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Nuclear Excitation Functions and Thick-Target Yields
F", Na" As" (d, t), and Na", As" (d,p)$
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Excitation functions and thick-target yields have been determined for the (d,p) and (d, t) reactions which
occur when sodium fluoride and arsenic targets are bombarded with deuterons of =15 MeV. The yields
of F, Na', and Na2 from sodium fluoride, and As and As from arsenic targets were measured with a
calibrated scintillation counter after appropriate chemical treatment. The range-energy relationship for
deuterons in sodium fluoride was determined experimentally from 15.2 MeV to 5.3 MeV.

Absolute cross sections were determined at 15.2 MeV for the following reactions: Na"(d, p)Na"
(125.7&2.5 mb), Na's(d, t)Na" (12.2&2.0 mb), F'9(d, t)F" (29,0&2.2 mb), As s(d,P)As e (140.3&6.6 mb),
and As" (d, t)As'4 (16.5&1.2 mb). The results are shown to be in qualitative agreement with available in-
formation on the relative contributions of compound nucleus formation and direct interaction.

INTRODUCTION

A LTHOUGH excitation functions have been meas-
ured for many charged-particle reactions, ' there

exist few quantitative data, of this kind for the (d, t)
reaction. DiGerential cross sections of (d, t) reactions
have been measured and used with considerable success
for the characterization of certain nuclear energy
levels. '4 In addition, tritium production by 24-MeV
deuterons on a wide range of targets has been studied. '
These data, obtained by measuring the yield of recoil
tritons, indicate that direct interaction contributes
appreciably to the (d, t) reaction at moderate energies.
It is known that the (d,p) reaction proceeds to a large
extent by direct interaction. Although excitation func-
tions do not lead to detailed understanding of nuclear
reactions, they do contribute to the general picture of
reaction mechanisms by their shapes, and, especially,
by the absolute magnitude of the cross sections.

This paper reports the determination of absolute
excitation functions for the reactions Na"(d, t)Na",
F"(d, t)F" and As" (d, t)As", as well as Na" (d,p)Na"
and As" (d,p)As". Thick-target yields as a function of
energy were calculated for the production of Na", F",

f This paper is based on a thesis submitted by L. H. B. to the
Department of Chemistry in partial fulfillment of the requirements
for the Ph.D. degree. The work was supported in part by the U. S.
Atomic Energy Commission.*Present address: Department of Chemistry, School of Physical
Sciences and Applied Mathematics, North Carolina State College,
Raleigh, North Carolina.
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and Na'4 from deuterons on sodium fiuoride, and As"
and As" from deuterons on arsenic. The experimental
data are compared with calculated curves based on the
statistical theory of nuclear reactions and with the
results from the other types of measurements men-
tioned above.

EXPERIMENTAL PROCEDURE

For7 Preparatiort. Sodium-fluoride targets were pre-
pared by vacuum evaporation of reagent grade NaF
from a nickel crucible to a thickness of =5 mg/cm' on
1.8 mg/cm' aluminum foil. A layer of shellac =0.1
mg/cm' was first sprayed over the backing foil to pre-
vent Raking of the salt during subsequent handling. 7

Arsenic targets of =10 mg/cm' were prepared in a
similar manner from purified crystalline metal. The
evaporation was carried out slowly in both cases to
prevent cracking of the evaporated layer. Punched
circles about 1.4 cm in diameter were weighed indi-
vidually and stacked between aluminum spacers of 1.8
mg/cm' for NaF or 5 mg/cm' for As for the excitation
function runs.

