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Depending on the assumptions made of the neutron cross section behavior in the high-
energy region, the captures in 91*N'b have been found tn be the major components influencing
the afterheat and radioactivity in fusion reactor design problems. Preliminary blanket de-
signs indicate that about fclU ct the capture rates in '"Nb occur nbove 1 keV and 90% occur
above 100 eV. Then/Cure an important: .md ticioly cross section need is an esLiniate and
liicasurement of thv 9 ' 'Nb(n,v)9 N̂b • '' 3nXb reaction in the keV-MeV energy region. Xunlunr
level .systematic studies using tin' two known positive energy resonances, the thermal cross
section, ilu; resonance integral and the apparent liigh-donsiLy of the low-lying levels in
niobium, hnvo suggested postulating the" existence uf negative energy levels or l eve l . These
considerations involved the postulated negative energy resonances, and assumptions about
positive energy resonances above 50 eV and average unresolved paran.^ters based on nuclear
systematics . The experimental technique to obtain a measured integrated cross-sect ion in
the fast f iss ion spectrum of the Coupled Fast Reactivity Measurements Facil i ty (CFRMF) and
the Arf.onne Fast Source Keactor (AFSR) i s investigated with foii.s of -'3Nb containing 4.17,
-ll|Nb u t i l i z i n g Ce(l,i) spectroraetry.

(iusion; cross-soctior.; resonance-levels; experiment; blanket; afterheat; radioact iv i ty)

Introduction

An important and timely cross section need i s an
estimate and measurement of the 91tNb(n,Y)95Nb, 95niNb
cross section in the high-energy ^l MeV region. The
significance of this effort i s to confirm or not con-
firm the existence of the aftorheat problem usually
associated with the niobium structural mater ia l . *»^
I t i s important to es tab l i sh this for niobium since
i t i s being used as a merit of ^rformance in se l ec t -
ing candidate for s t r u c t u r a l materials in fusion
power react T S .

The 95Nb and 95mNb afterheat and radioact iv i ty
problem resul ts from the assumptions made in Refs. 1
and 2 where the appro..imation i s made that in the ab-
sence of cross section data above the thermal energy
region, the -^NbC^y) cross section i s 15 times great-
er than the 33Nb(n,y) over the entire (0.025 eV to 14
MeV) energy .region. This factor i s based on the ra t io
of the measured3"5 0.025 eV capture cross sections and
resonance in t eg ra l s . The assumptions may be overly
pessimistic by an order of magnitude, and i f a lower
cross section i s confirmed then the niobium afterheat
and radioactivity problem could be considerably r e -
duced to levels not different from other s t ruc tu ra l
material candidates.

Figures; 1 and 2 graphically demonstrate the con-
sequences of reducing the ^NbCn.f) reaction ra tes and
subsequently the -5i!b and 95raNb ac t iv i ty , by a factor
of ten. The afterheat related act ivi ty i s d i rec t ly
reduced by approximately the same 'actor of ten. So
that if the measured cross section i s found to be much
less than 93Nb in the keV, ;ieV region, then the con-
tribution to the afterheat and activation levels by

Nb, •'•^Nb can be completely neglected. This means
th.-t the major contribution would be from the S2n!Nb
and 93mNb over the f i r s t few days after shutdown and
the radioactive level i s reduced even further.

In nuclear power p lant designs, the near-term
(days, weeks, Fig. .!) afterheat and act ivat icn levels
are most important and wi l l impact direc-ly on the de-
sign of many subsystems; part icular ly the handling of
maintenance, t ransport , and heat transfer i .ntransit "in0 in' in'
operations. The long-term effects (Fig. 2) are con-
trol led by other factors and the change in the ac t iv i - TIME A F T E R SHUTDOWN, years
ty of 9'*Nb, due to reduced burnup, for s t o r a g e and
handling is not as consequent!,i]. Figure 2. Long tern radioactivity

after shutdown

Itf1 . IOJ 10"
TIMF FTER SHUTDOWN, min

Figure 1. Radioactivity versus time
in minutes after shutdown



Cross Section
and Sensitivity Calculations

Sensitivity calculations have been attempted5 in
order to estimate the effect on the induced activation
due to cross section uncertainties and in particular
due to the absence of nuclear data above the 22.6 eV
resonance level. However, i t is a very difficult pro-
cedure to attempt structuring a cross section in an
energy region where there is inadequate or an absence
of experimental data on resonance parameters, so chat
to infer a capture cross section for 9'Nb much beyond
the wings of the 22.6 eV resonance level could result
in large errors. The three cross section structures
suggested and used in the sensitivity calculation*1

are speculative and the plausible arguments may not
be consistent with nuclear physics sys tetuaticr,. The
conclusion of the study was that the afterheat varied
within 17% for the range of cross sections constructed.

