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Production of Long-Lived Activities in Fusion Materials

L. R. Greenweed and D. L. Bowers
Argonne National Laboratory,Argonne, Il USA

Abstract

Neutron cross sections have been measured near 14 MeV for reactions leading
to long-lived radioisotopes in fusion materials. Results are summarized for various
reactions leading to 26 Al (720,000 y), 55Fe (2.73 y), 5*Ni (100 y), 59Ni (76,000 y),
and *Nb (20,300 y). New data is presented for the production of 'Nb {680 y) from
92Mo, and for ®*Mo (3500 y) and %3™Nb (13.6 y) from %*Mo. Our measurements
suggest that the half-life of °’ Nb may be shorter (350 y) than previous estimates.
Measured cross sections are used to predict the production of these isotopes for

various fusion reactor designs.

Introduction

Previously we have reported measurements of various neutron reaction cross
sections leading to long-lived radioisotopes in fusion reactor materials.!~® Such data
are needed to assess possible restrictions on the waste disposal of materials. The
cross sections are also used for neutron dosimetry, plasma diagnostics, and reactor
maintenance applications. In particular we have focussed on the most important
long-lived radioisotopes formed by (n,2n) reactions near 14 MeV. Since these reac-
tions generally have thresholds above 10 MeV, the 14 MeV cross section is usually
sufficient to determine production rates in fusion materials. A wide range of ma-
terials have been irradiated at the Rotating Target Neutron Source (RTNS) II at
Lawrence Livermore National Laboratory to neutron fluences on the order of 1032
n/m2. A variety of techniques have been used to measure the activities following

radiochemical separations.

Experimental Procedures

Samples were prepared from the pure metals of Al, Fe, Mo, Cu, Zr, Ni, and
Nb and the separated isotopes of 56Fe, ¢Ni, 64Ni, ®4Zr, and **Mo. The separated
%Mo isotope consisted of a metallic powder pressed into thin discs measuring 3.0
mm o.d. by 1 mm long. The **Mo enrichment was 92.03% with 5.2% Mo and less
than 1% of the other Mo isotopes. All of the samples were irradiated in thin alu-
minum tubing along with dosimetry samples. Several irradiations were conducted
at the RTNS II using both short irradiations close to the source and longer, pig-
gyback runs farther away. Details concerning the neutron energy spectra at RTNS
II have been published previously.!® In all cases, the neutron fluences were deter-
mined from radiometric dosimetry data based on either the #*Nb(r,2n) #>™Nb (10
day) and %4 Fe(n,p)*Mn (312 day) reactions. Measurements are thus referenced to



standard cross sections of 463 mb (+4%) for 33Nb? or to values between 331 mb
(14.5 MeV) and 303 mb (14.8 MeV)(£7%) for ®*Fe!. Many dosimeters were used to
map the neutron fluence over the sample assemblies. Radiometric measurements of
the samples themselves were used to further refine the neutron fluences relying on
previously reported data near 14 MeV.' The precise geometry was determined for
each sample from the overall map of the neutron fluence. The average angle then
determines the average neutron energy for each sample based on the calculated
neutron spectra.! The neutron energies have a typical spread (fwhm) of about 6.4

MeV.

In most cases, radiochemical separations were used to isolate the desired activ-
ity from interfering species. Details of these separations were published previously.”
Gamma and x-ray spectroscopy were performed on most of the samples using high-
purity, thin-window germanium detectors. This technique provided a good monitor
for the presence of undesirable activities. Direct gamma measurements were used
to detect **Nb, *!™Nb, and selected samples of 3°Al. X-ray measurements were
performed for 3*Ni, *#Nb, ®*Mo, and #*™Nb. Liquid scintillation spectrometry was
used to detect *Fe which decays by electron capture and the low-energy beta de-
cay of 53Ni. In these cases, radiochemical separations and analyses of the energy
spectra were critically important. The energy spectra of the measured activities
were matched to standard spectra from similarly prepared samples (55Fe, ®3Ni)
to insure proper identification. The relatively new technique of zccelerator mass

spectrometry was used to detect 25Al.