Range-Energy Measurements. A low current of deu-
terons was obtained by scattering the primary beam
from a gold target. The deuteron energy was measured
by stopping the scattered beam in a CsI(T1) scintillation
crystal and analyzing the pulse heights obtained with a
256-channel analyzer. The energy of the primary beam
was calibrated against the protons from the reaction
C"(d,p)C".' Foils on a sliding rack were arranged to be
dropped remotely in front of the counter, one at a time,
to obtain the curves for energy versus depth in target
shown in Fig. 1. These experiments were carried out
using pure aluminum foils and the composite sodium-
Quoride-aluminum target foils. The results from alumi-
num 6t the known curve for that element, ' converted
from protons to deuterons. The curve for pure sodium
fluoride was derived from the composite data together

s E. T. Clarke and J. W. cervine, Jr., Phys. Rev. 66, 231 (1944).' N. S. Wall, Phys. Rev. 96, 664 (1954).
s R. M. Sternheirner, Phys. Rev. 115, 137 (1959).
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with the pure aluminum curve (Fig. 1).The values of the
average excitation potential I in the equation of Bethe
and Ashkin" needed to fit the sodium-Quoride data
were obtained by means of the method presented by
Sternheimer, "with appropriate changes from protons
to deuterons. Since I is unknown for both sodium and
Quorine, a unique set of values cannot be determined
from the data. However, IN, 150 e——V (I/Z=13. 6 eV)
and Ir = 136 eV (I/Z= 15.1 eV) were chosen as reasona-
ble values which fit the experimental points. The
arsenic range-energy curve was calculated theoretically
on the basis I/Z=13 eV, which is approximately the
value found for other elements near this region of Z.' "

Bombardments and Chemical Separations For .meas-
urement of absolute cross sections at the maximum
deuteron energy, single foils were bombarded in a
Faraday cup. To eliminate spurious electron currents,
a negative potential was applied to a guard ring in front
of the cup."The charge collected in the cup was meas-
ured with a calibrated current integrator. "Two indi-
vidual runs each were made on sodium Quoride and
arsenic foils.

A stack of about 25 sodium-fIuoride foils separated
by aluminum spacers was bombarded for 5 min at 0.08
pA primarily for Na" and F' measurements and
another one was bombarded for 1 h at 0.3 pA for Na"
measurement, with deuterons of maximum energy 15.4
MeV. The foils were dissolved in 4M HCl. Aliquots
from the dissolved foils provided data on the initial
Fss Na 4 decay. No evidence pf cpntaminatipn was pb-
served in the Ps—Na" activity by gamma-ray spectros-
copy or half-life anomalies. In the first few high-energy
foils there was some production of Na'4 from
Als'(d, ptr)Na'4. By counting the aluminum-spacer foils,
a correction factor with a, maximum value of 6% of the
total Na" was obtained. After the decay of F"and Na"
the remaining activity was largely Na ' with a small
contamination, identified as Co". This was removed
on an anion-exchange resin under conditions that gave)99% recovery of Na".

A stack of 16 arsenic foils separated by aluminum
spacers was bombarded for 20 min at 0.05 pA with 15.4-
MeV deuterons. The arsenic was dissolved oB the
aluminum backing with H202 and NH4OH. Separate
dissolution and counting of the backing foils corrected
for about 1%As" left behind in this step. The arsenic
solution was acidified and Se(IV) carrier added.

' H. A. Bethe and J. Ashkin, in Experimental Nuclear Physics,
edited by E. Segr (John Wiley R Sons, Inc. , New York, 1953),
Vol. 1, p. 167."R.M. Sternheimer, Phys. Rev. 118, 1045 (1960)."V. C. Burkig and K. R. MacKenzie, Phys. Rev. 106, 848
(1957); H. Bichsel, R. F. Mozley, and W. A. Aron, Phys. Rev.
105, 1788 (1957)."B.W. Shore, N. S. Wall, and IJ. IW. Irvine, Jr. , Phys. Rev.
125, 276 (1961).

"Designed by H. A. Enge, MIT (unpublished). The integrator
was made available through the courtesy of Professor Enge. The
calibration was performed by B. W. Shore. The integrator and
calibration are described in reference 13.
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Fzo. 1.Energy of 15-MeV deuterons at a given depth in sodium
fluoride or aluminum. The solid line is aluminum (see reference 9),
and the dashed line sodium fluoride. Experimental points deter-
mined in the present investigation.

