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Charged-particle —producing reactions of 15-MeV neutrons on s'V and 93Nbf
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Cross -sections for the (n, xp), (n, d), and (n, xa) reactions for 15-MeV neutrons on "V and 'Nb have
been measured with a magnetic quadrupole spectrometer. The importance of the (n, n'p) reaction as a
source of protons is examined by comparing these results with those recently obtained for ' Ti. Good fits to
the (n, xp) and (n, xa) energy spectra require contributions from both equilibrium and nonequilibrium
reactions, while only the latter appear in the (n, d) spectra. Calculated values for the {n,n'p) and {n,n'a)
cross sections agree well with the experimental values. The cross sections are "V(n, xp) 91+14 mb,
'V(n, xd) 7+3 mb, 'V{n,xa) 17+3 mb, 'Nb(n, xp) 51+8 mb, 'Nb(n, xd) 8+3 mb, and Nb(n, xa)
14+3 mb.

NUCLEAR REACTIONS ~~V(n, xp) 5~V(n, xd), ~'Vin, xa), +Nb(a, xp), 9~Nbin, xd)~
~Nb(~, xo. ), E„=14.8 MeV, measured o(E&, tI), a(E~, O), o(E~, 0), Hauser-Fesh-

bach analysis; deduced reaction mechanism.

I. INTRODUCTION

A recent measurement' of the (n, xP) and (n, xn)
spectra for 15-MeV neutrons on Al and Ti has
shown that reactions involving sequential nucleon
emission can produce large sub-Coulomb-barrier
contributions to charged particle spectra. For
target nuclei in which the binding energy of the
last neutron is greater than that of the last pro-
ton, the (n, n') rea:ction can populate states whose
only available decay channels are sub-Coulomb
barrier charged particle emission and y decay.
The measurements reported in Ref. 1 suggest that
states which can emit protons of 1 MeV or more
will decay predominantly by proton decay, while
states with less energy available will typically y
decay. Comparison of the proton and n barrier
penetrabilities suggested' that the corresponding
energy for e-particle decay was about 4 MeV for
these nuclei. Thus, even though the n binding en-
ergy is slightly less than that for protons in these
nuclei, the n spectra showed only hints of sub-

.barrier contributions, while the corresponding pro-
ton component was a large fraction of the spec-
trum. Finally, the correspondence of the subbar-
rier peak to the (n, n'P) reaction was established
by comparing the (n, xp) spectra for "Ti and "Ti;
in the former nucleus, the proton binding energy
is less than the neutron binding energy and a large
low energy peak was observed, while for ~'Ti, the
binding energies are nearly equal and no low ener-
gy peak was seen.

The present measurements were undertaken to
investigate the importance of this mechanism in
producing charged particles for other target nuclei.
Vanadium and niobium were chosen as targets both

because of their potential use as materials in fus-
ion reactors and because in both cases the binding
energy relationship was such that a subbarrier
proton peak could occur. Complete charged-par-
ticle spectra were obtained to enable a comparison
of the magnitude of the subbarrier peak with the
total charged-particle production cross section.
Analysis of the angular and emission energy de-
pendence indicated that compound nuclear pro-
cesses are an important source of charged par-
ticles even for targets as heavy as Nb, although
the relative importance of nonequi. librium reaction
contributions was considerably greater than for
nuclei with A. & 50.

Many of the measurements of neutron-induced
charged-particle producing cross sections have
been made with radiochemical techniques. These
measurements are considerably easier than those
involving detection of the charged particles since
a single measurement yields the cross section for
a given reaction channel integrated over the angle
and energy distribution of the light charged par-
ticle. This technique would not be useful in study-
ing the importance of (n, n'P) reactions however
because they populate the same residual nucleus
as the (n, d) reaction. In addition, as pointed out
in Ref. I, the (n, n'P) reaction is likely to be of
particular importance for targets for which the
final nucleus reached by this reaction is stable.

Detection of low energy charged particles re-
sulting from 15 MeV neutron induced reactions is
quite difficult. The target must be relatively thin
to allow the charged particles to escape and there
are generally many sources of low energy charged
particles in a neutron environment other than the
sample of interest. Measurements presented in
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Ref. 1 show that the use of an intense neutron
source and a magnetic quadrupole spectrometer
allows the detection of protons with energies as
low as 1 MeV.