Summary of Previous Measurements

All of the reactions which we have studied are listed in Table I and reierences
are given for each measurement. The cross sections for these reactions are summa-
rized in Table I and compared to previous data. Activation cross sections for 22
reactions were measured at five energies betwzen 14.5-14.9 MeV at the RTNSII,!
and these data were very useful in refining neutron fluence maps for each irradiation.
The 27 Al(n,2n) data include measurements to the ground state (720,000 y) and iso-
meric state (6.34s).! The 54Fe(n,2n) measurements® to 53Fe have been shown to be
quite useful for plasma diagnostics at fusion reactors.® Furthermore, the reaction
is of interest since 53Fe decays to 5*Mn (3.7x16° y}. Due to the very steep energy
dependence of these two reactions near 14 MeV, data is not included in Table II
or in later estimates of fusion reactor activities. Additional mcasurements are in

progress or are planned, as detailed in Table I.

New Measurements for Mo Reactions

We have published results for the production of ?™Nb and **Nb from natural
and enriched **Mo targets.? New measurements have been completed for 919Nb,
93mNb, and #*Mo from these same targets. Samples were dissolved in & mixture of



HCl and HNQOj. Sinall aliquots were then flame dried on tantaium discs and cov-
ered with a thin layer of tape for x-ray counting. The deposits generally measured
about 1 mg of Mo spread over an area of about 0.5 cm?. In this way self-absorption
corrections were less than 1% for x-rays in the 15-19 keV region. Absolute calibra-
tion of the detector was determined with a ¥*™Nb x-ray standard (NBS-SRM4267).
93ImNb has a half-life of 13.61:0.3 years and the K x-ray (16.5-19.1 keV) intensity is
10.5740.54 %. The half-life of %*Mo is 35001700 years and it has the same x-rays
as 9™ Nb excepi that the intensity is 73.0+2.7 %. %19Nb decays with a lifetime of
6801130 years and the K x-rays (15.7-18.1 keV) have an intensity of 63.6+2.2 %.
All of the above decay data is taken from reference 10.

Since we irradiated both natural Mo and % Mo-enriched samples, measurements
of the K x-ray activity can be used to uniquely determine the fraction of the activity
in each sample which is due to either ?Mo or **Mo. At the long decay times
of our measurements (1090 days), there are no other known sources of Nb or Zr
K x-rays from the other Mo isotopes, except for very long-lived isotopes such as
92Nb (3.7x107 y) and ¥ Zr (1.5x10° y). Four samples were counted (2 natural, 2
enriched) and a simultaneous fit to the data yields the cross section values listed in
Table III. In the case of ?Mo, the only known activity with x-rays in this energy
region is *'9Nb. The 62 day isomer of ®»™Nb has already decayed away in these
samples. *¥9Nb can be made by several reactions, primarily ®?Mo(n,2n)% Mo which
rapidly decays to ¥'Nb. Although there is an isomer in Mo and in **Nb, all
of these reaction products eventually decay to °'YNb. ®'Nb can also be made by
the 92Mo(r,d+ap+pn) reactions. Hence, our cross section value represents the net
production of ¥9Nb from %2Mo.

In the case of Mo, we can make 3¥Mo from the (n,2n) reaction and 3™ Nb
from the (n,d+np+pn) reactions. **™Nb can also be made from the (n,t+nd+nnp)
reactions on **Mo; however %Mo is only 5.18% of the enriched sample and thus can
only make a minor contribution (< 1%). The situation is further complicated by
the fact that 3¥Mo decays to ¥ Nb. We plan to perform a radiochemical separation
of Nb and Mec in order to uniquely determine the cross sections for both species.
However, 21 present we can only place limits on the cross sections for both reactions.
The decay of 3Mo to $3™Nb is rather siow due to the long half-life of 3560 year
and we calculate that at least 2% of the present activity must be due to #3™Nb.
Hence, we can place upper limits on both cross sections, as is done in Table III.
It is, however, most probable that we produced more *Mo than #*™Nb during the

irradiation, as discussed below.

Comparison With Previous Data

There are no known previous measurements of the **Mo(n,2n)**9Mo cross sec-
tion. The cross section to the 6.9 hr isomeric state of ®* Mo is reported to be 2.4-6.4



mb!11213. however, the reaction proceeds mainly to the ground state of %Mo and

the total cross section should be much larger.

Haight,et al.,' have reported a value of 943 mb for the *Mo(n,d) reaction cross
section. This would be quite consistent with our results; however, our measurements
also include other possible reaction channels such as *Mo(n,np+pn).

