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Abstract

An important point requiring consideration in studying radiation damage for reactor
materials is neutron dosimetry with 0.1~1 MeV range. There are only a few dosimeters
sensitive to neutron with energy from 0.1 to 1 MeV for thermal neutron reactor, and the
practical use is currently made only of those based on the dosimeters *Rh(r,7’)'*™Rh and
BINp(n,f)FP. New dosimeters °°Hg(n,7 )%™ Hg, **Nb(n,1")**™Nb and ©7Ag(n,n")""™Ag were
studied to measure neutron with energy from 0.1 to 1 MeV. This paper describes the neutron
cross section measurement for the **Hg(n,n")!°°™Hg reaction from 0.78 to 6.3 MeV and the
use of cross section data for neutron spectrum unfolding, measurement of neutron fluence
above 0.1 MeV with the dosimeter *Nb(n,7n°)?®™Nb, and use of new dosimeter °’Ag(n,n")
107m Ao for neutron spectrum unfolding.

The fission spectrum averaged cross section for the °°Hg(n,n’)!?*™Hg reaction was cal-
culated by using the Watt-type fission spectrum, and was compared with the measured one.
The calculated one is about 5% smaller than the measured one. The total neutron flux cal-
culated from the unfolded neutron spectrum with °°Hg(n,n’)!**™Hg reaction rate was 1%
smaller than that without the reaction rate. The uncertainty of the neutron fluence above
0.1 MeV measured with the dosimeter **Nb(n,n°)”*™Nb is smaller than +30%, including the
uncertainties of the half-life, the branching ratio, the **Nb(n,n")**™Nb cross section, and the
neutron spectrum. The calculated reaction rate for 197Ag(n,n’)!°"™Ag reaction was 12.8%
smaller than that of measured reaction rate.

Keywords:  Reactor Materials, Radiation Damage, 0.1 ~1 MeV, Neutron Dosimetry, Low
Threshold Energies, '*°Hg(n,n")'*™Hg, %Nb(n,n)*"Nb, 97Ag(nn’)!*"™"Ag,
Neutron Cross Section, Neutron Spectrum, Unfolding, Neutron Fluence
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1. Introduction

Neutron was discovered by J. Chadwick in 1932. Activation reaction induced by neutron
was discovered by E. Fermi in 1934. Since then, the activation reaction has been used in the
fields of nuclear physics, reactor physics, reactor neutron dosimetry and so on.

Many foils, being activated by neutrons with reactions such as (n,7), (n,p), (n,&) and
(n,2n) reactions, have been used as neutron dosimeters™®) for measuring the neutron flux and
the neutron spectrum in a reactor core. The foil activation method is very important in the
field of reactor neutron dosimetry!®)., The advantages of the activation are as follows: (1) the
influence to neutron field is very little because of the small foil, (2) the activation induced by
gamma-rays in reactor core is negligibly small, (3) it is applicable to the neutron field with low
and high neutron flux, (4) the foil with high purity and low cost is available, and (5) it is easy
to measure the activity. The disadvantage is as follows: (1) the accuracy and the precision of
the result depend on those of the nuclear data such as neutron cross section data. Therefore
accurate and precise neutron cross section data are very important,

The neutron dosimeters used at present are shown in Fig. 1.1%). The half-life and the
sensitive energy range of each dosimeter are shown in Fig. 1.1. The sensitive energy range
shown with solid line is for thermal neutron reactor, and the range shown with dashed line
is for fast neutron reactor. The feasibility of the dosimeter %Nb(n,1")*™Nb' is under study.

There are only a few dosimeters sensitive to neutron with energy from 0.1 to 1 MeV for

40y ! T T — I T li [ T T 1 | T T 171 ‘ T 111 l T T T 71 ‘
S S R T I -
20y T Wypaes 93Np(n,n )93 ™Nb |
. P e
) 63 80
10y |- ®Co(ny%®C0 . _ _ ; 5ONi(n,0)50Co  Cuim.a)”"Co -
1y mgAg(n,y)Ho’“Ag - . 55|Mn(n,2n)54Mn 1
181 e T T T T T T T T T st 21%*Mn 58Ni(n,2n)% Ni-*7Co
160d|—_ ®'"Talo T2 _ — ’ . —
46 45
Tilnp)™Sc 59 58
80d jm——r=sti Sy Bse T - — - ,_.___..__1_: hCo(n,Zn) ‘Co
4 e e o — .
g 40d— =~ SFe(ny)ooFe - “Noln,2s %Ni(n,0)*Co -
= e e e
8 20d- 239 (n, )14 Ce 2327p(n.£)'%084 325(n p)32p 127, 11261 _
g e e g
| 140 .
5 10d WA FAe vin _ia 7 Tilnp)%7Sc 9071(n,2n)%%Zr
] o f n T - ]
§ 21d B ®Win 7 B FTinp)®Se SN2 N
“  20h- _
< - —
T L 23Na(n,’y)2“Na\_F ~ 24Mg(n,p)2*Na & 27 Al{n,0)**Na i
= : —T T T 4 . R i 4
- 53Cu(n, y)%Cu 84zZninp)%%Cu  %5Cuin,2n)®*Cu 4
10h— 115 A115m ]
8hr- S5Mn(n,v)56Mn in{n,n") in 992, (,p19%Y 1
4h - o = T < 50Fe(np)5oMn ]
1h—= bﬂu 59Co{n,a)%Mn |
e e e — = T =
o ~ e 64 63 b
L ”‘c’ln(n,y)nsmln 1°3Rh(n,n’)1°3"‘Rh Zn{n,2n)°°Zn 1
0.5h 59, -} 60m ]
¥ C°("j’,) — E:—o ________ — 27 Aln,p) ¥ Mg 63Cu(n,2n)62(ju ]
! . I | L : Lol Cle oot g
10-7 10-¢ 10°% 107* 107 102 107 1 5 10 15 20

Neutron Energy {MeV)
Solid line is for thermal neutron reactor, and dashed line, for fast neutron reactor.

Fig. 1.1 Half-life and sensitive energy range of neutron dosimeter®’

+ Dosimeter *>Nb(n,n")°*™Nb means neutron dosimeter with *>Nb(n,n")°>™Nb reaction.



2 i Experimental Study on Neutron Dosimeters with Low Threshold Energies JAERI 1286

thermal neutron reactor, and the practical use is currently made only of those based on the
dosimeters '%®Rh(n,n")1%™Rh and *'Np(n,/)FP. The author has been studying new dosimeters
sensitive to neutron with energy from 0.1 to 1 MeV. The dosimeters are *’Hg(n,n")!?"™Hg,
BNb(n,n")**™Nb and 97Ag(n,n")19"™Ag. The threshold energies are about 0.5, 0.1 and 0.1 MeV
for 9%Hg(n,n")*°™Hg, P3Nb(n,1n")*>™Nb and °7Ag(n,n°)19"™ Ag reactions, respectively.

