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Analytical model for description of isotope generation in a thick production target exposed to no uniform flux of
high-energy bremsstrahlung radiation is developed. A set of principal process parameters determinative the yield of
a product isotope and distribution of its specific activity has been established. It is shown, that as those parameters
may be the yield of the product isotope in a thin foil overlapping the photon flux, normalized to the mass thickness
of the foil (a coefficient of photonuclear conversion), and also the standard radial deviation of the flux density of the
above-threshold photons at the target as well as the most probable angle of their escape from a bremsstrahlung con-
verter. The methods for measuring those parameters are proposed. Testing of the model was conducted using the
"“Mo(y,n)”’Mo reaction by comparing the results obtained from the model consideration with the data of experi-
mental study and computer simulation. The proposed approach enables the optimization of photonuclear technology

as respects to target dimensions and activation regime.
PACS: 07.05.Tr, 41.50.+h; 41.75.Fr; 78.70.En

INTRODUCTION

Manufacturing of isotopes with the use of high-
energy bremsstrahlung radiation of electron accelerator
is believed as possible alternative to reactor and, in
some cases, to cyclotron technologies (see e.g. [1, 2]).
The advantages of photonuclear isotope production lie
in its relatively low cost and environmental safety. At
the development of such a technology, one of issues is
the optimization of geometry and irradiation mode of a
thick production target by preliminary estimation of the
yield of a product isotope.

As an example, the volumetric distribution of the
Mo-99 nuclei generated with the X-ray beam having
end-point photon energy of 40 MeV in a cylindrical
molybdenum target via the '"Mo(y,n)’Mo reaction is
presented in Fig. 1. It is evident, that the product isotope
is substantially nonuniformly distributed over the vol-
ume of the target. Thus the main task is the option of the
technology parameters to provide the optimum ratio of
the gross and specific activity of the product isotope.
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Fig. 1. Distribution of Mo nuclei generated
with bremsstrahlung radiation

Commonly, estimation of capacity of a photonuclear
technology is conducted using the results obtained at
activation of a low-size experimental target. Its specific
activity is normalized to the electron beam current. An
estimate of productivity is based on the assumption
about proportional ratio between the mass and activity
of the technological and experimental targets. At the
same time, such an approach seems insufficiently sub-
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stantiated taking into account the spatial inhomogeneity
of the reaction products (see Fig. 1). So the capacity
value obtained in such a way includes the considerable
uncertainties connected with the size of the electron
beam and target, and also with its position in the flux of
the bremsstrahlung photons.

In turn, the application of Monte Carlo computation
of the isotope yield is connected with the considerable
timetable in view of rather low cross-section of the
photonuclear reactions. Besides, the simulations require
the experimental checking, because sometimes the con-
tradictions take place in the cross-section data. The is-
sue can be solved by introduction of a limited set of
critical process parameters having the minimum of un-
certainties.

In this work, a simple analytical model for descrip-
tion of main characteristics of a photonuclear technolo-
gy of isotope production is developed, and also the
methods of measuring those parameters are proposed.

1. AMODEL

1.1. A thick converter is commonly used for the ef-
fective transformation of energy of the accelerated elec-
trons into bremsstrahlung radiation. In such a case, the
X-ray generation takes place at the multiple scattering
of electrons in the converter. As a result, the spatial dis-
tribution of the photon flux density at the converter out-
put for an axially symmetric electron beam can be rep-
resented in a Gaussian form with standard radial devia-
tion 8,5 and the most probable exit angle 6, (£,d.)

depending on the electron energy E, and the converter
thickness dc [3].

In the photon energy span corresponding to giant di-
pole resonance (GDR), the dominant type of their inter-
action with a substance is generation of electron-
positron pairs [4]. Consequently, the scattering of such
photons can be neglected, specially, in the materials
with low and middle Z. So any photonuclear target (in
particular, a cylindrical one by radius R and height H)
can be considered as a subsystem of the half-space,
when the X-ray beam escaping a converter C falls on its
boundary (see Fig. 2).
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Fig. 2. Simplified schematic of photonuclear isotope
production (dashed line denotes distribution
of X-ray photon fluence ¢)

1.2. As an example, the calculated dependence of the
yield N, of the bremsstrahlung photons with energy
higher than 7.2 MeV (the threshold of the "W (y,n)'®'W
reaction — the minimal value for all considered photo-
nuclear reaction in such converter and target) normal-
ized to the one beam electron on the converter thickness
and electron energy is presented in Fig. 3.
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Fig. 3. Dependence of yield of above-threshold photons
on thickness of W-converter

It is evident, that in the range Ey=30...100 MeV the
value dc=4 mm is close to optimal. Hereinafter, a con-
verter with such thickness was taken into consideration.

