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IMPROVED ACTIVATION CROSS SECTIONS FOR VANAG1uM AND TITANIUM

Douglas W. MUIR and Edward D. ARTHUR

Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A.

vVanadium alloys such as V-20T{ and V-Cr-Ti

are attractive candidates for use as structural

materials in fusion-reactor blankets. The virtual absence of long-lived activation products in
these alloys suggest the possibility of reprocessing on an intermediate time scale. We have
employed the modern Hauser-Feshbach nuclear-model code GNASH to calculate cross sections for
neutron-activation reacifons in %%V and %!V, to allow a more accurate assessment of induced
redioactivity in vanadium alloys. In addition, cross sections are calculated for the reactions
4€Ti(n,2n) and %5Ti(n,2n) in order to estimate tire production of 44T{, a 1,2-MeV gamma-ray

source with a half-1ife of 47 years.

1. INTRODUCTION

anadium 21loys (such as V-20Ti and V-Cr-
Ti) are attractive candidates for use as struc-
tural materials in fusion-reactor blankets both
because of good mechanical properties at high
temperatures and because of favorable activa-
tion characteristics.l The virtual absence2 of
long-1ived neutron-activation products of
vanadium, titanium, and chromium suggests the
possibility of reprocessing and recycling
vanadium-alloy blankei components after reason-
ably short cooling times (perhaps 20-50 years).

As discussed in Sections 3 and 4, we have
used the nuclear-model code GNASH to calculate
cross sections for several neutron-activation
reactions iu vanadium and titanium, in urder to
al'ow an accurate assessment of induced radio-
activity in the time scale of interest for re-
cycling, namely, 1 to 100 years. In addition,
we have reviewed the available decay dats for
the radienuclides produced.

2. CALCULATIONS OF RADIOACTIVITY INDUCED 1IN
v-20T
If one assumes that the noble-gas activa-
tion product 42Ar (th = 33 y) can be removed,
for example by heating, «nd if one further as-
sumes that the activation of impurities can be
neglected, then the gamma-ray dose near an

irradiated blanket component manufactured from
V-20T{ will be dominated, 1in the first few
years after removal from the reactcr, by x-rays
and {nternal bremsstrahlunjy photons from 49V
(tk = 0.9C y). After several years, most of
the dose will come from hari gamma rays from
‘4T1 (tk = 47 y). A suwmary of the decay
properties of these two nuclides is given in
Table I, along with the relevant 14.1-MeV
production cross sections calculated with
GNASH.

For radiocactivity calculations, we have
adopted an operating scenario in which a first
wall of V-20Ti alloy is irradiated at a neutron
wall loading of 10 NUA~2 for a period, t, of
two years (see Ref. 2). ‘The neutron source fis
assumed 0 be uniformly distributed over a
plasm region which extends frum the center of
a cylindrical vancuum vessel out to a plasma
radius rp. assumed to be equal 1o 0.7 times the
first wall radius "y For this value of rp/rw,
and independent of the actual wall radius, the
flux ot unscattered 14.1-MeV -eutrons arriving
at the first wall will be 1.69 times the 14.1-
MeV neutron curren’, wh.ch at 10 MV/mz is 4.44
y 101‘ n/cm2 sec. The first-wall uncol)ided
flux, o, is then 7.50 x 10*4
shown in Section 4, all of the p-oduction reac-
tions of interest here have high thresholds

n/cm2 sec. As



and steeply rising excitation functions. Be-
cause of this, it is a reasonable approximatior
here to calculate radionuclide production rates
from ¢ alone, ignoring the contribution from
lower-energy scattered ueutrons.

TABLE I.
Activation and Decay Data for V and Ti

Cross Section at 14.1 Mev

51y(n,2n) 0.524 b
50y(n,2n) 0.692 b
461i(n,2n) 0.0124 b
A514(n,2n) 0.0926 b
Photons

Half Life Photon Energy Per Decay

9y 090y ~ 300 kev®  ~ 0.0003°
4.5 keV© 0.196
WUri a7y 2.656 MeV 0.001
1.499 MeV 0.009
1.157 MeV 0.999

% Internal bremsstrahlung accompanying electron
capture. The spectrum is a broad continuum
extending from O up to 616 keV. (See Ref. 3.)

bAbsolute intensity estimated from Eq. (8) cof
Pef. 4,

Cprivate communications frem J. K. Tuli and D.
(.. Kocher.

In th.. approximation, at the end of the ir-
radiat .on, the ratio of ‘9v to fuitial total
vanadium atoms will be
749 . 5097 » ( ) x (0., ¢ 5) x D.636
Y g ¢ 50 ¢ 3 ‘

+ 0.0025 x (050 ¢ t) x 0.510 ,

where the first contribution results from the
two-step process (51V*50v»‘QV). while the
second results from direct production from
the 0.25% abundant 50v in natural vanadium.