Because of its low threshold energy of about 532 keV, the *°Hg(n,n’)!*°™Hg reaction is
important as a neutron dosimeter, especially for a nuclear reactor®). The isomeric state at
532 keV of '°°Hg decays with a half-life of 42.6 minutes and can be produced by neutron
inelastic scattering by either direct excitation or more probably through excitation to higher
levels followed by deexcitation to this isomeric state”). This does not decay directly to the
ground state, but is deexcited by a 374 keV M4 transition in cascade with a 158 keV E2
transition”. The cross sections for the '9°Hg(n,n’)!9™Hg reaction have been poorly known;
especially the cross section data above 3 MeV have not been found except at 14.4 MeV.
Swann and Metzger®) measured the cross sections from threshold energy to 2.2 MeV about
25 years ago. Bornemisza et al.?) measured the cross section at 2.8 MeV, and Temperly!®) and
Hankla et al.}!) measured it at 14.4 MeV. Cross sections from threshold energy to about 6 MeV
for the '9°Hg(n,n’)!°°™Hg reaction are required in order to use the reaction for the reactor
neutron dosimetry. Evaluated neutron cross sections for the activation and/or fission reactions
are available, for example the ENDF Dosimetry File is often used for neutron dosimetry.
But the evaluated neutron cross sections for the **Hg(n,n’)!?°™Hg reaction were not available.
Therefore the author measured cross sections from 0.78 to 6.3 MeV using a 5.5 MV Van de
Graaff accelerator at the Japan Atomic Energy Research Institute. In this paper the author has
tried to apply the result of the dosimeter to an unfolding procedure.

The dosimeter ?*Nb(n,7°)**™Nb has some advantages for monitoring neutron fluence
above 0.1 MeV. These advantages are as follows:

1. The threshold energy is as low as ~30 keV7).

2. The half-life is as long as 13.6 years”).

3. The excitation function is similar to the shape of damage function.
Therefore, the dosimeter has been tried to monitor neutron fluence above 0.1 MeV in the light
water reactor pressure vessel'?). Neutron fluence above 0.1 MeV was measured with the
dosimeter at the second beryllium reflector region in the Japan Materials Testing Reactor
(JMTR). The neutron fluence was compared with that monitored with the dosimeter SFe(n,p)
S*Mn.

Among the different types of dosimeters that mignt be utilized for neutron spectrum

measurements from 0.1 to 1 MeV, the practical use is only the dosimeters ®*Rh(n,n’)1%™Rh,
besides fission foils such as Np. For this reason, rhodium has been extensively studied in

respect to cross section and decay data'3%). Now, effective threshold energies lower than Rh
are presented by dosimeters °’Ag(n,n")!%"™Ag and °°Ag(n,n)!°°™Ag. Hence, Ag-foil might
serve as usefully as Rh in neutron dosimetry for covering this energy region below 1 MeV.
The author has performed an experimental study using the YAYOI, a fast neutron source
reactor, to verify the possibilities of utilizing Ag-foil in reactor neutron dosimetry.

This paper consists of five chapters: 1. Introduction, 2. Cross Section Measurement for
the 1%°Hg(n,n°)19°"Hg Reaction from 0.78 to 6.3 MeV', and the Use of Cross Section Data for
Neutron Spectrum Unfolding, 3. Measurement of Neutron Fluence above 0.1 MeV with the
Dosimeter ®*Nb(#n,n")>™Nb, 4. Use of New Dosimeter 1°7Ag(n,n’)1*"™Ag for Neutron Spectrum
Unfolding, 5. Conclusion.

+ J. Nucl. Sci: Technol., 19, 775 (1982).
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2. Cross Section Measurement for the 199Hg(n,n’) 199mHg

Reaction from 0.78 to 6.3 MeV, and the Use of Cross
Section Data for Neutron Spectrum Unfolding

2.1 Cross Section Measurement for the 1°°Hg(n,n")!°*"Hg Reaction from
0.78 to 6.3 MeV

2.1.1 Experimental Method

2.1.1.1 Irradiation

An experimental arrangement for the measurement of the cross section for the *’Hg(n,n”)
199mHp reaction is shown in Fig. 2.1. Monoenergetic neutrons were produced by the D(d,n)*He
and Li(p,n)"Be reactions. The neutron energy was changed by varying the projectile energy
and the angle (0°, 90°, 120° and 150°).

A lithium target was prepared by the vacuum evaporation of natural lithium fluoride
" (LiF) onto a titanium backing foil. The thickness of the lithium fluoride layer is about 500
ug/cm? which corresponds to an energy loss of about 60 keV for 2 MeV protons. A deuterium
target supplied by the Radiochemical Center was used. By cooling the target with a jet of air,
no appreciable decrease in neutron yield was observed for 20 hours with a beam current up to
about 2 pA in a 20 mm? spot.

Mercury samples were fabricated by pressing mercury sulphate (Hg, SO4) powder into a
form of disk with 20 mm in diameter and about 3 mm in thickness. The density of the sample
resulted in about 5.3 g/cm3. Each of the sample was sandwiched by indium foils of the same
diameter and 0.5 mm in thickness. The distance between the neutron target and the sample
was about 3 cm.

Mercury Sample Radiator
Target
Ion Beam 7 - B { .
) 1
) Indium Foil Proton Detector
&)
()
L
Vacuum  —=

Proton Recoil Telescope

Fig. 2.1 Experimental arrangement for the measurement of the cross section for the
199Hga(n,n )% ™Hg reaction.
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2.1.1.2 Neutron flux' determination

A proton recoil telescope counter and indium foils were used to determine the absolute
neutron flux for the measurement of the cross section for the '°°Hg(n,n’)!*™Hg reaction.
Neutron flux determination by the indium foils was based on the 1ISIAn(n,.n’)“S““In reaction.
The cross sections for this reaction were taken from ENDF/B-V Dosimetry File!®). A proton
recoil telescope counter consisted of a polyethylene radiator and a proton detector. The
author used a silicon surface barrier detector for neutron energy below 5 MeV1!7), while above
5 MeV the author used a CsI(T1) detector!®), because the Si(n,p) and (n,c) reactions produced
by neutrons above 5 MeV become error factor for the measurement of recoiled proton!®).

The polyethylene radiator and the proton detector were set in a vacuum chamber as
shown in Fig. 2.1. The polyethylene radiator was fixed on a rotary disk in the chamber, and
it was put in and out in front of the proton detector to distinguish recoiled protons from the
radiator or those from other materials. A mercury sample sandwiched by the indium foils was
fixed on the surface of the chamber.

The neutron detection efficiency of the proton recoil telescope counter was calculated
by the method which had been proposed by Gotoh and Yagi?®). The accuracy of the H(n,n)
cross section is about 1% up to 8 MeV?!:22), The uncertainty of the neutron detection effi

ciency was about 3%.
2.1.1.3 Activity measurement

Neutron irradiation was usually performed for one or two hours. After the irradiation,
the gamma activities of the mercury samples and the indium foils were measured with a high
purity germanium detector for more than one hour. The germanium detector was a vertical
mount single end type with 42.5 mm in diameter and 59.9 mm in length. Each sample was
put on the surface of the Ge detector.

The detection efficiency of gamma-rays was determined by using gamma-ray standard
sources such as '2Eu, 37Co, 137Cs, *Mn and ®°Co of which each activity was about 0.1 uCi.
The efficiencies not only at the central point on the detector surface but also at 10 points
were determined in the range of *10 mm horizontally on the detector surface, because the
diameter of present samples were 20 mm. The efficiencies at 1, 2 and 3 mm in height were
also measured in the same way. The difference of the efficiency is about 5% for horizontal
surface and also each vertical position.

The half-lives of '®*™Hg and ''™In are 42.6 + 0.2 minutes and 4.486 = 0.004 hours,
respectively”). The branching ratios are 52.3 £0.5% and 12.3 £0.5% for the 158 keV and
374 keV gamma-rays of ™Hg and 45.9 +0.1 % for the 336 keV gamma-ray of !!™In,
respectively”). All other nuclear decay data for the standard sources were also cited from
Ref. 7.

