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Characteristics of the two-and three-photon sources are analyzed by gamma-ray spectrometric method. The
sources are obtained by combining the inactive foils from indium, tantalum, tungsten and lead with planar y-sources
on the basis of the isotopes >’Co and *™*Ta. The y-sources are produced by activating the foils from nickel and tanta-
lum in the bremsstrahlung field of an electron accelerator. The possibility to control the number, energy and intensi-
ty of the spectral bands of a combined source by selecting the material, thickness, order of arrangement and quantity
of its components is demonstrated. The experimental results on band intensity of the sources under study are satis-

factory agreed with the data calculated on the basis of a developed analytical model.

PACS: 07.05.Tr; 41.50.+h; 41.75.Fr; 78.70.En
INTRODUCTION

In the report [1], the possibility has been shown to
produce a planar two-photon y-source® by stacking the
thin single-photon sources on the basis of the *"°Ta and
*Co isotopes obtained by activating the tantalum and
nickel foils. The further study has indicated, that a two-
photon source with the manipulated spectrum can be
manufactured by combining the one y-source with the
cold foils from various elementary substances. Thus the
second low-energy spectral band arises as a result of
excitation of the characteristic X-ray radiation in an
inactive material by external y-radiation (the gamma-
fluorescence effect).

A model was developed for the description of such
type sources with the two and more spectral bands [2].
This communication deals with the results of the exper-
imental study of the two- and tree-photon sources, ob-
tained by combining the *’Co and 'Ta sources, pro-
duced by photonuclear technique, with the inactive foils
from various materials.

1. METHODS AND MATERIALS
1.1. ACTIVATION OF TARGETS

The photonuclear manufacturing of y-sources was
conducted at a LU-40 Linac of NSC KIPT [3]. An elec-
tron beam (40 MeV; 4 uA) was transformed into brems-
strahlung radiation with the use of a converter compris-
ing four tantalum disks 3 cm diameter and 1 mm thick
separated by 1 mm gaps for cooling. A part of the pri-
mary electrons, passed through the converter, was ab-
sorbed in an aluminium plate 40 mm thick followed by
an isotope target. For determination of photonuclear
yield of the target isotopes and by-products under simi-
lar irradiation conditions, the experimental targets in-
cluded the pars of stacked tantalum and nickel foils each
by 30 mm in diameter and 0.1 mm thick. After exposure
for 2.5 h, the targets were cooled for decay of the short-
lived admixtures.

! As generally adopted, n-photon source is named a
y-source having n main spectral peaks (or n bands of the
closely spaced spectral lines) at possible presence of the
low-intensity lines in other parts of the spectrum.
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1.2. GAMMA-SPECTROMETRIC ANALYSIS

A spectrometric station comprising a HPGe detector
GRD-16195 with an amplifier ORTEC570 was applied
for determination the isotopic composition and activity
of the irradiated foils. Calibration of the spectrometer
against efficiency was conducted using a set of the
standard y-sources with photon energy in the range
59.5 keV (**Am) — 1332 keV (*°Co). The station pro-
vided the resolution 510eV (FWHM) along the
122.1 keV line (°"Co). A number of measurements was
executed with the use of a Ge(Li) detector. The activity
of the isotopes in the foils was calculated by EOB with
due regard to the radionuclide decay and self-absorption
of their radiation in the samples. The uncertainty of the
activity determination did not exceeded 7% (k=2).

1.3. SIMULATION

Investigation of the process of target activation was
carried out also by a simulation technique with the use
of a madified transport code PENELOPE-2008 [4].In
calculations, the geometry of the target device as well as
spatial radiant characteristics of the electron beam im-
pinging on the converter were duly described. The
photonuclear yield of the isotopes was determined by
summation of microyields of the corresponding reac-
tions along the trajectories of the above-threshold pho-
tons in a target [5].