The fractions 0.636 and 0.510 are the respec-
tive probabilities that a ng atom born during
the reactor irradiation will survive unti)l the
end of i{rradiation in these two production
modes. Inserting numerical values from Table
1, we obtain

n -
23 - 302x 107, (1)

v

with about 86% of the 47

the two-step process.
Similarly, the ratio of **T{ atoms to ini-
tial total titanium atoms i{s calculated as

V atoms resulting from

n
4
23 - 0.082 (045 ® 1) % (0

9 Tae)
Ty 45 ¥ Y45

where a5 the average lifetime of a 45T1 atom,
is 1.60 x 104 s. Again inserting numerical
values, we obtain

g g7 % 2071 (2)
Ti
In spite of the very low yamma-ray intensity
from ‘9v decays, it Is clear from the results in

Eqs. (1) and (2) that, at early times, 9V wil

dominate 44H as 8 source of energetic gamma
rays. It {s also clear that, after about ten
years of storage, 44T1 will dominete.

It is of interest to evaluate the gamma-ray
dose rate at the surface of a large, thick
sheet of V-20T{ alloy. A useful furmula for
this is given in Ref. 2,

5, - B
Dose (R/h) = 6.57 x 10 * 2y, 5. 3o\ (D
all y lines

where Ga is the energy absorption coeffici-nt

of air (cmz q-l). e is the linear attenuat.on



coefficient of the alloy (cm2 g-l). SY is the
rate of gamma-ray energy emission per unit mass
(MeV g'l s1), and B is the gamma-ray dose
build-up factor, a number around 2. At late
times, this result will be dominated by the
1.16-MeV gamma-ray from 44T1. Substituting the
appropriate values in tq. (3), we obtain the
late-time dose rate,

- pt/47

Dose x 2.25 mR/hour

where t {s measured in years.

This level of radiation is about equal to
the 1imit set by the U.S. gcvernment for radia-
tiun workers (1250 mrem in any 3-month period).
While certainly not negligible, it probably
would not present a serious obstacle to perform-
ing industrial operations, such as fabrication,
with recycled V-20Ti. Of course, a definitive
statement regarding the feasibility of recy-
cling cannot be made here, since we have not
included the dose from the activation of impuri-
ties.

3. CROSS-SECTION CALCULATIONAL METHUDS

In order to obtain the activation ~ross sec-
tions used 1in this study, we employed the
GNASH®
code. This coue handles complicated reaction

multistep Hauser-Feshbach nuclear model

chains and incorporates nhysics featuvres, such
as preequilibrium emission, necessary to ade-
quately describe 14-MeV neutron interactions
with nuclei. However, to utilize such a code
effectively, input parameters must be deter-
minets using a wide va-iety of data sources,
not {ust those directly rriated to the calcu-
lational problem of interest. For example, the
theorntical descriptinn o1 neutron emission
requires wnowledge of neutron transmission co-
efficients over an extended energy range
(~0.1-20.0 MeVv).
rptical model parameters obtained by eimul-

These we calcuiate wusing

taneous fits to resunance data (s- and p-wave

strengthe, scattering rad116). as well as total
and elastic cross sections. We followed such a
procedure to fit data pertinent to the titanium
and vanadium isotopes of interest here and the
resulting neutron optical pcrameters appear in
Table II.

We likewise followed a similar procedure for
charged particle transmission coefficients. We
began with global parameter sets7'8 and ad-
Justed them to optimize agreement with experi-
mental data, principally elastic-scattering
angular distributions and nonelastic cross sec-
tions. The resulting parameters were further
validated through (p,n) and (o,n) cross-section
calculations for nearby nuclei. Since severa)
of the nuclei of interest to this study exhibit
significant amounts of neutron-induced charged-
particle emission, the proper hehavior of these
transmizsion coefficients is essential to the
correct theoretical description of such proc-
esse;, particularly (n np) reactions,

Independent dats were likewise used i1 the
determination of the remaining input param-
eters, inr particular, the gamma-ray strength
function and the nuclear level density. for
the etrength function, we assumed a giant-di-
? and normalized it to
reproduce (n,y) cros- secitions for several
The form of the
nuclear level density was taken tc be that
10 This
model was utilized in conjunction with the

pole resonance shape
nuclei in this mass region
given by the Gilbert-Cameron mode!.

maximum amount of discrete nuclear level infor-
nationll available for each residutl nucleus
occurring in the reaction sequance. To deter-
mine the pertinent model parameters, we simul-
taneously fitted data for the cumulative number
of levels occrvring at a given excitation
energy as well as available s-wave resonance-
spacing 1nfonlation.6