The self-absorption of the gamma-rays in the mercury sample was theoretically calculated
by the Monte Carlo method?®. The result showed that the self-absorptions for the 158 keV
and 374 keV gamma-rays were about 80.0 + 2.4 % and 32.4 + 1.3 %, respectively. The self-
absorption of the 336 keV gamma-ray in the indium foil was less than 1%.

2.1.2 Results
The neutron cross section is calculated from the activity data and the determined neutron
flux:
AN 11
A= = = gMu 2.1
l_e~xtc 7 7 e

1 Neutron flux means neutron flux density (n/cm?'sec) in this paper.
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where A : activity (dps)

A decay constant (sec™!)

N : KX-ray or gamma-ray peak area

I : branching ratio

7 detection efficiency

t. : counting time (sec)

t, : waiting time from irradiation end to counting start (sec)

R= 4 (2.2)

No—%—;l (1—e*tir)
: Neutron reaction rate (dps/atom)
: Avogadro number (6.022 X 102 mole™!)
: atomic weight (amu)
. abundance

where

IRz

: sample weight (g)
. irradiation time (sec)

N

ir

_ neutron reaction rate R
o(E)= neutron flux T e (E) 23)

where o(E) : neutron cross section (cm?)
¢(E) : neutron flux (n/cm?-sec)
When the neutron flux is determined with indium foil, the neutron cross section is expressed

as follows:
R . 4
o(E)= =0 (E) 2.4
R
where R . 199Hg(n,n")!*°™Hg reaction rate
R*  : YIn(n,n")'5™In reaction rate

o (E): WIn(n,n)5™In cross section

The cross sections measured for the °°Hg(n,n’)!®*™Hg reaction are given in Table 2.1.
The present results of the cross sections for the reaction are also shwon in Fig. 2.2 compared
with the previous data®!!). The previous data are also plotted in Fig. 2.2. The errors estimated
in the present measurement are given in Table 2.2. The cross sections at neutron energies of
1.79, 2.27, 3.07 and 3.25 MeV were determined by neutron flux measurement with the
indium foils. The errors of these cross sections are larger than those of other cross sections,
because the samples were irradiated at the angles shown in Table 2.1 and each activity was
very weak. The errors are about 13, 16, 15 and 13% for the neutron energies of 1.79, 2.27,
3.07 and 3.25 MeV, respectively. The errors of the cross sections at the neutron energies
except neutron energies of 1.79, 2.27, 3.07 and 3.25 MeV are about from 11 to 12%. The
cross sections at neutron energies of 0.78, 1.20, 1.82 and 4.92 MeV were determined by
neutron flux measurement with the proton recoil telescope counter and the indium foils.
Good agreement can be seen in those cross sections except the one at the neutron energy of
0.78 MeV. For the neutron energy of 0.78 MeV, the cross section determined by neutron
flux measurement made with the indium foils is more reliable than that determined by neutron
flux measurement with the proton recoil telescope counter, because the counting number of
the recoiled proton was not enough.

The errors of neutron energies are attributed to the energy spread derived from the
angles subtended by the mercury sample. The main errors are attributed to counting of
gamma-rays emitted from !°°™Hg and '!*™In for the neutron flux measurement with the
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Table 2.1 Obtained cross sections for the '**Hg(n, )" Hg reaction from 0.78 to 6.2 MeV

Cross section Cross section

Neutron energy ~ Neutron by In monitoring by recoil proton monitoring
MeV) source

199mys- 158 keV "™Hg; 374 keV !®™Hg; 158 keV 1MHg; 374 keV

0.784 £0.031 Li(p,rol) 33.8+3.7mb 31.0£3.6mb 59.9%42mb 523+42mb

=0
0.994 * 0.039 Li(p,n) 777 £4.9 73.0£5.2
§=0°
1.20 *0.040 Li(p,n) 96.3 £ 10.6 90.9 +10.0 105+ 6 99.6 £5.6
6=0°
0.147
179 %0057 D(dn)  201%26 206 + 31
g =150
1.82 +0.050 Li(p,n) 2472 + 27 225 + 24 270 £ 14 250 + 14
6=0°
0.295
227 =9 D(d,n) 327 %51
0.231 5 = 190°
3.07 +9410  pay 413 £ 61 489 £ 92
0361 o
6 =90
0.360
325 *035 D(d,n). 412 + 53 403 + 66
6 =90
492 +0.095 D(d,n) 650 + 72 600 + 70 662 * 36 611 39
6=0
6.27 +0.065 D(d,n) 653 £ 72 686 £ 80
g=0°
100 T T T T LI S B I T T T T T 1 77 [

(b)
e
b

=2
=
5 ;
-1
] - _
i 4 \\
T +
%) - _
%53 B ]
(@)
m -4
o i J
s2 L ) 1 i I
10 -1 L | 1 Lo bL 1
10 10]
NEUTRON ENERGY ( MeV )
Present works

® Indium monitor, 1> ™Hg 158 keV ~ — Fitting curve —-— Swan and Metzger®)

o ” 374 keV x Bornemisza et al.%)

A Proton recoil counter, 158 keV ® Hankla et a1.11)

A » ” 374 keV + Tempeﬂeym)

Fig. 2.2 Cross section for the 199Hg(n,n’)199mHg reaction.
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Table 2.2 Summary of the estimated errors in the cross section measurement

(1) For the indium neutron flux monitoring

US1n(n,n ") 5™ n cross section 10%
(ENDF/B-V covariance file)

Ge detector efficiency 3%
199Myo 158 and 374 keV 2.1 -143%
gamma-fay measurement

11Sm1y 336 keV ' 06— 62%
gamma-ray measurement

Others 2%

Total 109 -189%

(2) For the proton neutron flux monitoring

Proton recoil telescope counter efficiency 3%

Recoil proton counting 20— 48%

Ge detector efficiency 3%

199Mpyo 158 and 374 keV 15— 43%

gamma-ray measurement

Others v 2%
Total 53— 8.0%

indium foils, and counting of gamma-rays emitted from ®*"Hg and recoiled proton for the
neutron flux measurement with the proton recoil telescope counter. Each error was added
quadratically yielding of 11 to 19% for the indium neutron flux monitoring and from 5 to
8% for the proton recoil neutron flux monitoring.

2.1.3 Discussion

A comparison of the present data with others is limited to two sets of data: the cross
sections measured by Swann and Metzger®) are generally 50% lower then the present data.
The cross section at the neutron energy of 2.8 MeV measured by Bornemisza et al.®) is about
75% lower than the present data.

For the use of the present data in the neutron dosimetry experiment, the present data
and Hankla’s data'l) were fitted with an impirical formula shown by Cross and Ing?® . The
cross sections for the neutron energy of 0.78 MeV determined by neutron flux measurement
made with the indium foils were used for the fitting. The fitting formula is the following,

5(E) =0.082~ — BT 4 2588

E 2.66 10
1+<2.32> 1+<11.44>

where ¢(E) is neutron cross section in barn and £ is neutron energy in MeV.
The fission spectrum averaged cross section is defined by the following equation:

(2.5)

[TeEr0EraE
5= (2.6)
[eeraE

where ¢(E) : fission spectrum

o(E) : neutron cross section
In this calculation, the Watt-type fission spectrum?3) was used. The spectrum is expressed as
follows:
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¢(E)=¢#%sinh/bE 2.7
E=3a/2+ba®/4

@=0.998 MeV

b=2.249 MeV™!

where £ : neutron energy (MeV)

The fission spectrum averaged cross section was calculated by using the formula, and was
compared with the measured one. The calculated one is 238.3 mb for the Watt-type fission
spectrum. The measured one is 252.3 mb2%). The calculated one for the Watt-type fission
spectrum is about 5% smaller than the measured one.