1.3. The photonuclear yield of the product nuclei in
i-reaction normalized to the one beam electron y; in a

target having volume ¥ can be determined by
Ey

N .
y,-(V)=7AvaTlde o(E, 1) -0 (E)dE , (1)

Epp,i

/.‘L‘(Eo Iy Z)

_Y(E)I [1-exp(2,0)]

where N, is the Avogadro number, A is the average
atomic mass of the target material, p, is its density,

vV, is the relative content of the isotope-target,
@(E, 1) s the differential fluence of the X-ray photons

with energy E in the point of interest r normalized to
the one beam electron, o, (£) is the reaction cross-
section, E,; is the threshold of the reaction.

In case of axially symmetric radiation flux, the ex-
pression for photon fluence ¢ takes the form

__n(E) | _ (2)
w(E’r,Z)_2ﬁ§y2(EO,Z)exp{ Lgyz(Eo’Z)W(E)(z a)}},

where 11 (£')is the spectral density of photons normal-

ized to the one beam electron and satisfying the condi-
tion

N, = j n,(E)dE, (3)

E{b,l
MU(FE) is the linear photon attenuation coefficient in the

target material, 8,(Ey,z) — is the standard radial deviation
of the photon flux density at a distance z from the con-
verter (z=0 corresponds to its rear plain),
57(E0,Z)=5%0+Z~tgt9m(EO). “4)
For case of a pencil electron beam with standard ra-
dial density deviation o, the 0, value is given by

8,0 =02 +A2)"2, (5)

where A , is the standard deviation of the photon flu-

ence generated with a single electron in the converter.

The Eq.(5) enables presentation of the X-rays profile
via two independent parameters: A, is determinative by
geometry and material of the converter, when &, by dis-
tribution of the electron beam density.

In the photon energy span corresponding to GDR,
the y(E) value is changed weakly [4]. So we will con-
sider w(E)=u(E;), where E; is the value of the photon

energy in the maximum of the reaction cross-section
max

o

1
Taking into account equation (2), the volumetric dis-
tribution of specific activity in a target produced with
the electron beam at an average current / for the period
t, can be described by

2re

where /; is the decay constant,

V() =L, | () o, (EXE. ™

Eipi

1.4. In a physical meaning, the Y, (Ey) quantity de-

notes the yield of the isotope-product via i-reaction in a
thin wide target overlapping full photon flux and normal
to its axis, normalized to the one beam electron and to
the unit of the mass thickness of the target. Similarly to
X-ray converter, such a target is named as a photonucle-
ar converter (PNC)-[5]. Accordingly, we will call ¥; as a
coefficient of photonuclear conversion. Its value does
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5X(Egnz)

e@{—{m+ﬂ(ﬁﬂj)(z—3)}}) (6)

not depend on the size of both the electron beam and the
X-ray flux as well as on the PNC position in the latter.
So the Y quantity includes the minimum of parameters
affecting the uncertainty of its determination. Thus it
describes the photonuclear isotope yield most accurately
and so is convenient for comparison of data obtained by
different techniques.

As it follows from the equation (6), the maximum of

the specific activity A m@ is located at the target front

surface on the radiation flux axis and makes
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It should be noted that the equation (9) is valid for
any axially symmetrical target.

As it is evident from the equations (2) and (6), the
photon flux density and, consequently, the rate of the
isotope generation at side and rare surfaces of a target
decreases sharply with the increase of the target size
R>6/(Ey,a), H>1'(E;). Hence it follows, that optimal
target dimensions in regard to the ratio of its gross to
specific activity should meet the conditions R~d,a),
H<y' (E).

