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Thermal neutron capture / Gamma rays/ Cold neutrons / gamma activation analysis (PGAA) or by conventional neu-
Cross section / ky, method / PGAA / NAA / Technetium 99 / tron activation analysis (NAA), depending on the type of
Technetium 100 / Beta decay radiation utilised. The NAA technique has been applied in

the TARC experiment at CERN [2] for controlling the trans-

mutation process. In the present work, accurate partial and
Summary. Accurate partial gamma-ray production cross total capture cross sections have been determined for the
sections were determined for the prompt and radioactivemajory_rays from the®Tc(n, ¥)'°Tc capture reaction and
product decay gamma rays following cold neutron capture inpe subsequent beta decay of 8% ¢ at the cold neutron

%Tc. They can be used for non-destructive assay of teChPGAA facility of the Budapest Research Reactor
netium by prompt gamma activation analysis (PGAA) and '

neutron activation analysis (NAA), offering orders of mag-
nitude higher analytical sensitivities than passive gamma-ra ;
counting. A lower limit of 21214+0.17 b was also deduced 2. Experimental procedures
for the thermal-neutron-capture cross section. The number of counts for a particular neutron capiHry
is proportional to the amount of target material and the
measurement time. The count rate is governed by the partial
1. Introduction y-ray production cross section

The artificial radionuclide®Tc is important from many 0,=P,o (1)
viewpoints. Its 6 h isomer?®Tc, is the most frequently
used radioisotope in diagnostic nuclear medicine. The isowhereo is the total capture cross section aRd is the
mer decays solely to the ground state by emitting a singleéémission probability per capture or per beta decay for a par-
142 keV y-ray, which is very suitable for Single Photon ticular y-ray. The partial cross section, once measured, can
Emitted Computed Tomography (SPECT). Both forms arebe used to determine the amount of material. It is equivalent
produced in nuclear fission, partly independently but mostlyto the prompk, factor, which is practically the partial cross
via the beta decay oPMo. Along with 1%, ®Tc consti-  Section per atomic mass, related to the similar quantity for
tutes 95 percent of the long-lived-(500 a) nuclear waste a selected comparator element [3]. In additioncan also
from pressurised water moderated reactors. Its ability tdoe used to infer the total capture cross sectioR, ifvalues
migrate and the efficient intake by living organisms makeare available.
%Tc a hazardous radiotoxic material. Furthermore, the ex- The partial cross sections were determined for the
tremely long half-life (21 x 10° a), the low beta-decay end- Sstrongest/-rays by using an internal standard method based
point energy (294 keV), and the single weak5(& 10-4%) on stoichiometric compounds [3]. The partial cross sections
low-energy (8% keV) y-ray [1], superimposed on a high of analyte x, and comparatoc, are related as
bremsstrahlung background, make the non-destructive assay | n
of ®Tc with passive nuclear methods difficult. LA L )

Fortunately®Tc can be transformed by neutron capture ~ %rc e M
into **Tc, which decays with a 15 s half-life to staBfRu.  wherel, is they-ray yield anch is the stoichiometric num-
This is the basis of transmutation of technetium containedher. Note that this ratio is just the factor defined by Eq. (6)
in the nuclear waste [2]. The-radiations produced can in jn Ref. [3]
principle be used for assaying technetium either by prompt Lo nM

y,x HelVic

kO,c:_

* Author for correspondence (E-mail: molnar@iki.kfki.hu). l).c MM

3)




480 G. L. Molnaret al.

800 1000 1200

T

< 4 106

4108

except for the normalisation of-ray yields to the respec- 0 200 400
tive atomic massM. These simple relationships are valid  10°¢
only for thin targets, and nuclides for which the cross section
obeys the 1v law.

Ammonium pertechnetate, NHcO,, was chosen due to
its chemical stability. Hydrogen, emitting a single 2223 keV 2
y-ray is an ideal comparator, and its total capture cross sec@ 10*
tion (0.332640.0007 b) is also accurately known [4]. An &
amount of 01135 g ammonium pertechnetate powder (Sup-3 ;o
plied by Oak Ridge National Laboratory, USA) was sealed®
in a thin Teflon bag and placed in the guided cold neu-
tron beam with a thermal-equivalent flux o&k5L0° cm2s71. 102
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The in-beam spectrum was collected with our standard M

Compton-suppressed HPGe detector (25% efficiency) [5], o ‘

placed at 2% cm from the target to keep the count rate 1200 1400 1600 1800 2000 2200 2400
sufficiently low and suppress coincidence summing. The E, [keV]

relative efficiency was determined using radioactive Sourceg;y 1 gamma-ray spectrum from tH&Tc(n, y) reaction using am-
and capturey-rays as described elsewhere [6]. Partial monium pertechnetate target. TR&c decay lines are labelled by the
cross-sections for the strong 172, 223 and 263 keV capexcited product nucleu$’Ru.

ture y-rays [7,8] as well as for the 539 and 591 keV

y-rays from!°Tc decay [9] were determined from the same

in-beam spectrum. In the latter case, however, the yieldand decay lines interfere. However, in the measurements
of a decay line is proportional to the effective counting with ammonium pertechnetate the correction for hydro-
time: gen background due to air moistured®8 cps) amounted

to 1%.
t—>t (1— 1%“) . (4) Finally, the spontaneous decay 8Tc was also meas-
ured, using an unshielded smaller (15% efficiency) HPGe