Negative Energy Level Parameters fo. 9''Nb(n.Y)

In view of nuclear level systematics, the appar-
ent high-density of the low-lying levels of the 3!|Nb
isotope suggests the existence of a negative energy
level or levels. The introduction of negative energy
level resonance parameters along with other positive
energy levels lying above the 22.5 eV resonance would
readily account for not ^nly the difference between
the Pleasured resonance integral of 125b and the com-
puted contribution of 93b from the 11.6 and 22.6 eV
resonances; but also the difference between the meas-
ured thermal capture cross section of 13.6b and the
4.5b computed from the arameters of the abo'i- two
levels. Therefore, tht. nigh thermal crc ^ t--.ii and
ti high resonance inLegral for 9*Nb can h-- uunted
for by the low-lying levels <50 eV. These - - l y i n g
levels would have a small effect on the ni&gtv. Lude of
the capture cross section above 50 or 100 eV.

As a result of this resonance structure, the
91*tib(n,Y) cross 'ction above 50 or 100 eV could be
expected to appi^ach the magnitude of the 9 3Nb capture
cross se -tion or even lower by a factor of 2 as is now
listed in ENDF/B-IV. If this is the case, then the
computed -apture reaction rate in 9'!N'b would be a fac-
tor of at least 15 times lower than the capture rates
computed for the CTR Nb -structure blankets currently
being designed where the approximation is made that
the Nb(nsy) cross section is 15 times greater than
the 93Nb(n,y) over the entire energy region. This re-
duced reaction rate is based on a variety of blanket
design computations where in general i t is found that
about 50-60% of the capture reaction rates occur above
1 keV and that 90-98% occur above 100 eV.

In order to study the effect of neutron capture
of 9"*Nb in a typical Ci'R blanket, three versions of
91*Nb were prepared in EI'DF/B format.7 Version A is
the ENDF/B-IV 91*Nb, Material 238 on Tape 415, with the
addition of th elastic scattering angular distribu-
tions from ENDF/B-IV 93Nb and isotropic inelastic
angular distributions. Versior. H, which is described
below, differs from Version A in the (n,y) cross sec-
tion. In Version C the (n,y) cross section at a l l
energies is that of ENDF/B-IV 9 3Nb multiplied by
".3.6/1.15 =11.83, which is the ratio of the capture
cross sections of 9MSb and 9 3Nb at 0.0253 eV.

The capture cross section of ENDF/B-IV 9''Nb
(Version A) at energies below" 61.649 eV is derived
from the contributions of the two positive resonances
with the addition of a 1/V background to produce the
experiment,-); U.O253 eV cross section of 13.6 barns.
Above 6i.64fi 'iV ths: (njY) cross section was computed
using the methuds of ReCs. 8 and 9. For Version E

fl''Nb, tlm rapture cross set-Lion up Lu 61,649 eV Is
computed from the two positive energy resonances of
Version A, along with a negative energy resonance
added to give the 0.0253 eV cross section without the
use of a background. Parameters for the three reson-
ances are listed in Table I . Above 61.649 eV and

Table I . Resonance Parameters of Version B 9llNb

E.i

30
11
22

?V

.0

.63

.63

J

6
6
6

r
0.
0.
0.

.eV

30241
167 B6
21395

C
0
0

rn,ev

.11441

.00586

.00095

r.
0
0
0

l'ev

.188

.162

.213

(.0253)
b

9.11
4.32
0.17

R.I

2
89
3

. ,b

.99

.13

.93
13.60 96.05

to ta l a 123.99

aThe tabulated cross section above 61.649 eV adds
27.94 barns to the infinite dilution capture resonance
integral above 0.5 eV to yield a total of 123.99 barns.

below 50 keV the (n,y) cross section w-is computed from
unresolved resonance parameters using the average level
spacings and strength functions derived in Ref. 10,
along with the assumption of a 1/(2J+1) dependence for
level spacings ind a Vy = 0.188. The IV is the average
of the experimental values for the two measured posi-
tive energy resonances. At 50 keV and above the any
values of Version \ were used. Of course the cross
sections in the K.per part of the range above 61.649 eV
in either Versions A or B are not very rel iable , since
the values of the resolved resonance parameters, which
are not knov.'n experimentally, can affect the cr^ss s c
tions considerably. It would be necessary to have re-
solved parameters up to a lew keV to establish the
cross section well.

