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Introduction

Neutron transmutation doped (NTD) Ge thermistors will be used as low temperature sen-
sors (in mK range) in the cryogenic Tin bolometer, The India-based TIN detector (TIN.TIN).
For this purpose, semiconductor grade Ge wafers are irradiated at Dhruva reactor, BARC [1].
In order to obtain an independent estimate of the thermal and fast neutron flux, natZr and
natFe samples were used together with the Ge samples in the irradiation run of March, 2015.
The irradiated samples have been studied in the Tifr Low background Experimental Setup
(TiLES) [2] at TIFR. The reaction products of thermal and fast neutron induced reactions
in Fe and Zr were identified using characteristic gamma-rays. The half-lives of the observed
-rays were also measured for unambiguous identification of the radionuclides. The ther- mal
neutron flux is estimated from the 95Zr activity. The ratio of thermal to fast neutron flux is
estimated from (n,γ),(n,p) and (n,α) reactions in Fe.

Sample Details

Two sets of samples (IGA15540 and IGA15541) each containing natFe, natZr and natGe
samples were sent for irradiation. Figure 1a gives the pictorial presentation of the sample
sets. The natFe and natZr samples were wrapped in high purity Aluminum foil. The samples
were clearly marked for identification and were separately sealed in quartz tubes, which were
also wrapped with same Al foil. Table 1 lists the details of samples.

After the neutron irradiation, one natFe and one natZr sample from each set (IGA15540
and IGA15541) was taken out for measurement at IPAD, BARC. Remaining samples were
received at TIFR after a cool down period of 42 days (see figure 1b). For ease of handling,
samples were transferred to small perspex holders and sealed. The Fe samples from both the
sets were found to be in powder form, perhaps due to oxidation. Although the Fe powder
was transferred from the Al wrapper to the perspex vial, some Fe powder remained in the
Al wrapper. Consequently, the exact mass of irradiated natFe samples is not known.
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Figure 1: A schematic of sample sets (a) sent for neutron irradiation and (b) irradiated samples as received
in TIFR.
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Table 1: Details of the samples contained in the sets IGA15540 and IGA15541

Sample Material Dimension Mass
(mg)

N2 natZr 3 mm × 3 mm × 26 µm 1.28 ± 0.01
N4 natZr 3 mm × 3 mm × 26 µm 1.20 ± 0.01
M2 natZr 4 mm × 4 mm × 26 µm 1.97 ± 0.01

N1, N3 natFe 2 mm × 2 mm × 10 µm 0.1 ± 0.1
M1, M3, M4 natFe 3 mm × 3 mm × 10 µm 0.1 ± 0.1

M7, M8, M9, N7, N8, N9 natGe 3 cm × 1 cm × 1 mm ∼1500

Experimental Details and Data Analysis

All the irradiated samples were counted in the TiLES initially at 10 cm and then in a
close geometry for higher efficiency. Figure 2 shows the gamma-ray spectra of Fe and Zr
samples in a close geometry counted for a period of 6 h in the TiLES. The reaction products
were identified with characteristic gamma rays and are given in Table 2. For unambiguous
identification half-lives of the observed gamma rays are measured. In addition, wherever
applicable, relative intensities of multiple γ-rays of the given nuclide were also verified. The
aluminum foils used for wrapping were also counted separately.

Figure 2: Gamma-ray spectra of neutron irradiated (a) Fe sample and (b) Zr sample in a close geometry in
the TiLES (counting time = 6 h).
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Table 2: Neutron-induced reactions together with main gamma-rays and measured half-lives of the products
and the reference values.

Sample Reaction Eγ T1/2 Tref
1/2 [3]

Zr 94Zr(n, γ)95Zr 724.2, 756.7 66±3 64.032±0.006
Fe 54Fe(n, α)51Cr 320.0 20±5 27.703±0.002
Fe 58Fe(n, γ)59Fe 1099.2, 1291.5 46±2 44.495±0.009

In close geometry, efficiency corrections due to coincident summing (applicable only for
59Fe in this case) were taken into account. Figure 3 shows the decay curves for 724.2 keV
and 756.0 keV γ-rays, formed in neutron capture reaction in the natZr sample. Similar decay
curves for various gamma rays in the neutron irradiated Fe sample are shown in Figure 4.

Figure 3: Decay curves for (a) 724.2 keV gamma-ray and (b) 756.0 keV gamma-ray formed in the natZr
(M2) sample.