II. EXPERIMENTAL PROCEDURE

A magnetic quadrupole spectrometer was used to
detect the charged particles. As has been pre-
viously discussed, '-' such a spectrometer allows a
large neutron source-to-detector separation and
thereby reduces the background produced in the
detector by neutron or y-ray-induced reactions.
This spectrometer also can discriminate to some
degree against charged particles produced at loca-
tions other than the radiator of interest. The prin-
cipal disadvantage of the spectrometer is its ener-
gy selectivity, which requires measurements to
be made at a num'ber of magnetic field gradient
settings in order to obtain the entire spectrum.

Details of the experimental procedure were iden-
tical to those described in Ref. 1. The source of
neutrons was the rotating-target neutron source
at the Lawrence Livermore Laboratory. An inten-
sity of about 3 x 10"neutrons/sec into 4)g sr was
used for these measurements.

The spectrometer consists of a magnetic quad-
rupole doublet lens and the associated reaction
chamber, transport tube, and detector telescope.
Because the axis of the spectrometer was perpen-
dicular to the beam direction and was 5 cm behind
the neutron source, changes in reaction angle could
be made by translating the spectrometer along its
axis. This changed the angle between the direction
of neutrons incident on the target and the outgoing
charged particles by moving the radiator foil rela-
tive to the neutron source. Such a procedure for
changing the reaction angle resulted in a change
in the 'H(d, n) neutron production angle and hence
a small change in the average neutron energy from

t 3H(tr tr)
45 (t)(a,charged particle) '45 ).

Charged particles were detected in a two-detec-
tor counter telescope. A 15-p,m thick silicon sur-
face barrier detector served as a 4E detector,
while the E detector was 1500 pm thick. The total
energy and particle species were determined with
conventional electronics.

The spectrometer acceptance was inferred from
measurements of spectra -produced by neutron
bombardment of stopping i;argets of CH, and CD, .
These radiators produce protons (from CH, ) or
deuterons (from CD, ) from elastic n-P or )g-d

scattering which because of energy losses in the
radiator will have energies ranging from E„cos'9
(protons) or —a&„cos'8 (deuterons) to zero energy.
The spectral shape can be calculated from the

known elastic cross sections and angular distri-
butions and the stopping powers of polyethylene.
Comparison of the measured spectral shape with
that calculated for a given incident neutron flux
yields the acceptance as a function of energy for a
given quadrupole current. This calibration was
carried out for each quadrupole gradient setting at
which data were taken.

In principle, the acceptance of such a spectro-
meter is a function only of Z'/JME, which would
suggest that the n-particle acceptance could be
taken to be identical to that for protons. Because
the energy loss in the AF- detector for high energy
protons was only slightly above the electronic
bias, some counting loss in the counter telescope
occurred for these particles. These losses will
occur for the measured spectra as well but will
be corrected for by the corresponding reduction in
measured acceptance. The pulses for high energy
deuterons and o. particles were considerably above
the electronic cutoff, so the a acceptance function
was obtained by shifting the deuteron function to
energies twice as large. Use of the deuteron ac-
ceptance function to obtain that for n particles has
the additional advantage that multiple scattering
in the ~& detector' which could cause particles
to miss the E detector is almost identical for a
particles at E, as for deuterons of energy & E,.

Energy spectra were obtained at 45, 75, and
135'. Since the purpose of the experiment was to
examine the relative importance of (n, n'P) and
(n, )3'a) processes in producing charged particles,
it was felt to be more important to cover the en-
tire energy spectrum than to make measurements
at a large number of angles. For protons and e
particles, large fractions of the spectra [including
the (n, n'P) and (n, n'n) portions] are due to com-
pound nuclear- processes, for which an isotropic
or symmetric angular distribution would be ex-
pected. Even for direct or preequilibrium portions
of the spectra which woul. d be forward peaked,
the three angles chosen should give a better esti-
mate of the total cross section than small angles,
because of the reduction in solid angle as the angle
approaches 0' or 180'.