The capture cross section of Version B is higher
than that of Version A in the range from 61.649 eV up
to about 10 keV, and lower in the range from about 10
to 50 keV, Version A has a capture resonance integral
of 17.4 barns, while the resonance integral of Ver-
sion B is 124.0 br-ns. Version C has a 111.9 barn re1—
onance integral. The experimental valrc i s 125 ± 8
barns.5

Blanket Computations with the Three Versions of 9l*Nb

The three versions of 9t|Nb were processed through
RIGEL11 and ETOE-2-2 to produce a binary library in the
format required by MC2-2.13 This library was then
merged with other materials from the ENDF/S-IV MC2-2
library using HERHC2-21'1 to produce a library to be
used for running MC2-2 problems including 91*N'b. An
MC2-2 problem was run with 12C, 6Li, 7Li, 93Nb and the
three versions of 9MNb. Except for carbon, the mater-
ials were at low atomic densities to produce essen-
tially infinite dilution cross sections in an 88-group
structure with upper energy of 14.19 MeV. The 88-
group cross sections were transformed with a service
routine15 into the format required by the discrete
ordinates transport code AKISN.16

An ANISH Si, problem was run using the specifica-
tions for the benchmark fusion reactor blanket given
in Ref. 17. Tables II and III , based on Ref. 17, pre-
sent the specifications for the cylindrical blanket.
The isotropic source of neutrons is In group 1 of the
multigroup slructure.

The output of the f i IFt ANISN problem was used to
distribute snail amounts of 9l|Kb in the zones containing



Table 1 ] , Configuration of BeiK-hni.irk Blanket Muasuri'moiita of

Material

A
1)
C
D
C
D
D
D
E
D

Intervals

1
1
3
6
3
10
10
10
15
3

Outer
Radius,cm

150
200
200.5
203.5
204
224
244
264
294
300

Zone

1
2
3
4
5
6
7
8
9

10

Table III. Nuclide Densities for Benchmark Blanket

Material

A

B

C

P

Constituent

Isotropic
flat source
of neutrons

Vacuum

93Nb

33Nb

Number Density
102"/cn,3

0.05556

0.003334
bLi
7Li

Carbon

0.003234
0.04038

0.0804

Integral capture cross section measurements are
being planned for the fast fission neutron spectra of
the Coupled Fast Reactivity Measurement Facility
(CFHMF) and the Argonne Fast Source Reactor (AFSR).
The integral experiments would check o(n,y) in Che
neutron energy range 0.5-1.0 MeV and should help de-
termine Lhe reduction in the activation cross section
ratio (91|Nb to 93Nb) at the higher neutron energies.
The general features of these facilities are listed
in Table V.

Table V. General Features for Cl'KKF and AFSR

CFRMF

Locati'-:! INEL-Aerojet
Nuclear Corp.

Integral 1.2 x 10 u n/cm2-sec 5 x 1011 n/c«2-sec
Flux

Mean Neutron 700 keV 2.1 KeV
Energy

Median Neutron 500 keV 1.3 MeV
Energy

90% Energy 16 keV-2.8 MeV 16 keV-4.9 Mu?
Range*

95% Energy 5 keV-3.85 MeV 5 keV-5.7 MeV
Range**

niobium accor'ing to N9'* = N 9 3 J 9 3 $t, which holds

true for s-ificiently short tines, since

*£nergy range containing 90% of the integrated
neutron flux.