Figure 4: Decay curves for (a) 320.0 keV gamma-ray, (b) 1099.2 keV gamma- ray and (c) 1291.5 keV
gamma-ray formed in the natFe (N1) sample.
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The measured half-lives of these gamma rays are given in Table 2 and are found in good
agreement with the literature values [3]. The verification of the half life of 834.8 keV gamma
ray, originating from the decay of relatively long-lived 54 Mn (T1/2 = 312.2 d), is under
progress.

Estimation of neutron flux

The concentration of the reaction product (Np ) is related to that of the parent isotope
(Ni) by the following relation:

Np =
Ni(1 − e−λtirr)σcφn

λ
(1)

where λ is the decay constant of the radionuclide, σc is the neutron capture cross-section
for the respective reaction, φn (n cm−2s−1) is the neutron flux and tirr is the duration of
irradiation. The factor ((1 - eλtirr)/λ) is a correction due to the decay during irradiation.
The Np can be obtained from the measured photo peak area (Nγ ) of the observed γ-rays
as,

Np =
Nγ

e−λtc(1 − e−λt)Iγεγ
(2)

where tc is the elapsed time between the end of neutron irradiation and start of the
counting, t is the counting period, Iγ is the branching ratio and is the photo peak detection
efficiency of Eγ for a finite size source, computed from Geant4-based Monte Carlo simula-
tions [2]. The cross sections used for the reactions induced by thermal and fast neutrons is
listed in Table 3.

Table 3: Reaction channels and the cross-sections
Parent Isotopes Reaction Product σc

(mb)
94Zr (n, γ) 95Zr 50 [4]
54Fe (n, α) 51Cr 55 [3]
54Fe (n, p) 54Mn 478 [3]
58Fe (n, γ) 59Fe 1280 [4]

Thermal neutron flux from 95Zr activity

The thermal neutron flux estimated using above eqns. 1, 2 is given in Table 4 for different
Zr samples. The uncertainty in the flux includes the error in measured gamma ray yields,
mass of the sample and the computed detector efficiency.
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Table 4: Estimated thermal neutron flux using natZr and from the reactor power.

Sample φn φn (from reactor power)
(cm−2s−1) (cm−2s−1)

N2 (6.66±0.13)× 1012

N4 (6.37±0.13)× 1012 6 × 1012

M2 (6.29±0.13)× 1012

It can be seen that the estimated thermal neutron flux from reactor power data is in
good agreement ( 7%) with the resonant capture data (Zr sample). However, from end point
use it is essential to measure neutron fluence during irradiation. These studies have shown
that Zr can be used for thermal neutron fluence measurement.

Estimation of fast neutron flux from natFe activity

The absolute flux could not be estimated from Fe sample since the mass of the irradiated
Fe samples could not be measured. Hence, the ratio of thermal to fast neutron fluence is
estimated flux using the reactions 58Fe(n,γ) 59Fe and 54Fe(n,p)54Mn (54Fe(n,α)51Cr) together
with eqns. 1 and 2 and are listed in Table 5. As mentioned earlier, the uncertainty in the
ratio includes the errors in the measured gamma ray yields and the computed detector
efficiency of the respective gamma ray. The rotio of thermal to fast neutron flux provided
by the reactor group (BARC) is mentioned in Table 5 for comparison.

Table 5: Estimated ratios of thermal to fast neutron flux using natFe sample.

Sample φth
φfast

φth
φfast

φth
φfast

54Fe(n,α)51Cr 54Fe(n,p)54Mn From reactor data
M1 53±2 40±1
M3 57±2 37±1 ∼ 86
N1 41±1 34±1
M3 35±1 33±1

The estimated ratios for different Fe samples are plotted in Figure 5.
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Figure 5: Ratio of the thermal to fast neutron flux for different Fe samples.

The average ratio obtained using the (n,p) channel is 36 (0.5) while that given by the
reactor group is ∼86. It should be noted that the ratios estimated using the (n,α) channel
show large scatter for different Fe samples and further investigation are required. It should
be mentioned that 59Fe, 51Cr and 54Mn were also present in the Al foils and Ge samples.

Results

The Zr and Fe samples were used to measure the thermal and fast neutron flux, respec-
tively, of the Dhruva reactor, BARC. The thermal neutron flux is estimated as 6.44 (0.07)
× 1012 cm−2s−1 from 95Zr activity and is consistent with the reactor power data (6 × 1012

cm−2s−1) within few percent. It is essential to measure neutron fluence accurately during
irradiation and Zr can be used for thermal neutron fluence measurement. The fast and
epithermal neutron fluence needs further studies.
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