The counter telescope could detect protons with
energies as low as 1.1 MeV, with corresponding
cutoffs for deuterons and n particles of 1.8 and
4.3 MeV, respectively. Use of a single detector
instead of the telescope as was described in Ref.
1 was not necessary because the present targets
did not produce protons with energies as low as
those from aluminum.

III. RESULTS

Raw data at two magnet settings are shown in
Figs. 1(a) and l(b) for the protons emitted at 75'
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FIG. 4. Angle-integrated spectra for the "V(&,x~)
reaction. The solid line represents the result of a
Hauser-Feshbach calculation described in the text.
For this reaction the predicted second-stage o.' decay
is too small to be observed.

10

ons, and n particles were summed over 500-keV
intervals and then averaged over angle to obtain
angle-integrated cross sections in the laboratory
system. The resulting cross sections are shown
in Figs. 3-6 and the energy-integrated values are
given in Table I;
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FIG. 6. Same as Fig. 3 for the ~~Nb(n, xa'. ) reaction.

IV. DISCUSSION

These results can be compared with other mea-
surements, also listed in the table where the
charged particles were detected directly and with
activation measurements. Colli et al. ' measured
the protons at an average laboratory angle of 15'
from 14-MeV neutron bombardment of "V. Their
differential cross section can be multiplied by 4m

to give the total proton production cross section if
the angular distribution is isotropic. Most likely,
however, the angular distribution is forward
peaked and this procedure will give an overesti-
mate of the cross section. The compensating fac-
tor is that protons below about 3 MeV were not ob-
served in Ref. 3. By chance, these factors com-

TABI, E I. Proton, deuteron, and n-particle produc-
tion cross sections by 15-MeV neutrons.

This work Previous work Activation

V(n, xP) 91+ 14
"V(n, xd)
"V(n, xn) 17+ 3

&31 b

19.5 + 1.2 "

"Nb(n, xp)
Nb(n, xd)

"Nb(n, x~)

51+ 8
8+ 3

14+ 3

22' 8c

9.5 + 1.4"

0.01
126 8 10

E (~ev)

FIG. 5. Same as Fig. 3 for the ~ Nb(n, xP) and

~Nb(n, d) reactions.

Reference 3 at 14 MeV, (dojdQ)(0 = 15') && 47r.

Reference 4 at 14.78 MeV.
'Protons above 6.5 MeV only, Ref. 7 at E„=14MeV.
"Reference 7 at 14.2 Mev.

Sum of 0(n, e) =9.2 mb (Ref. 9) and 0.(n, n'+ } to
isomeric state=2. 5 + 1.1 mb at 14.7 MeV (Ref. 10).
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pensate very well and good agreement obtains with
the present result.

The cross section of "V(n, p)"Ti measured by
activation techniques' gives a lower limit or the
total proton production cross section. This limit
is consistent with the present result. For the
"V(n, xo) reactions, all the residual nuclei can be
measured by activation. The "V(n, no. + nn)" Sc
cross section was reported' to be less than 0.3
mb at 14.5 MeV. If we assume that it is similarly
small at 15 MeV, then the total "V(n, xo') cross
section is essentially that of "V(n, o)"Sc, or 19.5
+1.2 mb' which is consistent with our present re-
sults.

For the "Nb(n, xp) cross section, a value of 22
+8 mb was reported' for protons above 6.5 MeV.
That portion of our proton spectrum gives 29 + 4

mb, in agreement within the errors. For the
"Nb(n, xn) cross section, Bormann et af. ' report
9.5 +1.4 mb at 14.2 MeV. This value is slightly
less than the present 14 +3 mb although the error
bars nearly touch. The difference in incident neu-
tron energy could account for this small discrep-
ancy. Kulisic et al. ' report 9.3 +2.8 mb at 14.7
MeV in reasonable agreement with the present
result.