2. RESULTS AND DISCUSSION

2.1. THE ISOTOPE YIELD
IN THE EXPERIMENTAL TARGETS

In Figs. 1 and 2, the spectra of the activated targets
after cooling are shown, when Table 1 lists the meas-
ured and calculated values of the yield of the principal
isotopes. In the spectrum of the tantalum, in addition to
expected °Ta, the lines of **"Nb are presented also.
That radionuclide is generated via the reaction

&
®Nb(y,n)**"Nb ™ 1015day ” *“Zrsa ON niobium, com-

monly existing in tantalum as a natural admixture
(~0.02%). The activity of the most long-lived by-product,
182Ta (Ty,=115 day), manufactured by the reaction of
photoneutron capture **'Ta(n,y)'®*Ta, at EOB does not
exceed 4% of the Y°Ta activity. In the nickel (see Fig. 2),
apart from *’Co, the **Co isotope with yield 0.53 kBg/uAh
and ®Co (0.27 kBg/uA-h) are generated also.
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The data of Table 1 demonstrate the satisfactory
agreement between the results of the experiment and
simulation. Greater divergence of the results on the ac-
tivity of *’Ni is connected with the growth of the statis-
tical uncertainty at measurement of low activity of this
isotope after long cooling of the target.
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Fig. 1. y~spectrum of activated tantalum
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Fig. 2. y~spectrum of activated nickel
(17 day after EOB)
Table 1
The isotope yield in the experimental targets
at EOB, kBg/uA4-h
Isotope 1%Ta 18073 *Co *Nj
Simulation 111 | 6.06:10° | 1.92 154
Experiment | 1.08 | 6.16-10° | 2.16 126

2.2. COMBINED GAMMA-SOURCES

In Fig. 3, the low-energy part of the spectrum of a
source obtained by stacking the activated tantalum and
nickel foils is shown (a detector of radiation is posi-
tioned from the tantalum side). It is seen, that the lines
with photon energy 55 and 122.1 keV are prevailed.
Moreover, in the low-energy spectral band, along with
the K-lines of tantalum, the nearly located lines of haf-
nium and tungsten are identified also. The lasts are pro-
duced as a result of the decay of '*°Ta. At the same
time, the relative intensity of the lines in the spectrum of
the combined source, as compared with radiation of the
separate targets, has drastically changed. So in the com-
bined source, the intensity of the line 122.1 keV de-
creased by about 35%. It corresponds to the attenuation
of such radiation after its passage through a layer of the
tantalum 0.1 mm thick. At the same time, the intensity
of the low-energy band has become practically two
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times greater. The growth of the X-ray yield is deter-
mined by the fluorescence of the tantalum under action
of the *’Co radiation.

Hereafter, we will identify the combined radiation
sources by expressions like L+M*+..., where L, M...
are the names of the chemical elements of materials
forming a source in the order of their positioning rela-
tive to a radiation detector, when mark * denotes the
presence of y-activity at the corresponding component
of the source [2].
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Fig. 3. Low-energy part of the spectrum of the combined
1%Ta+"Co source

Thus the spectrum of a Ta+Ni* source, obtained by
placing a cold tantalum foil 0.1 mm thick in front of the
activated nickel, is demonstrated in Fig. 4. As compared
with the previous case, the flux of the *'Co radiation is
stable, when the intensity of the 55 keV band corre-
sponds exactly its increase in the Ta*+Ni* variant as
relative to the value, observed at a separate Ta* source.
At the same time, in case of the Ta+Ni* source the haf-
nium and tungsten lines are absent.
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Fig. 4. Low-energy part of the spectrum
of the Ta +Ni* source

In what follows, the results of measurement of the
spectral line intensity of the planar sources, obtained by
combining the cold and hot foils from various materials
are given. As a material for the inactive components, the
elementary substances of natural isotopic composition
were used. All the sources were placed at a distance of
3 mm from the detector. The line intensity was deter-
mined as the number of pulses under the photopeak with
due regard to the detector efficiency but neglecting the
radionuclide half-life and quantum yield of the gammas.
The intensity of the 122.1 keV line of Ni* was considered as
100%. Taking into account the overlapping of the peaks
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from the adjacent K-lines, the averaged values of the K, and
Ky line intensity were registered. The values, obtained in
such a way, are given below in the tables.