1.5. It has been shown in [3], that the normalized
spectral yield of X-rays from a thick converter can be
described with the uncertainty not higher than 10% by a
simple expression

n,(E)=2(E (B - E;"), (10)

where 77 is the coefficient of the energy conversion of
electron into bremsstrahlung radiation.

For a GDR case, the o;(E) cross-section can be pre-
sented in a Breit-Wigner form [6]

o(E)= o™ (ET )V I[(E7 - E})+(Er,) ], (D)

where I;is FWHM of the i-reaction excitation function.
Hence, the expression (7) can be reduced to the form

K(EO)=2%VT77(EO)~07"’X'S(EO), (12)

where the Sy(E,) factor reveals a weak dependence on
the target material. E.g. for the '“°Mo(y,n)Mo reaction,
the S(Ey) value ranges from 0.25 (40 MeV) to 0.35
(100 MeV) [7].

2. BENCHMARKING
2.1. METHODS

The coefficient of photonuclear conversion Y; can be
determined experimentally through measuring the activ-
ity of a PNC target by

Y. = e-Ape (13)
LT, [1-exp(-4.2.)]’
where Apyc is the activity of PNC generated at an elec-
tron beam mean current of /. for the irradiation time ¢,
T,,1s the mass thickness of PNC.

The standard radial deviation (SDR) of the photon
flux density 0(z) can be measured by activation of a
stack comprising two foils — PNC and a small circular
foil by radius Rs~0,(z), positioned normally and axially
symmetrically to the photon flux, by

8,(2)= Ry[-2In(1- Ag/ Ay )]
where Ay is the activity of the small foil.

The most probable exit angle of the above-threshold
photons from the converter, 6,(E,), can be determined
from the measured dependence J,z), e.g. by activation
of two PNC positioned at different distances z from the
converter and measuring SRD of their radial activity

(14)
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R(2)

Ipr 1y _ _ _ _
" [1—exp( ﬂ,.t)]{l exp{ 255, 2)

The target activity distribution along its axis can be
described by the expression

:|}exp[_/u(Ej)(Z_3)]' (9)

distribution.
2.2. RESULTS AND DISCUSSION

2.2.1. The experimental testing of the analytical
model was performed using the 1Mo(y,n)*’Mo reaction
having the well-established cross-section (Fig. 4).
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Fig. 4. Cross-section of the " Mo(y,n)*’ Mo reaction

The pairs of circular axially aligned foils from natu-
ral molybdenum each 0.1 mm thick, and also by 25 and
6 mm in diameter, respectively, were used. The activa-
tion of foils was performed at a LU-40m electron Linac
of NSC KIPT [8]. As a converter of bremsstrahlung
radiation, the four plates from tantalum each 1 mm thick
and cooled with water were used. After activation at a
specified electron energy E, and cooling, the measure-
ment of induced *’Mo activity of the foils at gamma-line
0f 739.5 keV (the branch ratio is 12.2%) was performed.
The values obtained were reduced to the end of irradia-
tion, 1puA of the electron beam current and 1h of expo-
sure. The uncertainty of the activity measurement was
estimated as less than 10% (k=2). Hence the value of
the coefficient of photonuclear conversion Y and

SRD of the photon flux density were determined using
the equations (13), (14), and also the estimate of the

maximum of specific activity 4 j,";‘;p was obtained (see

Table). For comparison, the values of YI.“’[C and 4 ™

1,calc

calculated with the use of equations (12) and (8) respec-
tively, are given in the Table as well.

2.2.2. It is evident from the data obtained, that the
calculated and measured values of Y;(E,) are agreed
within 10...15% depending on the electron energy Ej.
The accuracy is determined by the precision of repre-

Ey
sentation of the convolution I H}/( E)o(E)dE with the
Ey,
use of introduced form of the X-ray spectrum (10), and
also by the Breit-Wigner approximation for the GDR
cross-section (11).
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Yield of *’Mo in the pairs of circular Mo-foils activated by high-energy X-rays