We have used the THRESH2!® semi-empirical computer code to estimate the
strength of various reaction cross sections in order to gain some insight concerning
the relative importance of unobserved reactions. These calculations predict a rela-
tively flat energy dependence near 14 MeV for the ¥ Mo(n,2n) reaction with a cross
rection of about 1 barn. This calculation is close to our maximum value of 810 mb.
THRESH also predicts that the **Mo production cross section for 3™Nb is 51 mb
and that the (n,np+pn) cross sections are about equal to the (n,d) value. However,
these reaction cross sections are steeply rising near 14 MeV. If we assume that the
ratio of the production cross sections from THRESH2 for %Mo / 93™Nb is roughly
correct, then we would estimate that the ¥Mo(n,2n)% Mo cross section is about 280
mb and that for %4Mo(n,x)**™Nb is about 17 mb. This latter value would agree
with the (n,d) measurement!? assuming equal strength for the (n,np-+pn) reactions.

There have been several measurements!®~!% of the ?Mo(n,2n)*!Mo reaction
to both the ground and isomeric states. Unlike the %*Mo(n,2n) reaction, the
92Mo(n,2n) cross section is steeply rising with energy near 14 MeV. Hence, some
care must be tzaken in comparisons with our data since our energy resolution is
about 0.4 MeV. Previous measurements give a value of about 200-250 mb in our
energy region between 14.5-14.9 MeV. However, our measurements also include the
production of ®}9Nb by the *Mo(n,d+np+pn) reactions. Haight, et ai.,’® measured
a value of 2247 mb for the (r,d) reaction at 14.8 MeV. Using the THRESH2 com-
puter code, we estimate that the (n,pn+np) reaction cross sections sum to about
70 mb. Thus the total production cross section of ?29Nb should be about 300 mb,
much less than our measurement of 603 mb.

There are several possible explanations for the discrepancy between our mea-
surements and previous data for the production of *¥Nb from 93Ms. Since our
measurement is based on the strength of the Zr K x-rays, it is possible that there
are other contributing isotopes. However, due to the long decay time before anai-
ysis (1090 days), we are unable to identify any known interferences from other
Mo isotopes or impurities in the material. It may also be that the uncbserved
92Mo(n,np+pn) reactions have a much larger cross section than predicted by THRESH2;
however, this seems highly unlikely since we expect these reactions to be much
weaker than the (n,2n) reaction. A more likely explanation is that our measure-
ments could be reconciled with previous data if the half-life of **Nb were reduced to
about 350 years. The present value of 6801130 years has a rather large uncertainty
(19%). Further measurements are needed to resolve this issue.



Discussion and Conclusions

Further measurements are in progress to improve our Mo results. We plan
to chemically separate Mo and Nb, thereby resolving the cross sections for she
production of **Mo and **™Nb from **Mo. Higher-resolution x-ray measurements
may also help to resolve the Nb and Zr x-rays and should separate any possible

interferences with the 9'Nb reaction.

The measured neutron cross sections can be ueced to calculate the production
of long-lived isotopes in fusion reactor materials, as shown in Table IV. These cal-
culations are for the STARFIRE!? fusion reuactor design for a six year operating
time (21.6 MW-y/m?); however, effects due to thermal neutrons have been ne-
glected due to uncertainties in shielding calculations. In most cases, the activation
is mainly due to the interaction with 14 MeV neutrons since there is no signifi-
cant neutron flux above the typical threshold energies of 7-13 MeV. However, in
the case of the 3Cu(n,p) reaction, lower energy neutrons increase the production
of ®3Ni significantly. Since we do not know the energy-dependent cross section for
this reaction, we assumed that the relative contribution from lower energy neu-
trons would be about equal to that from the 14 MeV neutron flux, as reported
previously.’” Calculations were not included for the 27Al and 54Fe(n,2n) reactions
since the activities are crucially dependent on the plasma temperature and neutral
beam heating parameters.® In the case of **Mo and ¥™Nb, we can only place limits
on the activities since we cannot separate them in our data. For ¥ Nb, we note that
the cross sections are steeply rising near 14 MeV and we have thus used a lower
value in our fusion calculations based on the energy dependence in previous (n,2n)

reaction data.