2.2 Use of New Dosimeter °°Hg(n,n")1**Hg for Neutron Spectrum Unfolding

2.2.1 Nuclear Data for the °°Hg(n,n’}!°°"Hg Reaction

2.2.1.1 Abundance

The author has used natural mercury sample (HgO), because enriched '°°Hg sample is
very expensive (about 1003$/lmg). The mercury element consists of seven isotopes. Fach
abundance is as follows?”); 196Hg(0.15%), °8Hg(10.1%), °°Hg(16.9%), 2°°Hg(23.1%), **'Hg
(13.2%), ***Hg(29.7%) and ***Hg(6.8%).

2.2.1.2 Half-life and gamma-branching ratio of '**™Hg

The excited state of 1°°Hg is shown in Fig. 2.37). The threshold energy of the *’Hg(n,n")
199mHo reaction is about 532 keV, the isomer half-life is 42.6 £ 0.2 minutes and the multi-
polarity of the transition from the isomeric state to the 158 keV level is M4 and that from
158 keV level to the ground state is E27). The branching ratios are 52.3 £ 0.5 % and 12.3
0.5 % for the 158 and 374 keV gamma-rays, respectively”).

2.2.1.3 Cross sections for the °°Hg(n,»°)!°°™Hg reaction

Energy dependent cross sections for the °Hg(n,n’)'%°™Hg reaction was not available®).
Swann and Metzger®) measured the cross sections from the threshold energy to 2.2 MeV.
Bornemisza et al.®) measured the cross section at 2.8 MeV. Hankla et al.!!) measured the
cross section at 14.4 MeV. From these data, it is impossible to evaluate a reliable neutron
cross section for neutron spectrum unfolding. Therefore, the author measured the cross
sections from 0.78 to 6.3 MeV. The neutron cross section for neutron spectrum unfolding
was evaluated from the data measured by the author and by Hankla et al.'),
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Fig. 2.3 Excited state of 199Hg7).
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2,2.2 Reaction-rate Measurement and Neutron Spectrum Unfolding

The validity of the dosimeter 9°Hg(n,n")!*"Hg for reactor neutron dosimetry has been
examined through an irradiation experiment using the standard neutron field (glory-hole) in
the YAYOI. The neutron spectrum had been accurately evaluated by repeated measurements

and by calculation??).

The irradiation of foils in the YAYOI glory-hole was performed at a reactor power of
500 W and an irradiation time of 30 minutes. The measured reaction rates of the °*Hg(n,n’)
199mHg  27Al(n,«)**Na, *Mg(n,p)**Na and *In(n,n°)!15™In reactions are given in Table 2.326).
The reaction rates of the 3°Co(n,«)%Mn, Fe(n,p)>Mn, 2’Al(n,p)*"Mg, 7Al(n,«)**Na, 2*Mg
(n,p)*Na, #Na(n,v)**Na, 47Ti(n,p)*'Sc, *®Ti(n,p)**Sc and *5In(n,n’)!15™In reactions measured
by dosimetry group at the University of Tokyo are also given in Table 2.32%), The gammaray

spectrum of !**™Hg is shown in Fig. 2.4.

2. Cross Section Measurement and the Use for Neutron Spectrum Unfolding

Table 2.3 Experimental reaction rate?%) and neutron cross sections

Reaction

YAYOI glory-hold reaction rate (dps/atom)
(reactor power 500 W)

Sakurai’s data set29)

The University of Tokglo
dosimetry group 29

Neutron

cross section
for unfolding

199Hg(n’n 1)!991an
$9Co(n,@)**Mn
56Fe(n,p)ssMn
27Al(n,p)27Mg
1Al (n,0)**Na
AMe(n,p)**Na
BNa(n,y)**Na
"Ti(n,p)*"Sc
“BTi(n, p)%Sc
llsln(n,n ,)usmIn

2.89-147(x4%)

6.91-17 (£3%)
1.40—-16 (¥£3%)

2.14—14 (£3%)

1.47-17 (x2.4%)
1.00—16 (*¥2.8%)
3.87—-16 (¥8.4%)
6.74-17 (£2.9%)
1.47—-16 (£3.1%)
7.85~17 (£4.1%)
1.68—17 (¥11.5%)
2.57—-17 (£3.8%)
2.12—-14 (¥3.9%)

chap. 2, 2.1
ENDF/B-V

3
33

3

+ 2.89—14 means 2.89X 1071
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The code SAND II3®) was used for neutron spectrum unfolding. Neutron cross section
library was complied by the program CSTAPE which is a subprogram of the SAND II package.
The 620 groups energy structure was applied in the calculations. The neutron cross sections
for the library are given in Table 2.3. The guess spectrum3') for neutron spectrum unfolding
was one which was calculated with a one dimensional transport code ANISN32). The uncer-
tainty of the guess spectrum was about *30% from 0.3 to 3 MeV and about £50% outside
this range3V).

The unfolded neutron spectrum is shown in Fig. 2.5. The ratibs of the measured reaction

,O - 7 i L 1
u Unfold ]
- ——-— Guess §
w0 = 4
&
= - i
S
&
3 9F 3
2 B ]
= n .
< -
5 B
o
L,J = =
.
x
9
310 | _
w. - ]
pd = N
@] = .
E - b 27 1(,0)24Na
) +—t AMg(n,p)>*Na
i = 4t BTi(n0)8sc
et 3900 (n,2)%SMn
Z et 36E6(n 01%%Mn
- et 27 Al(n,012"Mg
et 47751 £)47 6
D e —— "sin(n,n')“5"‘ln
8 +_—_"99Hg(n,n’)‘99mHg
10 g Bnainge
<3 -2 =1 0 1 .
16 10 10 10 0 10

ENERGY (MeV)

Fig. 2.5 Unfolded neutron spectrum of YAYOI glory-hole.
(reactor power 500 W)

Table 2.4 Ratios of measured reaction rates to calculated ones after
the zeroth and the final iterations in SAND II analysis

Ratios of measured reaction rates to calculated ones

Reaction
Guess spectrum 10 iteration spectrum
¥Co(n,a)*Mn 0.9582 1.0264
*Fe(n,p)>°Mn 1.0144 1.0498
Y Al(n,p)* Mg 1.0497 1.0750
YTAl(n,0)¥*Na 0.8895 0.9690
*Mg(n,p)**Na 0.9139 0.9850
Ti(n,p)¥'Sc 0.8491 0.8721
BTi(n,p)*Sc 0.8819 0.9463
USTn(n,n )5 ™y 1.2210 1.1380
BNa(n,v)*Na 1.2070 0.9941

19°Hg(n,n") "M Hg 1.0164 0.9466
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rates (M) to the calculated ones (C) are given in Table 2.4. The ratio in the zeroth and in the
final iterations is given in the same table.

2.2.3 Results

More quantitative analysis will give information concerning the usefulness of the neutron
dosimeter *°Hg(n,n")!°*™Hg. Therefore, total neutron flux was calculated from the guess
spectrum and from the unfolded spectrum. The values are 1.614 X 10!!, 1.826 X 10! and
1.875 X 10! n/cm?sec for the guess spectrum, the unfolded spectrum and the evaluated
spectrum?®) respectively. The total neutron flux calculated from the unfolded spectrum with
199Hg(n,n")19°mHg reaction rate was 1% smaller than that without the reaction rate.