Eg Mev|  Ame As, & | Y| Y, AT AT
kBg/uA-h | kBg/pA-h | mm cm’/g cm’/g kBq/g-uA-h kBq/g-nA-h
40 103.6 14.6 55 1.5-10° 1.7-107 5.6-10 6.3-10°
48 128.5 25.1 4.5 1.9-107 2.2:107 9.7-10° 1.5-10°
60 151.2 36.7 4.0 2.3-107 2.5:107 1.4-10° 2.3-10°
70 168.4 52.3 3.4 2.5-10° 2.7-107 2.0-10° 3.4-10°
80 183.7 87.5 2.7 2.8:10° 2.9-10° 3.5-10° 6.2:10°
The calculated values of the maximum of the specif- CONCLUSIONS

ic activity A T = are higher than those measured, and

the difference increases with the growth of E,. It be-

comes clear considering that the equation (8) for A max

is related to its value on the axis of the photon flux,

when A4 T, Was measured as an average specific ac-

tivity As of the small target by 6mm in diameter. As 3,
becomes lower with the increase of electron energy E,,
the photon flux nonuniformity at the target and the dif-
ference between its specific activity on the axis and at
the periphery increases.

2.2.3. For the experimental check of the results, ob-
tained for a thick production target by a simulation
technique, the activation of a target comprising 8
stacked disks from natural molybdenum each by 20 mm
in diameter and 3.09 mm thick by a (40MeV; 4.0pA)
electron beam for 0.5h was conducted.

In Fig. 5, the results of measurement of the induced
*Mo activity in the disks, and also the activity distribu-
tion along the target axis obtained by MC simulation
(solid curve) and by calculation (dashed curve) using
the equation (8) are presented. It is seen, that both of the
calculated dependences are in good agreement with the
experimental data. At the same time, the curve obtained
from the equation (8) is shifted sideways the growth of
the activity. It can be explained by greater calculated
value of the Y; coefficient as compared with the meas-
ured one (see Table).

Activity, MBq
w

Plate number

Fig. 5. Distribution of *’Mo activity along stack
of disks from natural molybdenum
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Accuracy of estimation of the photonuclear isotope
yield in a thick production target is governed by a set of
process characteristics, which can be arbitrary subdivid-
ed into three groups, namely:

e specified parameters (electron energy, current and
size of the beam, material and geometry of a con-
verter, distance from converter to target, its geome-
try and isotopic composition, etc);

e referenced data (reaction threshold and cross-
section, photon attenuation coefficient);

e derivative from the first two the critical parameters
of technology (coefficient of photonuclear conver-
sion,standard radial deviation of the profile of the
above-threshold photon flux at a target and the most
probable angle of the photon escape from a convert-
er).

The established critical parameters contain minimum
of uncertainties and can be readily measured in experi-
ment. The analytical model based on usage of those
parameters enables prompt estimate of specific and
gross activity of a production target, and so optimization
of its geometry and activation regime.

Coefficient of photonuclear conversion enters as a
factor in all expressions of the model describing the
target activity and its volumetric distribution. Measure-
ment of this coefficient is much easier procedure with a
much fewer number of uncertainties as compared with
the determination of cross-section of a photonuclear
reaction. The coefficient increases almost linear with the
electron energy E,. At the same time the maximum of
the specific activity grows approximately proportionally
to £J.

Considering nonuniformity and divergence of the X-
ray beam, the estimation of capacity of photonuclear
technology on the basis of data on specific activity of a
small experimental target can be insufficiently accurate.
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O KPUTHYECKUX MAPAMETPAX ®OTOAJEPHOI'O MTPOU3BOACTBA N30TOIIOB
B.JIL Yeapos