Table 2
Mass attenuation coefficient, free range
and optimum thickness of radiator

For some main lines, the quantitative estimation of their Material | £ keV | mem¥g | Rovm | d7™(E,),Mm
intensity was performed with the use of formulae, stated in 1221 | 031 3.65 —
the work [2]. IAW the terminology, offered in that work, an Ni 750 0.86 131 —
inactive element of a combined source being fluorescent 554 187 0.60 -
under external y-radiation is called radiator whereas a hot 1221 0.98 1.40 031
element of the source-activator. The values of the mass at- 75 O 3' 17 0' 20 —
tenuation coefficient (Table 2) of photons in the materials In 59'3 6.51 0'21 —
under study were calculated with the use a XMuDat package . . .
. . 55.4 7.80 0.17 0.14
[6]. Hence, the photon free range R, and optimum radiator 241 1215 0.03 —
thickness d (E,) providing the maximum vyield of the . 1291 265 023 017
fluorescence at an energy of the activating photons E, , were a 55.4 4.27 0.14 _
calculated. In Tables 3 and 4, the data are given on the rela- 1221 2.72 0.19 0.16
tive intensity of the main spectral lines for the sets of the w 59.3 3.73 0.14 _
cold and hot foils 0.1 mm thick from tantalum and nickel 1221 343 0.26 0.27
obtained in the experiments and by simulation. Pb 75.0 277 0.32 —
Table 3
Relative band intensity of single- and two-component sources on the basis of tantalum and nickel
Radiation line Source configuration
(photon Ni* | Ta* Ta*+Ni* Ta+Ni* 2Ta+Ni* Ni*+Ta Ni*+3Ta
energy, keV) | Exp Exp Exp | Calc | Exp | Calc. | Exp | Calc | Exp | Calc Exp |[Calc
Ta, K, (55.4) 0.0 146 | 27.1 | 270 | 126 | 124 | 10.7 | 101 | 12.1 | 13.1 14.0 |185
Ta, Kg(63.5) 0.0 49 9.1 - 4.2 4.0 - 4.0 — — -
'Co(122.1) | 100.0 | 0.0 63.7 | 64.3 | 639 | 643 | 40.6 | 41.2 | 100.0 - 100.0 -
>'Co(136.5) | 12.5 | 0.0 9.2 - 9.1 6.3 — 12.5 — 12.7 —
Table 4

Relative band intensity of the three- and four-component sources on the basis of tantalum and nickel

Radiation line Source configuration
(photon energy, Ta*+Ni*+3Ta Ta+Ni*+2Ta Ta*+Ta+Ni*+2Ta Ta*+2Ta+Ni*+Ta
keV) Exp Calc Exp Calc Exp Calc Exp Calc
Ta, K,(55.4) 33.8 34.7 17.7 195 26.2 24.2 26.2 21.1
Ta, Kg(63.5) 11.6 — 6.4 - 10.6 - 10.6 -
>'Co(122.1) 65.2 64.3 62.8 64.3 40.6 41.2 26.1 26.5
>'C0(136.5) 9.0 — 8.6 — 6.2 — 6.2 —

The results given in Table 3 show, that the combinations
of inactive tantalum with the hot nickel in the form Ta+Ni* or
Ni*+3Ta provide the yield of the tantalum K-lines comparable
with the intensity of a separate *Ta source, obtained at joint
activation of tantalum and nickel, while at a Ta*+Ni*+3Ta
configuration, that intensity is by 2.3 times higher. A
Ta*+2Ta+Ni* combination provides the relative equality in
the intensity of the both spectral bands (see Table 4).

The experimental and calculated data on characteris-
tics of the two-photon sources manufactured by combin-
ing the active nickel and tantalum foils with the cold
elements from indium, tungsten and lead are listed in
Tables 5-7 (the thickness of the inactive foils in mm is
specified in parentheses to the right from the symbol of
the element used).