TABLE 11

Neutron Optical Parameters Obtained
for Titanium and Vanadium ]sotopes*

r a
Ti v = 49.46 - 0.192E 1.261 0.6
HVOL = -0.544 + 0.39E 1.261 0.6
Voo = 6.2 l.12 0.47
HSD = 3.975 + 0.074F 1.364 0.42

for En>6 MeV

NSD = 4.419 - 0.1(E-6) 1.364 0.42

v v = 48.86 - 0.43F +
0.0003£2 1,292 0.607¢
NVOL = -0.207 + 0.253E 1.292 0.6076

VSO = 6.2 1.12 0.47

VSD = 4,91 + 0.074E 1.3685 0.429
for En>6 MeV
VSD = 5,354 - 0.17(E-6) 1.3685 0.429

*A1l wel) depths in MeV; geometrical parameters
in fermis.

As a final preparatory step in our calcula-
tional effort, we computed direct-reaction con-
tributions to fnelastic scattering
cross sections from collective levels using the
Distorted Wave Born Approximation (DWRA). Such
contributions are

neutron

important over the energy
range of intersst and cannot be described using
Hauser-Feshbach or preequilibrium models. To
determine the deformation parameters necassary
for normalization of the DWBA results, we used

vnluo|12'13 obtained from proton 1{inelastic
scattering measurements.
4. CROSS-SECTION RESUIS

With these preparations complete, we pro-

ceeded to cross-section calculations on ‘5"6T1

and 50'51V. some results of which appear in

Fig. 1. Calculated ‘sTi(n.Zn) cross sections

(solid curve) are compared to datal4 in the
energy range from threshold to 16 MeV. The
agreement is good, especially considering that
no attempt has been made to optimize Lhe calcu-
Within
this energy range the theoretical cross section

lations to this particualar reaction.

for the (n,2n) reaction involves only popula-
tion of discrete levels in 4511 so that the
proper energy behavior of neutron transmission
for realistic re-

coefficients is essential

sults. Equally important is the proper descrip-
tion of competing reactions, particularly those
involving charged-particle emission, since they
dominate for this target nucleus. The calcule-
tions simultaneously reproduce such data well,
as {llustrated in Fig. 2 where a comparisonr {s
made to the 46T1 proton spectrum15

15-MeV neutrons

induced by
The anreement is particularly
significant in the low-energy portion of the

spectrum, since thic region encompasses protons
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FIGURE 1.

Calculated *%+487{(n,2n) values are compared to
experimenta) data.'? The dashed citrve repre-
sents ‘P11 results while the solid curve indi-
cates similar cross sections for 4*1i(n.2n)
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FIGURE 2.
The calculated proton emission spectrum in-
duced by 15-MeV neutrons on *€Ti {s compared
to experimental data.!®
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Calculated B'V(n,2n) (s01id curve) and 3%v(n,2n)
(dashed curve) cruoss sections are compnntd to
available experimental results!4 ({or V)

from the (n,np) process. that compete directly
with the (n,2n) reaction. Returning to Fig. 1,
the dashed curve shows the predicted behavior
of the (n,2n) reaction on the unstable (tl‘g =
3.08 h) %574 target nucleus. Although the *°Ti
(n,2n) threshold lies significantly lower than
for ‘6T1(n.2n). the 14-MeV cross section is
still fairly smal)l (less than 100 mb), because
of sizable competition from charged-part cie
emission,

Figure 3 compares calculated (n,2n) cross
sections with d01014
occurring vanadium isotopes.

available for naturally-
In this instance,
neutron emission is the dominant reaction mech-
anism rather than charged-particle emission as
45.967( . [we did,
however, compare our caiculations with measured
values of 51V(n.p) and (n,a) reactions where we
found agreemert on the order of 10X, even
though cross-section magnitudes were
compared with (n,2n) values.)

was the case previously for

smal)
For such (r,2n)
reactions the calculations are dominated by
transitions to discrete levels in the 49'SOV

residual nuclei, so again a realistic low-
energy description of the neutron transmission
coefficients {is important. The dashed curve
illustrates the calculated 50v(n.2n\ cross
section for which no experimental data exists.
Its threstold lies about 2 MeV lower than for
51V(n.Zn). but around 14-MeV the cross sections

are comparable.

5. CONCLUSIONS

These examples illustrate the use of a mod-
ern nuclear reaction code such as GNASH to cal-
culate activation cross sections important for
fusion reactor applications. results
also {llustrate that,

parameter determination, realistic theoretical

These
with proper care in

cross sections can be obtained even in the case
of minor reaction paths. Such calculations can
theraby be used with confidence to provide

nuclear data in instances where experimental



measurements are difficult (such as on a rare
isotope) or totally impractical, as 'n cases
involving unstable targets,
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