Activation data give a lower limit for the "Nb(n, xn)
cross section. For "Nb(n, n)9O Y the many
cross section data have been evaluated' to be 9.2
mb. For "Nb(n, nn+ nn)" Y" the cross section has
been measured at 14.7 MeV to be 2 5 +1 1 mb
The missing part is the "Nb(n, na+ on)" Y' cross
section. The lower limit is then about 11.7 mb and
is consistent with the presently measured value of
14+3 mb. We conclude that the "Nb(n, no. + on)" Y~

cross section is 2 ", mb.
These measurements contrast significantly with

those reported in Ref. 1. Both "V and "Nb have
neutron separation energies which exceed the pro-
ton separation energies by about 3 MeV. In neither
case does the (n, n'P) cross section approach the
300 mb observed' for "Ti, for which the neutron-
proton separation energy difference is also 3
MeV. The reduction for Nb is expected because
of the larger Coulomb barrier for this nucleus,
but the corresponding barriers for Ti and V are
nearly equal.

In an effort to understand this difference, Hau-
ser-Feshbach calculations of the proton and +-
particle spectra for 15-MeV neutron bombardment
of ' Ti, "V, and "Nb were performed. Details of
the computer code used have already been pub-
lished, "but the code was modified to include the
y-ray decay channel.

Transmission coefficients for protons and Q.

particles were calculated from the optical poten-
tials proposed by Becchetti and Qreenlees" and

Huizenga and Igo," respectively. Neutron trans-
mission coefficients were calculated with the opti-
cal parameters of Becchetti and Greenlees, "Wil-
more and Hodgson, '4 and Holmquist and Wiedling. "
The potential of Bef. 14 predicted the highest ab-
sorption cross sections at low energies, while
that of Bef. 12 yielded the highest values near 15
MeV. Comparison of measured total and nonelas-
tic neutron cross sections for V and Nb with the
predictions showed that the Holmquist and Wied-
ling potential provided the best fit for V and the
Wilmore and Hodgson potential the best fit for Nb.
It is interesting that the percentage discrepancies
in matching the total and the nonelastic cross sec-
tions were quite similar, suggesting that although
these potentials were derived principally from
elastic scattering data, the predicted elastic cross
sections vary over a range of as much as 15% at
some energies. The potentials of Refs. 14 and 15
were used to calculate the transmission coeffic-
ients for neutrons on V and Nb, respectively.

y-ray transmission coefficients were based on
the formulas proposed by Woosley et al. ' These
authors utilize a giant dipole form for the E1
strength and assume that the Ml transmission
coefficient has a form given by a single particle
model, T(ill) = &F-~'. The constant & relating
T(M1) to 8&' has been determined empirically by
these authors' to be 1.95&& 10 '. The &1 trans-
mission coefficient has the form

where A., is the mass number of the compound
nucleus, I"GDR and eGD~ are the width and location
of the giant electric dipole resonance, and e is
the energy of the y ray emitted. The authors of
Ref. 8 propose values of 35/A, '~6 MeV and 33/A, ~'
MeV for EGDg and I'GDR, respectively, and these
were used in the present calculations.

Level density parameters for the residual nuclei
were based on calculations with a computer code
which calculates" level densities from specific
single particle schemes using a thermodynamic
formalism. " These values were then modified
slightly (if necessary) to achieve fits to the low

energy portions of the proton and a spectra. Cal-
culations were carried out for "V and "Nb as well
as "Ti, since for the latter nucleus the calcula-
tions reported in Bef. 1 did not include the y-ray
decay channel. Level density parameters used are
listed in Table II.

The resulting calculations provide a fairly good
fit to the data, as can be seen in Figs. 3-8. In
particular, the large difference between the size
of the (n, n'p) contribution to the "Ti(n, xp) spec-
trum compared to "V(n, xP) is consistent with cal-
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Nucleus

Level density
parameters ~

a 6 Nucleus

Level density
parameters ~

a 6

47T ~

46Ti

Sc
4'Ti
4'Sc
45G

43Ga
42G

42K

52V

5iv
5i Ti
50V

"Ti

5.9
5.85
5.85
5.8
5.8
5.8
5.5
5.5
5.5
6.3

! 6.3
6.3
6.2
6.2

0
1.4
1.4
0
0
0

-0.2
1.2
1.6

-1.0
0.4
0.6

-1.0
1.8

"Sc
4'Sc
4'Sc
4'Ga,
'4Nb

"Zr
82Nb

82Zr
82y

8&@

89@

88Sr

6.2
5.9
5.9
5,9

11.7
11.7
11.7
11.6
11.6
11.6
11.4
11.4
11.4

-l.0
-1.6

0
0

-0.5
0.55
0.25

-0.5
1.6

—5
0.35

—0.6
-0.6

~The a and 5 are the parameters of the traditional
Fermi gas form

Wx exp(2[a(a —5)]' ~~)