Table 5
Relative band intensity of sources with the radiator from indium
T Source configuration
Radiation g;;,“ekg@)o' In(0.23)+Ni™ In(0.23)+Ta*

’ Exp Calc Exp Calc
In, K,(24.2) 3.0 3.1 1.0 2.0
In, K3(27.3) 0.6 - 0.2 -
Ta, K,(55.4) — — 4.1 4.5
Ta, K;(63.5) — - 2.3 _
>'Co(122.1) 84.0 85.1 — —
>"C0(136.5) 11.0 — — —
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Relative band intensity of sources on the basis of cold tungsten and hot nickel

Table 6

Radiation line

Source configuration

(photon

W(0.12)+Ni*

Ni*+W(0.3)

W(0.12)+Ni*+W(1.2)

energy, keV)

Exp

Calc

Exp

Calc

Exp

Calc

W, K,(59.3)

12.7

14.9

15.2

175

17.7

18.9

W, K;(67.1)

4.3

5.0

6.5

'Co(122.1)

51.9

53.2

100.0

52.9

53.2

>'C0(136.5)

7.6

12.5

7.8

Source configuration

Relative band intensity of sources on the basis of lead and hot nickel

Radiation line (photon Pb(0.23)+Ni*

Ni*+Pb(3)

Pb(0.23)+Ni*+Pb(3)

Table 7

energy, keV) Exp

Calc

Exp

Calc

Exp

Calc

Pb, K,(74.0) 15.3

19.7

19.0

25.6

22.7

22.6

Pb, K;(84.9) 4.8

55

7.5

'Co(122.1) 39.0

41.0

100.0

39.0

41.0

>'C0(136.5) 6.0

12.5

6.0

In the experiments, the use of the tungsten radiator
0.12 mm thick (that thickness is close to the optimum
value) has provided the most yield of K-lines. At further
growth of the radiator thickness, the intensity of that
band was diminished. At excitation of X-ray in lead, the
similar behavior was observed (see Table 7).

From comparison the data of Tables 3-6 it follows,
that °’Co induces X-ray in tantalum and lead with much
greater efficiency than in indium. On the other hand, the
action on the last with the *"°Ta radiation provides high-
er yield of the fluorescence. The effect can be explained
in view the dependence of the photoeffect cross-section
from energy of gammas. So if the last lies far from the
absorption edge, o, (E,,Z)~ E'*-Z° [7]. Some dis-

arrangement between the calculated and experimental
results, observed in a number of cases, can be explained
either by great thickness of a source component (when
the offered analytical model is not valid) or by the
growth of the statistical uncertainty at measurement of a
low-intensity line.

As an instance, in Figs. 5 6 the two- and three-
photon spectra of a number of sources, obtained by
means of various combinations of the activated tantalum
and nickel with the cold foils from indium, tungsten and
lead are demonstrated.
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Fig. 5. Two-photon spectra: a —In(0.225)+Ni*;
b —W(0.12)+Ni*+W(0.6); ¢ —Pb(0.23)+Ni*+Pb(3.0);

d —In(0.225)+Ta*
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and hot elements. The half-life of the combined source
is determined by the half-life of the activator.

The calculated band intensities of the combined
sources on the basis of the developed analytical model
are in good agreement with the experimental results.

Manufacturing of *’Co planar sources with activity
up to ~1 GBq by nickel irradiation with high-energy
bremsstrahlung seems to be more promising in contrast
to radiochemical extraction of this isotope from a
photonuclear target in view of its considerable weight

, —— T and consequently low specific activity.
20 40 60 80 100 120 140

energy (keV) a The decrease of the hot admixtures in a *>'Co source

— produced by a photonuclear technique can be reached

Kk kel KtFt) Kby Co by cooling the target or using the nickel enriched in the

10000 \ ' 4 %8Ni isotope. In the last case, after the source exhaustion
as a result of the *’Co decay, it can be repeatedly acti-

vated without loss of the material typical for its reduc-
tion by chemical methods.
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MNOJYYEHME IIVIAHAPHBIX MYJIbTU®OTOHHBIX TAMMA-UCTOYHHUKOB
OOTOSAJAEPHBIM METOJAOM: 2. SKCIIEPUMEHTAJIBHOE UCCJIEJOBAHUE