2.24 Discussion

The author has used natural mercury sample. Therefore, the activity of the !*™Hg is
produced by the '9®Hg(n,v)!*™Hg and the 2‘mHg(n,2)?)199‘“Hg reactions. As the neutron
spectrum of the YAYOI glory-hole is very hard, the influence of the °®Hg(n,v)'°*™Hg reac-
tion is negligbly small. The fission spectrum averaged cross section of the 2°°Hg(n,2n)***™Hg
reaction is 5.5 mb3%). Therefore, the influence of the 2°°Hg(n, 21)'?°™Hg reaction is about 2%.
The fission spectrum averaged cross section of the !°°Hg(n,p)'®°Au reaction is 0.009 mb3%),

The influence of beta decay of the °°Au is negligibly small.
The author had complied the neutron cross sections for the **Hg(n,n’)!**™Hg reaction.

One was complied by using the cross section data that were measured by Swann and Metzger®),
Bornemisza et al.?) and Hankla et al.!V), another was complied by using the cross section data
that were measured by Sakurai et al. (2.1) and Hankla et al.!!). When the former cross sections
are used for neutron spectrum unfolding, the ratio of measured reaction rate to calculated one
for the zeroth iteration is about 3. The value is about 1~1.1 when the latter cross sections are
used for the unfolding.

The calculated fission spectrum averaged cross section is 238.3 mb. The half-life of the
isomer is 42.6 minutes”. It means that the activity is easily produced by the irradiation with
low level fast neutron flux. The author has used the reaction in the experiment at the critical
assembly of the Japan Materials Testing Reactor. The threshold energy of the reaction is as
low as that of the 'SIn(n,n’)!'5®In reaction. Therefore, the '*’Hg(n,n")'**™Hg, 'SIn(n,n’)
Usmp  10Rh(n,n")'%mMRh reactions should be useful neutron dosimeters for the neutron
dosimetry with low level fast neutron flux.
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3. Measurement of Neutron Fluence above 0.1 MeV with
the Dosimeter 93Nb(n,n’)%mNb

3.1 Impurities in the Niobium Wire

The niobium dosimeters used were wires 0.020 inches in diameter, 99.833% in purity,
supplied by Reactor Experiments Inc. The impurities in the niobium wire are given in Table
3.1 (Ref. 34). The abundance of ?*Nb is 100%. It is difficult to remove tantalum completely
in the niobium wire. When the niobium wire is irradiated in a thermal neutron reactor such as
the JMTR, '82Ta with a half-life of 115 days” is produced by thermal neutron capture. The
thermal neutron capture cross section is 21 barns”). Therefore, the activity of '82Ta is larger
than that of °*™Nb produced by the °Nb(n,n’) reaction. As a result, the measurement of
KX-rays emitted from **™Nb is interfered with by KX-rays and gamma-rays from 82Ta. When
the niobium wire is covered by cadmium, the thermal neutron flux to the niobium wire is
decreased. But the cadmium could not be used for the general irradiation experiment because
the melting point of the cadmium is as low as 320.9°C.

Table 3.1 Impurities in Niobium Wire34)

. Weight . Weight
Impurity Percent Impurity Percent
Carbon 0.001 Manganese 0.005
Oxygen 0.003 Calcium 0.001
Nitrogen 0.006 Aluminum 0.001
Hydrogen 0.0005 Copper 0.001
Tantalum 0.045 Tin 0.001
Tungsten 0.010 Chromium 0.005
Zirconium 0.020 Vanadium 0.010
Molybdenum 0.010 Cobalt 0.002
Titanium 0.010 Hafnium 0.010
Iron 0.005 Cadmium 0.005
Nickel 0.005 Lead 0.005
Silicon 0.005

3.2 lIrradiation of Niobium Wire in JMTR

The JMTR is a high-flux reactor with a thermal power of 50 MW. About 60 fuel and
material capsules have been irradiated in the core for each cycle. The core of IMTR is shown
in Fig. 3.1. The maximum thermal neutron flux is 4 X 10 n/cm?-sec at the first beryllium
reflector region. The maximum fast neutron flux above | MeV is 4 X 10 n/cm?sec at the
fuel region.

Niobium wires were irradiated at the irradiation hole J-12 of the second beryllium reflec-
tor region as shown in Fig. 3.1. The niobium wires of ~1.6 mg were set in the material capsule,
which was scheduled to be irradiated at the ‘irradiation hole J-12. The iron wires of ~1 mg
were also set at the same position as niobium wires in the capsule.
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Fig. 3.1 The JMTR core.

The reason the irradiation hole J-12 was selected is that the ratio of thermal neutron
flux to fast neutron flux is largest in the second beryllium reflector region. The ratios are
~2.2, 5.4, and 3.8 for the first and second beryllium reflector regions and the first aluminum
reflector region, respectively. When the niobium wire is irradiated in the neutron field with
high thermal neutron flux, '82Ta is produced by the thermal neutron capture, and the measure-
ment of KX-rays emitted from **™Nb is interfered with by KX-rays and gamma-rays from
182Ta. If the niobium wire is irradiated in the neutron field with the highest ratio of thermal
neutron flux to fast neutron flux, the result is applied to other irradiation holes in the JIMTR
core and other reactor. When the activity of **®Nb was measured without chemical separation
after one year cooling period, it was an important point to know whether the measurement
of ®¥MNb is accurate enough or not.

The niobium dosimeters were irradiated during the 45th cycle (January 13 to February
16, 1979), the 46th cycle (March 29 to April 24, 1979), and the 47th cycle (June 17 to July
13, 1979).
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3.3 Measurement of KX-rays emitted from °>™Nb with High Purity
Germanium detector

The transition from **™Nb is classified to M4, which means ~100% internal conversion.
Gamma-rays emitted from !82Ta in the niobium dosimeter were measured with a 110 cm?
Ge(Li) detector after 412 days of cooling time. The gamma-ray spectrum is shown in Fig. 3.2.
The 1.614 mg niobium wire on the Mylar film was dissolved by slowly adding a few drops of
HNO; and HF mixture. The X-ray self-absorption is negligibly small for the X-ray source.
The KX-rays emitted from **™Nb after 415 days of cooling time were measured with a high-
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Fig. 3.2 Gamma-ray spectrum of ¥Ta in the niobium dosimeter after 412 days of
cooling time.
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purity 200 mm? X 7 mm germanium detector. The KX-ray spectrum is shown in Fig. 3.3. The
low energy region of '¥2Ta is also shown. The KX-ray spectrum of ®*™Nb is slightly interfered
with by KX-rays and gamma-rays from !8?Ta. It is possible to determine the peak area with
high accuracy when the explicit KX-ray peak as shown in Fig. 3.3 is obtained. KX-rays of
~50000 counts were detected at a distance of 10 cm between the detector and the source for
the counting time of 6000 seconds. The detection efficiency of the high-purity germanium
detector was determined by using a 2 Am standard source. The data of the half-life and the
branching ratio in Ref. 7 were used.