g)514

culations.
The data do not yield values for &(n, p) and

o(n, n'P) directly, but these two reactions are ex-
pected to have sufficiently different spectral
shapes that a calculation which fits the lowest 9
MeV of the charged particle spectrum provides a
good estimate of the relative contributions of these
two reactions. Emission spectra from (n, P) reac-

1000 I
I

l
I

1 t I ) I
I /

I
l

Ti (n, xp)

TABLE II. Level schemes including approximately
10 levels were used for each nucleus at low excitation
energy, with the Fermi gas form used at higher energies.

tions are expected to fall rapidly for energies be-
low the Coulomb barrier, while (n, n'P) reactions
will produce proton spectra which are significant
below the Coulomb barrier [if the Q value for
(n, 2n) is more negative than that for (n, n'P)] but
will fall off at higher energies where the (n, 2n)
reaction may occur.

Based on the calculations shown in the figures,
the magnitude of the (n, n'P) cross section is about
a factor of 6 larger for ~ Ti than for "V. As men-
tioned previously, the neutron and proton binding
energies differ by about the same amount (-3
MeV) in both nuclei and the Coulomb barriers for
the two nuclei are similar.

Closer examination of the parameters which en-
ter the calculation shows that other factors play an
important role in determining the o(n, n'p) cross
section. First, not only the difference &„-B~but
also the absolute magnitudes of these quantities
affect the (n, n'P) cross section. For "Ti, B„and
B~ are 13.2 and 10.35 MeV, respectively, while
for "V the corresponding binding energies are
11.04 and 8.04 MeV. The larger magnitudes of
these quantities for "Ti shift the outgoing neutron
energy for an (n, n') reaction which leads to a,n

(n, n'P) reaction down from the range 4 to 7 MeV
(for "V to 1.8 to 4.65 MeV (for 4'Ti) if 15-MeV
neutrons are incident on the target; this change
moves the "window" for such reactions closer to
the peak (between 1 and 2 MeV) in the neutron
evaporation spectrum. A trial calculation for "V
showed that changing the B„and B~ values to those
of "Ti increased the (n, n'P) cross section by about

100
I

I
I

I
I

I
I

I
I

I
I

I

—"Ti (n, xo, )

100—
10

10—

0 2 4 6 8 10 12 14

E (MeVy

FIG. 7. Same as Fig. 3 for the 4~Ti(n, xP) reaction.
Data are from Ref. 1.

0 1 I i I i I i I i I i I i I

4 6 8 10 12 14 16

E (MeV)

FIG. 8. Same as Fig. 3 for the Ti(n, xn) reaction.
Data are from Ref. 1.
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0 Nb (n, xp)
93

—Hybrid calculation-- Hauser-Feshbach
calculation

0
0 00

V (n, xp)—Hybrid calculation-- Hauser-Feshbach
calculation

I i I I l I

6 12 14 16
I ( I

8 10

E (SeV)

FIG. 9. Comparison of the highest energy portions of
the V{n,xp) and ~Nb{+,xp) spectra with predictions of
the hybrid model {solid line). The statistical prediction
is shown for comparison {dashed line).

This factor is much smaller than the population
difference of the corresponding (n, n') residual
excitation region would suggest. The fact that the
average neutron emission energy for an (n, n'p)
reaction is reduced by this change means that the
average angular momentum removed, by the neutron
decreases. As a result, the angular momentum
distribution for states populated by (n, zz') reactions
narrows, and a relatively smaller fraction of flux
in low angular momentum levels results. Thus,
although the population of levels in the energy win-
dow is increased, the relative probability for pro™
ton decay is reduced, because of a lack of low-lying
levels of high spin in "Ti.

