpukian posrisnyto peakuii “*Ti(y,p)*’Sc, ®*Zn(y,p)*Cu i "*'Re(y,n)"**Re, mo
MaroTh IIPaKTUYHUH iHTEpeC.
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