3.4 Evaluation of Neutron Fluence above 0.1 MeV

The neutron fluence above 0.1 MeV is strictly calculated from the data of the absolute
activity determined by KX-ray measurement, the neutron spectrum, the ®*Nb(n,n’)?*™Nb
cross section, the irradiation time, the cooling time, the half-life, and the branching ratio of
BmNb. The neutron fluence is expressed in the following equation:

ti;
p=ntl L A G.D)
Noma 64, 2
2 (=g Mifyg u; ‘
71=1
where @ : neutron fluence above 0.1 MeV (n/cm?)
A activity (dps)
M : atomic weight for dosimeter (amu)
N, : Avogadro number (6.022 X 10% mole™!)
m . dosimeter weight (g)
a . abundance
0,1 : effective cross section above 0.1 MeV (cm?)
t; : irradiation time (sec)
J : decay constant (sec™!)
t, . cooling time (sec)
n . irradiation cvcle

The effective cross section above 0.1 MeV of the ?*Nb(n,n°)**™Nb reaction is defined
by the following equation:

[eEr0E s
Gou= — (3.2)
f¢<E)dE

0.1

where ¢ (E) is the neutron spectrum and o(E) is the 2*Nb(#n,n")**Nb cross section.

The data used are the half-life of 13.6 £0.3 years”) and branching ratio of 0.116
0.00353%). The neutron spectra were calculated by using the ANISN code with the slab model
for the JMTR core3®). The %Nb(n,n)**™Nb cross section determined by Hegediis®?) was
used to calculate the effective cross section above 0.1 MeV. The Nb(n,n")**™Nb cross section
curve is shown in Fig. 3.4. Hegedlis used the half-life of 11.4 years and the branching ratio of
0.12237"_ The relation of the present nuclear data [the cross section ¢(£), the half-life 71, ,
and the branching ratio /., ] and the nuclear data used by Hegediis [the cross section ¢ (£,

the halflife 77, , and the branching ratio Ixx ] is expressed by the following equation®®:
Tie Ty . 13.6 0.122 . . 3
— . 3.
o(B)= -0 (B) =3116 114 ° (E)=1.250"(E) (3.3)
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Fig. 3.4 P Nb(n,n ") *™Nb cross section curve determined by Hegedii537).

The 6o.1 for the *Nb(n,n")?*™Nb reaction is 75.2 mb. The 0,.,s5 was also calculated in
order to compare with the neutron fluence above 0.183 MeV calculated for the JMTR core®®),
and the value is 84.7 mb.

The accuracy of the neutron fluence above 0.183 MeV can be evaluated by comparison
with the neutron fluence above 0.183 MeV monitored with the dosimeters and that calculated
for the JMTR core. The effective cross section of the *Fe(n,p)*Mn reaction was calculated
by using the ANISN spectrum and the 5*Fe(n,p)3Mn cross section in ENDF/B-IV. The values
are 25.8 and 29.9 mb for above 0.1 and 0.183 MeV, respectively.

3.5 Results

The neutron fluence above 0.1 and 0.183 MeV monitored with dosimeters and the
neutron fluence above 0.183 MeV calculated for the JMTR core are given in Table 3.2. The
neutron fluence above 0.183 MeV monitored with the niobium dosimeter is 23% larger than
that monitored with the iron dosimeter and that calculated for the JMTR core. The neutron
fluence above 0.1 MeV measured with the niobium dosimeter is also 23% larger than that
monitored with the iron dosimeter, The uncertainty of the neutron spectrum is experimentally

Table 3.2 Neutron fluence above 0.1 and 0.183 MeV
monitored with the dosimeters “°Nb(n,n’)
93m 54 54
Nb and Fe(n,p)°*Mn, and neutron
fluence above 0.183 MeV calculated for

JMTR core
>0.183 MeV >0.1 MeV
Method (n/sz) (n/sz)
IMTR calculation 2.21 X 10%°
#Fe(n,p)**Mn 2.12 X 10%° 2.46 X 10%°

BNb(n,n7)MND 2.61 X 10%° 3.03 X 10%
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evaluated at +20% for energy from 0.1 to 10 MeV3). The uncertainty of the neutron fluence
above 0.1 MeV measured with the dosimeter ®*Nb(n,#n")**™Nb is smaller than +30% including
the uncertainties of the half-life, the branching ratio, the **Nb(n,7°)*>™Nb cross section and
the ANISN spectrum. The burnup of **Nb and *™Nb is negligibly small in this irradiation.

3.6 Discussion

The uncertainties are ~2, 3, 10 and 20% for the half-life, the branching ratio, the activity
measurement, and the effective cross section above 0.1 MeV for the **Nb(n,n")**™Nb reaction,
respectively. The uncertainty of the neutron fluence above 0.183 MeV with the niobium dosi-
meter indicates a disagreement with the iron dosimeter and the nuclear calculation3®).

The cadmium thermal neutron filter could not be used because of the low melting point,
but one can use CdO up to 900°C, which is routinely used in Westinghouse pressurized water
reactors. However, the ideal filter to reduce '®'Ta activation is a 0.5 mm thick CdO and a 0.15
mm thick tantalum metal. The tantalum absorbs the 4.3 eV neutrons, reducing to practically
zero the resonance activation in tantalum.

The quality of the niobium wire, which contains 450 ppm tantalum, is very bad. Current-
ly available on the market is: 250 ppm for metals and 80 ppm for Nb,Os powder, but for a
higher price one can buy 5 ppm quality metal too.

The fluorescence effect of '82Ta in the niobium depends on the sample thickness and
the 182Ta/®™MNb activity ratio. In this study, ~30% of the niobium KX-rays was due to the
fluorescence of the '82Ta gamma-rays in the niobium K-shell. This correction was applied to
the activity determination of the *™Nb.

The neutron fluence above 0.1 MeV with the niobium dosimeter was measured and the
following problems were explicated:

1) The measurement of KX-rays emitted from %*™Nb is possible without the chemical
separation of '82Ta activity and **™Nb activity.

2) The niobium wire, ~1.6 mg, is dissolved by slowly adding a few drops of HNO3; and HF
mixture, and the preparation of the KX-ray source with small self-absorption is possible.

3) The uncertainty of the neutron fluence above 0.1 MeV measured with the dosimeter
BNb(n,n")*™Nb is smaller than 30%, including the uncertainties of the half-life, the
branching ratio, the ®>Nb(#n,12°)**™Nb cross section, and the neutron spectrum.
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107m

4, Use of New Dosimeter 1°7Ag(n,n’) Ag for

Neutron Spectrum Unfolding

4.1 Method of Study

Natural silver is made up of 51.83% °7Ag and 48.17% '%°Ag, which produce their respec-
tive isomers through (n,n°) reaction. Generally speaking, the cross section of an (n,7”) reaction
for isomer generation is constituted of a number of inelastic scattering cross sections each
corresponding to its own excitation energy. And in the present case, no published data are
available on the individual cross sections for the °7Ag(n,n’)'%"™Ag and '%°Ag(n,n")1%mAg
reactions. The inelastic scattering cross sections for 1%’Ag and %°Ag, on the other hand, are
found in ENDF/B-IV, each representing itself for every excitation energy (—Q value), as given
by Baht & Prince*®. Beyond the absolute Q value, these cross sections are treated as continu-
um. The contribution of this continuum region to isomer production is unknown for %7Ag
and !°°Ag. The author has derived the cross section of the 97Ag(n,n")!%"MAg reaction by
Compilation from the ENDF/B-IV and the “Table of Isotopes” ).