The fusion reactor activities reported in Table IV can be compared to previ-
ous estimates.?’ This comparison is not straightforward since we have neglected
transmutation effects due to thermal neutrons. However, it is not certain that the
relatively high thermal fluxes given for the STARFIRE first-wall spectrum should be
used for bulk materials due to neutron shielding effects. If we compare our measure-
ments with the 14 MeV cross sections used in that study, we find that the *3Cu(n,p)
values are 80% higher, the ®®Ni(n,2n) values are 3.0 times higher, the **Mo(n,p)
values are about 50% lower, values for **Mo(n,2n)*'Nb are 40% higher, and those
for #*Mo and *3"Nb from Mo, as well as other reactions not mentioned, are quite
similar. Hence, we would expect that the activity levels would scale accordingly if
we included secondary effects due to thermal neutrons and side reactions as done in
reference 20. Of course, since we cannot separate the ¥3Mo and 9*™Nb reactions, i
is likely that the activity levels will be substantially reduced from those in previous
calculations?®. For example, if the cross section for the Mo is only about 280
mb, as discussed earlier, then the fusion reactor activity will be reduced to only
14 mCi/cc. In any case, it is probable that there will still be stringent limits on
the presence of Mo in fusion reactors if we are to meet the NRC requirements for



class C waste disposal. The implications of these activities for fusion reactor design
depend crucially on the details of the desigr as well as our assumptions regarding
future regulations for the disposal of waste materials.
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Table I: Long-lived Activities in Fusion Materials

Isotope  Half-life,y Reactions Status
@ 5730 14N(n,p) in progress
26 4] 7.2x10° 27A1(n,2n) Ref 4

53Mn 3.7x106 34Fe(n,2n)A Ref 5
"4Fe(n,d+np)  Planned
% Fe 2.73 6Fe(n,2n) Ref 8
63Ni 100. ¢3Cu(n,p) Ref 8
4Ni(n,2n) Ref 8
>Nji 7.6x10* 6Ni(n,2n) Ref 8
93Zr 1.5x108 %4Zr(n,2n) In progress
93 Nb(n,p) In progress

%2Nb 3.2x107 %Nb(n,2n)  In progress

°INb 680. %2Nb(n,2n) This work

%Nb 2.0x10* % Nb(n,p) Ref. 2

93mNb 13.6 %4Mo{n,x) This work

93Mo 3500. %4Mo(n,2n) This work



Table 11
Fe Isotopic Mass Spectrometry Measurements®

(Values are atomic percents)
(Calculations based on ENDF/B-V?)

Fluence 54Fe 56Fe 5TFe 8Fe
(10®*n/m?) Exp. Calc. Exp. Cale. Exp. Calc. Exp. Calc.
6.37 5.02 5.01 78.36 77.70 14.84 15.00 1.28 1.68
3.48 5.33 5.35 83.54 83.73 10.12 9.73 0.70 0.80
3.21 5.41 5.39 84.83 84.83 8.86 9.21 0.59 0.74
Mean(C/E) 0.999 0.996 1.003 1.23

aUncertainties: 3*Fe 0.4%, 6Fe 0.07%, %"Fe 0.3%, 5%Fe 1.2%




Table III: Mo Cross Section Measurements

Reaction Energy,MeV® o,mb
92Mo(n,2n)?!¥Nb 14.7 603.+119°
94Mo(n,x)?*Mo 14.7 <810°

94Mo(n,x)?*™Nb 14.7 < 264

“Mean energy; width =0.5 MeV

®Uncert.: Stat. 1%, std. 2.4%, Ty;; 19%, fluence 5%, net 20%
“Uncert.: Stat. 1%, std. 2.4%, Ty, 20%, fluence 5%, net 21%
4Uncert.: Stat. 1%, std. 2.4%, T1,2 2.2%, fluence 5%, net 6%



Table IV: Fusion Reactor Activation Calculations
(STARFIRE design, 21.6 MW-y/m?, 3000 day cooling)

Material Isotope  Activity,mCi/cc

Iron 55Fe 25,000.

Copper 83Ni 1795.

Nickel 63Ni 227.
59Ni 0.99

Molybdenum  ®!Nb 243.
%4Nb 0.77

%Mo < 41.

93mN < 140.