**Energy range containing 9 Vi of the integrated
neutron flux.

(e

where the notation used is conventional. Three more
AN1SN problems were run using the three versions of
91|Nb. Results from these problems are given in Table
IV. In this table the average one-group capture cross
section for 9I(Nb in each of the zones containing
niobium and for the whole blanket are presented for
the three versions of 9l*Nb. The average a for a l l
three versions increases with increasing zone number
because of the progressive softening of the flux spec-
trum. There is a large increase in going from zone 8
to zone 10 because of the thermalization by the 30-cm
thickness of carbon in zone 9. Differences between
Versions A and B are not large, but beetne slightly
greater with increasing zone number sin^u the soften-
ing of the s^ectruin yields increasing emphasis to the
energy range where cnV of Version:- A and B differ.
Version C gives values of the average any which are
rauc' greater by a factor of ten than those of Versions
A and B in a l l zones except 10, since on-j of Version C
is much larger than that of Versions A or B except at
thermal and near-thermal energies.

Table IV. Average Capture Cross Section of 91(Nb, barns

Zone

3
4
5
6
7
8
10

Average

A

0.1027
0.1084
0.1143
0.1482
0.2293
0.5271
5.977
0.1958

Version

B

0.1042
0.11U1
0.1162
0.1578
0.2406
0.5834
*.5O9
0.2066

_C_

1.148
1.208
1.268
1.594
2.324
3.728
7.747
1.814

Activation methods will be utilized to arrive at
cross section values for the reaction 9c*Sb(n,v)9 =nlNb
and 3l*Nb(n,Y.i .fb. Two samples containing approxi-
mately 300 yg of 3'.:b each will be fabricated, one
for irradiation in the CFRMF and the other in the AFSR.
The fluence for each of these irradiations will be on
the order of 3 x 1015 n/cm2. After irradiation, the
amounts of 95raNb and b produced in neutron capture
will be determined by (Je(Li) y-spectrometry using the
activity of the 235 keV y-ray from the decay of 35mNb
and tne activity of the 765 keV y-ray from the decay
of "Nb.

The major difficulty in performing these measure-
ments is the relatively high backgrounds in the y-
spectra arising from the decay of the 91<Nb target
material. This background seriously affects the de-
tectabi ' i ty of the much weaker act ivi t ies from 95raNb
and 95Nb. A t t s t to determine the accuracy of meas-
uring the weaker activities in the presence of the
activity from the decay of 5''Nb was organized, whereby
the counting conditions expected after an irradiation
of 300 iig of 9kKb in the CFRMF to a fluencc V1.016 n/cm2

were simulated. The partial capture cross sections
used to estimate these conditions were 200 millxbarn/
nuclei for 9llNb(n,Y)95Nb and 100 aillibarn/nuclei for
-"1Nb(n,y)95l!1Nb. To simulate the activ:ty of the 235
keV y-ray created in the decay of 95mHb, a 279 keV y-
ray from a 2o3i!g source was used and similarly a 834
keV y-ray from a 51<Mn source was used to simulate the
activity uf the 765 keV y-ray created in the decay of
35Nb. A 9'(Nb source was used to produce the high
background. The count-rates for tiie simulated condi-
tions are given in Table VI.



Table VI. CuuutLvi,' Results of Simulated K.xpoi

Energy

279 keV

702 keV

834 keV

871 keV

9 * Nb

9''Nb

w/o 91lNb bkgd.
Activity

(counts/sec)

1.048 (+2.4%)

.303 (±4.1%)

w/9''Nb bkgd.
Activity

(counta/.src)

1.022 (±3.9%)

145 (±1.8%)

.280 (±18%)

116 (±1.8%)

From the error data listed in Table VI, it ap-
pears that the counting uncertainties for a single
measurement will be ̂ 4% for determining the activity
of 95lcNb and similarly -v20% for the activity of 95Nb.
When the counting data arc reduced to absolute cros:;
sections, it is expected that the cross-section un-
certainties will be %122 for 91*Nb(n,Y)95I1"'Nb and
£22% for 3<4Nb(n,Y)35Nb.

Remark.0

The first point of this note is to indicate that,
in general, sensitivity calculations must always be
guided by experiments. Many models may be constructed
to fit limited experimental data, with the consequences
differing for each of the models.

The second point to make is that in this partic-
ular case, the suggested integral measurements of the
Nb(n,y) cross section in the keV, MeV spectrus re-

gion of the A R and the CFRMF «/ould be important
experiments1 points of reference for the theoretical
structuring of the cross section. Further, ttv- sub-
sequent sensitivity computations would than be more
directly relevant since the analysis weald be based
on more direct e>:pet\i ^ntal data.
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