The decay scheme of '©’Ag from its excitation levels” is presented in Fig. 4.1, while
Fig. 4.2 shows the excitation cross section curves, together with the complied isomer produc-
tion cross section curve in dashed line. In ENDF/B-IV, the excitation levels of 1°7Ag above
0.9497 MeV are classed in the continuum region, which leaves some ambiguity concerning the
contribution of these levels to the production of 19™Ag, In order to eliminate this ambiguity
through experimental evaluation, a 99.0% 1%7Ag enriched Ag-foil was irradiated, in company
with several reference foils, in the glory-hole of YAYOI, which served as the standard neutron
field?®), the neutron spectrum through this glory-hole having been the subject of thorough
survey?®), with the result shown in Fig. 4.32%).
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The validity of the derived '97Ag(n,n’)!°"™Ag reaction cross section was examined in
terms of: (1) whether the compiled cross section could reliably serve for reference in isomer
production, and (2) whether the process envisaged for monitoring isomer production would
be appropriate, including the techniques for activity measurement (KX-ray counting, evalua-
tion of isotope data et.). To determine these points, the following procedure was adopted:
(1) irradiation of 19Ag-foil in company with several reference foils in the core-center of
YAYOI, (2) unfolding with the spectrum in Fig. 4.3 as the guess spectrum, (3) comparison of
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Fig. 4.2 Inelastic scattering cross sections of 107 0(n,n°) reaction and isomer
production cross section.

T:,; 10" T T T
VE
(&
>_
O]
ad
<
E " 5
Y
- FOIL RESULTS
= o K-SAND- I
) * HUGHES'
- METHOD
Q.
5 10°F ANISN CALC ~
m
e
o)
o
5 PARAMETER METHOD
L
Z
09 b ) ] ]
0.01 o} 1.0 10

ENERGY (MeV)

Fig. 4.3 Neutron spectrum at core-center of YAYOI?®) (Reactor power 2 kW).
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the unfolded spectrum with the initial spectfum to examine whether the influence of ©7Ag-
foil on the spectrum exceeds experimental error and that previously included in the initial
spectrum.

4.2 Foil lrradiation in YAYO!

The neutron spectrum measurements in the core-center of YAYOI adopted as standard
neutron field were performed using the nuclear reactions °7Au(n,v)'%®Au, 3*Nn(n,v)**Mn,
183Rh(n,n") B™Rh, Fe(n,p)*Mn, *®Ti(n,p)*8Sc, 27Al(n,«)**Na, 2*Mg(n,p)**Na and 97Ag(n,n’)
107m A Except for the '©7Ag-foil, all the neutron dosimeter foils were irradiated for 30 min-
utes at 500 W. The '97Ag-foil was irradiated three times at 3, 30 and 100 W, each for 10
minutes.

In the YAYOI core-center, the foil was suspended with string from the top of the vertical
hole (glory-hole) which penetrates the core-center. Correct positioning of the foil in core-
center was verified by observing the reactivity changes accompanying small changes in foil
position at low reactor power; the string was then marked where it passed the top of the
glory-hole, as reference indication for purposes of reproducibility between different runs.
A weight was attached to the lower end of the string, at a length of 10 cm from the foil so

" as not to disturb the neutron field under measurement.

4.3 Measurement of Induced Activity

The induced activity of the irradiated foils was measured with a 110 cm® Ge(Li) detector
or else with a high-purity germanium detector, depending on whether gamma- or KX-ray was
to be counted. The activity of isomers such as '%™Rh and !97™Ag was measured by X-ray
counting with the high-purity germanium detector. In both cases, the Ky and Kj* X-ray peaks
were used for determining the activity. Silver presents X-ray energies of K, 22 keV and Ky’
25 keV, which both require the foil to be thin enough to be free from self-absorption effect.
This was realized by letting the foil take the form of silver nitrate coating on a polyethylene
film support, which reduced the self-absorption below 1%. Thé 197Ag(n,n’)9"mAg reaction
rate was determined by KX-ray and 93 keV gamma-ray counting with the high-purity germa-
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nium detector.

A 1 uCi *Am standard source was made to serve for the energy and efficiency calibra-
tions. For counting the 93 keV gamma-ray from !97™Ag the absolute efficiency curve was
determined by reference to the 60 keV gamma-ray of **'Am, the 122 keV gamma-ray of 5’Co,
and 66, 97, 121 and 136 keV gamma-rays of *Se. The decay data were referred to Ref. 7.

Figure 4.4 represents the spectra of the X- and gamma-rays from the °7Ag-foil that was
irradiated for 10 minutes at 100 W. The foil was there after cooled down for 66 seconds, and
counted for 40 seconds. Figure 4.5 represents only the X-ray spectrum from 19"mAg.

4.4 Results

The reaction rates obtained from the foil activity measurements are presented in Table
4.1. These results were compared with those of other foil irradiations performed in the same
YAYOI core-center by three other groups — from the Nuclear Engineering Research Labora-
tory of the University of Tokyo, the Kyoto University Reactor Research Institute, and the
Power Reactor and Nuclear Fuel Development Corp.2?). The comparison revealed discrepancies
that did not exceed +2~3% in respect of the individual reaction rate of all foils except Ti.

The foil activity comparison between Ag and the references was made using the YAYOI
glory-hole, whose neutron spectrum had been accurately evaluated by repeated measurements
and by calculation?®). The activation cross sections of the reference foils were taken from
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Table 4.1 Reaction rates of foils irradiated i ¥ AYOI glory-hole at 500 W power

. . @) (®) by Branching Reaction rate
Foil Reaction Abundance Ti)a Ey(keVv)(b) (%)(®) (dps/atom)
Mg “Mg(n,p)**Na 78.99 15.030 h 1,368 100 1.40-16%
Al 2TAl(n, o) **Na 100 ” » » 6.91—-17
Ti 48Ti(n,p)*Sc 73.7 43.67h 983 » 3.08-17
Mn $Mn(n,7)**Mn 100 2.579h 846 98.8 8.23—16
Fe 56Fe(n,p)**Mn 91.7 » ” ” 1.04—16
Rh 18Rn(n,n "Y' ™Rh 100 56.116 min KX-ray 20,23 7.0 6.06—14
(em’i*ci ed) TAE(Ln) A » 443 s KX-ray 2225  35.5 3.56-14
Au 97 Au(n,y)**8Au » 2.697d 412 95.5 3.14-14

(a) “Nuklidkarte”, (1974), (b) “Table of Isotopes™, (1978).
+ 1.40—16 means 1.40 X 107%S.

ENDF/B-IV. The data comparison was performed by means of the unfolding code SAND 1139,
with the measured foil activity values as input, the known glorthole neutron spectrum as
guess spectrum.

The interim result after zeroth iteration of the unfolding process is given in Table 4.2.
This table represents the deviations of the individual foil activities from what should have been
if the corresponding initial spectra were true. It is seen from this table that the smallest devia-
tion is the 4.24% shown by Ag, which appears to be a reasonable value in comparison with the
corresponding deviations of the other seven reference foils. The neutron spectrum unfolded
with DAND II is shown in Fig. 4.6. Exclusion of Mn and Au from the reference foils — on
account of the uncertainty of their spectra in the lower extremity of the energy range —
results in some increase of deviation of the Ag-foil. This deviation was examined by scrutiniz-
ing the activity of the Rh-foil, which has its sensitive range closest to that of Ag (see Table
4.2). Also, the cross section of Fe was recomplied from ENDF/ B-V to remedy the deviation
which was much larger than seen for the other four reference foil activities. These corrective
measures brought the deviation of the Ag-foil activity from those of the other five references
down to 12.8%. The corresponding deviations of the other references were —3.4 for the Mg,
—8.9 for the Ti, —5.2 for the Al, —5.3 for the Rh and 9.9% for the Fe-foil activities.