H.II. /{ukuu, 10.B. /Iawko, B.JI. Yeapos

MertomoM ramma-cCeKTpOMETPHIECKOTO aHAIM3a MCCIENOBAHBl XapaKTePUCTHKH ABYX- U TPEX(OTOHHBIX HC-
TOYHHKOB, TIOIYICHHBIX MYTEM KOMOUWHAIIMM HEAKTHUBHBIX (DOJIBT M3 MHIUSI, TaHTaja, BOMb()pamMa U CBUHIIA C ILIa-
HapHBIMH Y-HCTOYHUKAMU Ha OCHOBE U30TOIIOB Co u "°Ta. Iocnenune MIPOM3BEACHBI MyTEM aKTUBAITNH (POIBT 13
HUKEIS U TaHTaJla B [OJie TOPMO3HOTO M3ITYUCHHSI YCKOPUTEIS ANIEeKTPOHOB. 1l0ka3aHa BO3MOXKHOCTE pEryIupoBa-
HUS YMCIIa, SHEPTUU U UHTEHCUBHOCTH CIIEKTPAIBHBIX ITOJIOC HCTOYHUKOB C IMTOMOIIBIO BEIOOpA MaTepraa, TONIU-
HBI, TIOPS/IKA PACIIONIOKEHHS M KOJMYECTBA NX KOMIIOHEHTOB. Pe3ylbTaThl M3MEpeHHsl HHTEHCUBHOCTH ITOJIOC U3ITY-
YEeHHUS MCCIEeOBAHHBIX HCTOYHUKOB YIOBJIETBOPUTEIHHO COTIIACYIOTCS C PacUETHHIMHU JaHHBIMH Ha OCHOBE pa3pa-
0OTaHHOM aHAJIMTHYECKON MOJIEIIH.

OJAEPXAHHSA NVIAHAPHUX MYJIbTU®OTOHHUX TAMMA-/I’KEPEJI ®OTOAJEPHUM
METOAOM: 2. EKCIIEPUMEHTAJIBHE JOCJIKEHHSA
MLIL. JTukun, FO.B. /lawko, B.JI. Yeapos

MeTooM raMMa-CHeKTPOMETPHYHOrO aHaNi3y JOCIIHKEHO XapaKTepHCTUKH IBOX- Ta TPhOX(OTOHHUX JDKEpEl,
0 oJlep>KaHi MUITXOM KOMOiHaIil HEeaKTUBHUX (ONBT 3 iHIIF0, TAHTAITY, BOJIb(PpaMy Ta CBUHINO 3 IUIAHAPHUMHU
y-IoKepenaMu Ha ocHOBI i3otomiB °'Co Ta *"°Ta. OctaHHi BUpOGIeH] MUSXOM aKTHBAIL] (OB 3 HIKENTIO Ta TAHTATY
B TOJI TaJbMIBHOTO BHIPOMIHIOBAHHS IPHCKOpIOBada eleKTpoHiB. [lokazaHa MOXIMBICTH pETYIIOBAaHHS 4YMCIA,
€Heprii Ta IHTEHCHBHOCTI CIIEKTPAIILHUX CMYT JDKEPEIN 3a JOMOMOror BUOOpY MaTepiaiy, TOBIIMHHM, MOPSIKY PO3-
MIIIEHHS 1 KiJIBKOCTI X KOMITOHEHTIB. Pe3ynbraTy BUMipIOBaHHS iHTEHCHUBHOCTI CMYT' BHITPOMIHIOBAHHS JIOCIIDKY-

BaHUX JUKEPEI 3310BITFHO Y3TOKYIOTHCS 3 TAHUMHU PO3paxyHKiB HAa OCHOBI pO3po0IJIEHOT aHATI THYHO MO ETi.

o
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