Here A is the decay constant. This correction becomesdetector with a thin carbon fibre window at a similar target-
negligible after about thousand half-lives. The spectrumto-detector distance. The count rate for the58&V y-ray,
shown in Fig. 1 was collected for about.B2&ours to at- adjusted for the standard spectrometer, served as the basis of
tain the highest possible statistics. Self-absorption in thecomparison of the analytical sensitivities.
target amounted to a few percent at the lowest energies,
and was accounted for by calculation using the PC code
XMuDat [10]. . :

In order to unveil the possible interferences, the prompts' Resultsand discussion
(capture) and decay-rays were studied in greater de- The thermal partial cross sections for the strongesays
tail by using a target of metalli€®Tc (supplied by Oak have been determined from theray yields measured
Ridge National Laboratory, USA). An amount of5Q in cold neutron capture and subsequent beta decay, re-
was pressed to a disc of 13mm diameter and encapsispectively, according to Eq. (2). A/t relationship was
lated in an aluminium container with. Dmm wall thick- assumed to hold also fo¥Tc, and the standard value
ness. Applying a beam chopper with about 25Hz rep-of 0.332640.0007 b [4] was used for the thermal neu-
etition rate and 50% duty cycle, the in-beam spectrumtron capture cross section of the hydrogen comparator.
(containing prompt and decay-lines together) and the The new cross sections are listed in Table 1. The un-
off-beam decay spectrum could be collected simultan-certainty is about ®%, which essentially comes from
eously. A background spectrum was also measured undehe relative efficiency calibration. This should be con-
similar conditions. No contaminants were found to dis-trasted with the 9% uncertainty of the emission prob-
turb the y-rays of interest, nor did the major prompt ability for the 539 keV decayy-ray, determined in [9],

Tablel. Partial y-ray production cross

sections of capture and decay lines for E, Origin P, 0,° Sensitivity
a®Tc target. (kev) (/100 captures (b) (cpmg)
or decays)
1721 ©Te(n, y)°Tc 67 +6 1661 +0.15 30
2234 ©Te(n, ¥)°Tc 6.1+0.6 147240013 024
2635 ®Tc(n, y)Tc 59+0.5 14254+0.012 Q21
5395 10T (B7)1°Ru 6.6+0.6° 1.604+0.014 Q14
5907 10T (B7)1°Ru 55+04 12964+0.011 Q10
89.5 ®Tc(87)*°Ru (6.5+1.5) x 107%¢ 43x10°3

a: To obtaink, (*H) multiply by 0.0304(3), to obtaik, (***Au) multiply by 0.687(6);
b: Value from Ref. [9], used for normalisation here;
c: From Ref. [1].
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Table2. Inferred total thermal-neutron-

capture cross section 8fTc. Method Basis (f) ) Comment
10T ¢ (87)1°Ru 539 247 +£2.3 with P, from Ref. [9]
591y 239 +18
Average 243 +22 unweighted average
®Tc(n, y)*°Tc > o, 0.s. 21214+0.17 lower limit
265 +2.6 missing~ 20% added

which was used in Table 1 for renormalising the meas-suppressed in their Abstract). While their value agrees with
ured y-ray yields. The reported uncertainty for absolute both cross section values from the present work, all are tied
intensity of the®Tc decayy-ray is even higher, about up with the nearly 10% uncertainty of the degayay inten-
23% [1]. sity. Hence, it can only be concluded that the new number

Table 1 clearly demonstrates the order-of-magnitude dif-of 21.214+0.17 b is a firm lower limit to the capture cross
ferences in partial cross sections gnday intensities. For  section, and the actual value should be higher.
®Tc assay, the highest sensitivity is offered by PGAA In conclusion, the new partigk-ray production cross
based on the detection of the 172 keV line, then followssections for neutron capture and decayays allow for
NAA, while the least favourable method is the passiveay ~ non-destructive assay of tH€Tc long-lived fission prod-
counting. For orientation, analytical sensitivities character-uct and for on-line monitoring its transmutation rate into
istic of our measuring system have also been included irstable!®Ru by using NAA or PGAA. Besides the much bet-
Table 1, in units of counts per second per milligram of ter accuracy, the analytical sensitivities are about fifty times
material. It is striking that the sensitivity for the 172 keV higher for NAA and thousand times higher for PGAA, in
capture line is thousand times higher than for th&s&8V  comparison to passive-ray counting. Naturally, the sensi-
line from spontaneous decay &fTc. On the other hand, tivity of NAA is orders of magnitude higher when the irradi-
the corresponding total rate is only doubléds. 18 cps  ation takes place in a reactor, instead of a neutron beam, due
and 96 cps, respectively, for the energy range of 7 keV toto the much higher neutron flux.
4 MeV.
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according to Eq. (1). Th®, values of the 539 and 591 keV . gitions.
transitions were recently redetermined(6$+ 0.6)% and
(5.54+0.4)%, respectively (Table 3 of Ref. [9]. Note that the
uncertainties have been slightly reduced in the text and al
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