Table 4.2 Interim results obtained at zeroth iteration of unfolding analysis

Nominal 5% activity limites Ratio measured Deviation of
Foil reacti (MeV) to calculated measured from

o1l reaction activities calculated

Lower Upper activity (%)
197 Au(n, 1) BAu 45027 190 1.1091 10.91
“Me(n,p)¥Na 6.80 1.37+1 0.8926 —10.74
®BTi(n,p)*sc 7.30 1.51+1 0.8423 —15.77
SFe(n,p)**Mn 5.70 1.36+1 1.1133 11.33
Al (n,0)* Na 6.90 1.39+1 0.8762 —12.38
18R h(n,n "} P MRA 5.00—1 5.10 0.8757 —12.43
W07 (n,n") " MAg 4.00-1 2.60 1.0424 4.24
5SMn(n, v)**Mn 3.00--2 2.20 1.2484 24.84

Standatd deviation of activities: 14.90%
+  4.50—2 means 4.50 X 1072,
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Fig. 4.6 Neutron spectrum unfolded by means of SAND II.
(YAYOI glory-hole, reactor power 500 W)

4.5 Discussion

Uncertainty in the calculation of activity caused by the precision of the cross section for
107Ag(n,n°)197™ Ag reaction was estimated to be 12.8% from the following treatment.

The foil irradiation flux level that is determined by the five references is, in principle,
represented by

X= LL“JI‘ Ox
where # denotes the most probable value of the flux level, and ox the standard deviation
obtained by the equation

0= / Z:Uii (N—1)

where again o,; represents the deviation of the i-th reference activity from the expected value
calculated using the most probable level of flux with the given spectrum. The five selected
reference activities give 2.12% for o, . And z itself carries a certain ambiguity resulting from
the uncertainties contained in the activities of the five foils:

L= potoy

where the uncertainty o, is represented by

where again o. denotes the uncertainty of the i-th reference activity due to its uncertainties
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such as deriving from decay data, activity counting efficiency and counting error. For all five
references, o; is estimated to be 5%, which yields 2.50% for o.. Based on these values of
uncertainty, that of the flux level at which the Ag-foil has been irradiated is estimated to be
0y +0,=4.62%.

In the estimation of Ag-foil activity, uncertainties of various contributions were evalu-
ated:

1) counting efficiency of the Ge detector = 3%,
2) decay data = 1%;
3) counting statistics = 1%,
4) correction of X-ray absorption = 1%.
The sum of these uncertainties are well within the uncertainty value 12.8% quated above.

Figure 4.7 represents the response functions ¢(E)$(E) ( ¢(E) : cross section, ¢ (E):
neutron spectrum) of '%7Ag-foil derived from spectra obtained in the YAYOI glory-hole and
in the first Be reflector of JMTRC3®. Both curves indicate a foil response contribution of
about 30% provided in the energy range of 0.1~1 MeV, where the integral neutron flux is
more than twice that above 1 MeV.

The range of 0.1~1 MeV, on the other hand, is precisely the region where no neutron
dosimeters have their peak sensitivity, so that spectrum measurements in this region must be
considered to generate the bulk of the activity error: If a combination of foils is used such as
to constitute too many neutron dosimeters sensitive in the higher energy range, this would
tend to magnify this error. As a practical example, the influence imparted by the error of
107Ag activity on the JMTRC spectrum was studied in reference to the reactions “Rh(n,n")
103mRh, 238U(n,HFP, SIn(n,n)!5™In, Mn(n,v)®Mn and 3Cu(n,v)®*Cu, which gave the
results tabulated below.

YAYO! (Glory -hole)

RESPONSE FUNCTION O(E)¢(E) (ARBITRARY)

.0
NEUTRON ENERGY (MeV)

10 100

Fig. 4.7 Response functions of ®’Ag foil obtained with YAYOI glory-hole spectrum and
spectrum at JMTRC first beryllium reflector.
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Ag activity Flux level
change (%) change (%)
(Normalized to flux > 1 MeV)
—-10 —15.8 (at 0.38 MeV)
+10 5.7 (at 0.40 MeV)

25

The reason for difference seen in the extent of change brought in the flux level for an

equal amount of Ag activity in opposite directions can be attributed to the difference of
the spectrum adopted with 5% standard deviation as condition of convergence. Considering

these changes brought on the spectrum to represent maximum values, it can be concluded

that a change of 10% in Ag activity should bring about a change in flux level of roughly same

amount.
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5. Conclusion

An important point requiring consideration in studying radiation damage for reactor
materials is neutron dosimetry with 0.1 ~1 MeV range. New dosimeters 1°°Hg(n,n’)1°°™Hg,
BNb(n,n7)"™Nb and 97Ag(n,n’)!9"™Ag were studied to measure neutron with energy from
0.1 to 1 MeV. As a result, the following conclusion is obtained.

1) Neutron cross sections for the **Hg(n,n")!°°™Hg reaction were measured at 10 energy
points from 0.78 to 6.3 MeV by the activation method. The neutron flux was determined with
a proton recoil telescope counter and indium foils. The experimental errors for the neutron
cross sections are about 11~19% for the indium neutron flux monitoring and 5~8% for the
proton recoil neutron flux monitoring. The neutron cross sections determined with two
methods agree within the experimental error. It means that the neutron cross sections do not
include the systematic error. For the use of the present data in the neutron dosimetry experi-
ment, the present data and Hankla’s data!') were fitted with an empirical formula shown by
Cross and Ing?®. The fission spectrum averaged cross section for the Watt type spectrum is

about 5% smaller than the measured one. It means that the accuracy of the neutron cross
sections is enough for application in reactor neutron dosimetry.

2) The validity of the dosimeter *°Hg(n,n")!*™Hg was examined through an irradiation
experiment using the standard neutron field in the YAYOI. The neutron spectrum was un-
folded with SAND II using 10 reaction rates including the dosimeter 2°He(n,n")**"Hg. The
unfolded spectrum agrees with the evaluated spectrum?®). The total neutron flux calculated
from the unfolded spectrum with °?Hg(n,n’)!°®™Hg reaction rate was 1% smaller than that
without the reaction rate. New dosimeter *Hg(n,n’)!*™Hg becomes a useful neutron dosi-
meter for neutron spectrum unfolding.

3) The neutron fluence above 0.1 MeV was measured with the dosimeter **Nb(n,n")
%mNb at the irradiation hole J-12 of the second beryllium reflector region in the JMTR. The
SNb(n,n")**™Nb cross section determined by Hegediis®”) was used to calculate the effective
cross section above 0.1 MeV. The uncertainty of the neutron fluence above 0.1 MeV is smaller
than 30%, including the uncertainties of the nuclear data and the neutron spectrum.

4) The validity of the dosimeter °7Ag(n,n )™ Ag was examined through an irradiation
experiment using the standard neutron field in the YAYOI, a fast neutron source reactor.
The test foil used was 99.0% !°7Ag enriched silver, which was irradiated with 5 reference
foils already well evaluated. The reaction rate of °7Ag was determined by KX-ray counting
with a high-purity germanium detector. The cross section for the 97Ag(n,n°)19"™Ag reaction
was compiled from the excitation cross section data of !°’Ag published in ENDF/B-IV, in
combination with the decay scheme of !°™Ag listed in the “Table of Isotopes”. Using the
neutron spectrum which had previously been precisely measured, it was found that the cal-
culated reaction rate of !®"™Ag was underestimated by 12.8 £ 5%. This error is attributed to
significant underestimation involved in the cross section of the '°7Ag(n,n")!°"™Ag reaction.
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