[Ipennoxkena aHaIUTHYECKAsE MOJIEIb AJIsl OIIMCAHUS TeHEPA[H U30TONOB B TOJICTOW TEXHOJIOIMYECKOH MUIIIEHU
IO BO3JCHCTBHEM IPOCTPAHCTBEHHO-HEOTHOPOIHOTO IOTOKA BBICOKOXHEPTETHYHOTO TOPMO3HOTO W3ITy4EHHS.
VYcraHoBiIeH HA0Op OCHOBHBIX IAPAMETPOB IIPOLIECCa, ONPEACIAIONINX BBIXO LIEJICBOTO H30TOIA U PACIIPEACIICHUE
€ro yZeJIbHOW aKTMBHOCTH B MHIICHH. [loka3aHo, 4TO TaKMMH HMapaMeTpaMy MOTYT SIBISTHCS HOPMUPOBAHHBIN Ha
MacCOBYIO TOJIIIMHY BBIXOJ M30TOIA B TOHKOW MHUIIIEHH, ITEPEKPHIBAIOIIECH TOTOK TOPMO3HBIX (OTOHOB (KOA(HHIIH-
eHT (OTOSAEPHOI KOHBEPCHH), a TAKXKE CTAHIAPTHOE OTKIOHCHHE PAIHaIbHOTO pacipeneleH s INIOTHOCTH IOTOKa
HaJAIOPOrOBLIX (l)OTOHOB Ha MUIICHU U HaI/I6OHee BepOﬂTHLIﬁ Yroji ux BblLIIETa U3 KOHBEpPTEpA. OmnucaHbl MCTObI
u3MepeHus >THX mapamerpoB. Ha mpumepe peaximu '*Mo(y,n)’Mo mpoBefeHO TeCTHPOBAHHE MOJETH IyTEM
CpaBHEHUsI TOJyYEHHBIX Ha €€ OCHOBE JaHHBIX C PE3yJIbTaTaMM HKCIEPHMEHTAILHOTO HCCIIEJ0BAHUS M KOMIIBIO-
TepHOro mMoenupoBanus. [IpeanokeHHbIH MOAX0/] TO3BOJISIET POU3BOJUTH ONTHMHU3ALNIO (OTOSAEPHON TEXHOIIO-
THHY TIPOU3BOJICTBA U30TOIIOB B OTHOIIEHUH Pa3MEPOB MUIIIEHH U PEXKHMA €€ aKTHBAIINH.

PO KPUTUYHI TAPAMETPU ®OTOAAEPHOI'O BUPOBHHULITBA I30TOIIIB
B.JI Yeapos

3anponoHOBAHO aHANITUYHY MOJENb JJIS OIMCY TeHepallil 130TOMiB y TOBCTiH TEXHOJIOTIYHIA MillleH] i Ji€lo
MIPOCTOPOBO-HEOIHOPITHOTO TOTOKY BHCOKOEHEPTETUYHOTO TaJbMIiBHOTO BHUIpOMiHEHHS. BceranoBmeno Habip oc-
HOBHHX MapaMeTpiB MpoIlecy, 0 BU3HAYAIOTh BUXIJ HIBOBOTO i30TOIY i PO3MOALT HOro MUTOMOI aKTHBHOCTI B
mimeHi. [loka3aHo, 0 TaKUMHU MapaMeTpaMH MOXYTh OyTH HOPMOBAaHHI Ha MacOBY TOBIIMHY BHXiJ HiJIbOBOTO
130TOMy B TOHKIH MPOTSDKHIHN MillIeHi, SKa EpEeKPUBAE MOTIK TaTbMiBHUX (OTOHIB (KOe]ilieHT GoTosaepHO] KOHBE-
pcii), a TakoK CTaHAAPTHUH pajlialIbHUN BIIXUI PO3MOAUTY LIIUILHOCTI TOTOKY HaJIOPOTOBUX rajJbMiBHUX (DOTOHIB
Ha MilleHi 1 HalOLIbII BIpOTiIHUN KYT 1X BUIBOTY 3 KOHBepTepa. OnucaHi MEeToiM BUMIPIOBaHHS [IUX MapaMeTpiB.
Ha mpuknani peaxmii "“Mo(y,n)’Mo mpoBeIeHO TecTyBaHHS aHATITHIHOI MO IUIIXOM SKCIIEPHMEHTAIBHOTO
JIOCJIIJPKEHHS 1 KOMIT'IOTEpPHOT'O MOJEIOBAHHS. 3alIpOIIOHOBAHHUHI MiJIXiJ] 1O3BOJISIE IIPOBOUTH ONTHMI3ali0 GoTos-
JIepHOT TEXHOJIOTIT BIIHOCHO PO3MIpiB MillleHi 1 pexuMy il akTUBaLii.
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