A second difference between the two targets is
that one is even in A and the other odd in A. The
(zz, n'p) reaction on "V leads to "Ti, an even-
even nucleus with a low level density at low exci-
tation energies. Not only are there only three
levels in the first 3 MeV of excitation energy but
these are also all of positive parity. In contrast,
the (zz, n'P) reaction on «'Ti leads to "Sc, a nuclide
with nine levels in the lowest MeV of excitation
including some of each parity. Thus, if sub-Cou-
lomb barrier decays occur primarily, through l =0

proton emission, levels with a much larger range
of J values and with both parities in the target nu-
cleus can decay through such a process for 'Ti,
in contrast to "V. Again, repeating the calculation
for "V using the levels of "Sc (adjusted by —,

' in the
spin) instead of those for 'OTi increased the (n, zz'P)

cross section by almost a factor of 3.
An additional difference between "Ti and "p is

that the ground state spin of the former is 0 and
that of the latter is —,. This results in a somewhat
larger average spin of the compound nucleus "V
than that for O'Ti and a slightly different spin dis-
tribution after the (n, zz') reaction. According to
the calculation, the difference in target spin causes
about a 20% change in the (zz, n'P) cross section.

The fact that no one of these factors accounts
entirely for the large difference between the
(n, n'p) cross section of 'V and "Ti suggests that
the factors may be coupled. The effect of shifting
the binding energy vatues of "V to those of "Ti was
found to be about 10/o if no other parameters were
changed; if the final levels of "Ti are replaced by
those of 'Sc, the change caused by modifying
binding energies becomes about 45%. Target spin
effects are similarly enhanced by the binding en-
ergy change. All of these effects are related to the
proton to y-ray width ratios as a function of the
angular momentum of the level. Substituting levels
of large spin in the final nucleus for the few levels
of lop spin in "Ti allows states with larger 4 val-
ues to proton. decay rather than y-ray decay; this
is coupled to cha, nges in average spin of levels
populated in an (n, zz') reaction produced by changes
in (1) binding energy (i.e. , average neutron emis-
sion energy in the region of interest) and (2) target
spin. These factors" would tend to have a similar
correlation in comparing other odd-A-odd-Z with
even-A targets; thus, a general reduction of the
importance of the (n, zz'P) reaction would be ex-
pected for odd-A-odd-Z targets relative to even-
A-even-Z targets in a given mass region.

The comparisons shown in Figs. 3-6 show evi-
dence for a nonequilibrium component in the
charged-particle data, . In Fig. 9 a, comparison is
presented of the high energy parts of the 5«V(n, xp)
and "Nb(n, xP) spectra with those predicted by the
hybrid model for preequilibrium reactions. This
model has been developed by Blann" and the com-
puter code used in making the calculations has
been described previously. "

Calculations for both targets are larger than the
data and show less structure. Both of these char-
acteristics may be due to the fact that the targets
are both near closed shells. As has been pointed
ovt in Ref. 20, comparison of (P, zz) spectra for
targets near or at closed shells" with those more
removed from closed shells' shows considerably
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more structure for the former. In addition, the
magnitude of the preequilibrium portion of the
spectrum may also be reduced by shell effects,
since the density of neutron-particle-proton-hole
states would be reduced at low excitation energies
for closed shell nuclei. The calculations shown in
Fig. 9 are based on global densities for such states
and thus do not incorporate shell effects.

V. SUMMARY

Charged particle production cross sections have
been measured for 15-MeV neutrons incident on
"V and "Nb. As was found in a previous study of
the targets "Al, "Ti, and "Ti, the largest cross

sections are for protons with n and deuteron cross
sections smaller by factors of about 3 and 6, re-
spectively. A significant fraction of the proton
cross section results from (n, n'P) reactions in
targets where this threshold is lower than that for
(n, 2n). For the targets investigated to date, the
(n, n'o) reaction is much less important in produc-
ing o. particles than the (n, n'P) reaction is for
protons. The consistently small (n, d) cross sec-
tions are apparently the resu1t of the very small
statistical cross section for this reaction, in con-
trast to (n, P) and (n, n); the. shape of the (is, d)
spectra in emission energy and angle suggest that
this cross section is due in 1arge part to nonstatis-
tical reactions.
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Research and Development Administration, W-7405-
Eng-48.
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