' G. Brink, P. Kafalas, R. Sharp, E. Weiss, and J. Irvine, Jr.,J. Am. Chem. Soc. 79, 1303 (1957)."M. K. Ramaswamy, indian J. Phys. 33, 285 (1959)."R.W. P. Drever, A. Moljk, and J. Scobie, Phil. Mag, I, 942
(1956).

Selenium metal was precipitated with SD2, removing
)99% of the Se" produced by As" (d,2n)Se". After
filtration, HBr was added to insure reduction of As(V)
to As(III) and the latter extracted into benzene from
10M HC1" and back-extracted into water for the
activity measurement. Over-all recovery of As" was

The beam intensity was monitored with a micro-
ammeter. The absolute cross sections determined for
Na"(d p)Na" and As"(d,p)As" from the single-foil
bombardments were used to normalize the stacked-foil
measurements.

Activity Measuremeets. Solutions of the sodium-
fluoride samples were counted with a well-type NaI(Tl)
scintillation counter and single-channel analyzer. A
Lucite holder was used to absorb the energetic Na'4P
particles. The composite F"—Na" decay was followed
on the 0.51-MeV annihilation radiation peak to maxi-
mize the counting ratio of F" to Na". The Na" was
counted without added absorber, using integral bias to
obtain maximum counting rates. The counting effi-
ciencies for Na'4 and Na" were determined using carrier-
free samples standardized by 4a. P counting. Electron
capture was taken as 10% of the Na" decay" and 3%
for F"."The counting eKciency for F" under the an-
nihilation radiation peak is approximately the same as
that for Na" because of two opposing factors: Na" gives
fewer 0.51-MeV y's per disintegration than P', but the
1.28-MeV y is also counted, with lower efficiency, in
the former case. A quantitative comparison of the
spectra from Na" and F" gave an efficiency for F"
0.97 times the measured Na" efficiency with the geome-
try and bias setting used.
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As" and As" were counted also with a NaI(T1) scin-
tillation counter with integral bias set above 0.27 MeV
to eliminate interference from any Se" carried over in
the separation. The counting efIiciencies for As" and
As~4 were determined using samples standardized by
47r P counting. For standardization, Asrs was made by
thermal neutron irradiation of arsenic metal and As'4

by =15-MeV deuterons on selenium metal. In the case
of As" a calculated correction factor of 5% was applied
for x rays from the electron-capture process (40% of
the decay"). Counts due to Auger electrons in the 4rr

counter were negligible.
The 4rr P proportional counter used in this work"

utilized center wires of i -mil stainless steel and
Matheson Chemical P-10 (90% argon —10% methane)
as a fIow gas. The techniques for sample preparation of
Pate and VaGe20 were followed.
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RESULTS

Half lives Th-e ini.tial decay of the sodium-fluoride
samples was observed over a period of at least four
half-lives of Na'4 (15.0&0.1 h) with no activity ob-
served other than F" (111&1min). The Na" samples
were measured several times over a period of five
months and the decay was in agreement with the half-
life (2.58 yr) reported by Merritt et ttl "The d. ecay of
the arsenic samples was followed for over a month with
the half-lives of Asrs (26.5+0.5 h) and As'4 (17.5&0.5
days). These half-lives, as well as those of Na" and F",
are in good agreement with the values summarized by
Strominger et ul." The sample of As" produced by
Se"(d,n)As" for 4s. P counting was contaminated with
As" produced by the (d,na) reaction. This latter species
is detected readily in a 4s P counter but has a low

p-counting efFiciency and was not observed in the scin-
tillation-counting data. The 4x-counting data was
analyzed by plotting total activity A/e ~" vs e '"' "»'
with Xt= (ln2)/76 days and Xs ——(ln2)/17. 5 days, to
obtain a straight line with slope Ag' and intercept Ai",
the activities of As" and As", respectively, at time /=0.
Four samples counted over a period of 40 days all gave
an initial ratio of Asr'/As'4 of 0.18.

Excitatioe Fnmctioes. The results of the stacked-foil
bombardments on sodium fluoride are shown in Fig. 2.
The absolute value of the cross section for the reaction
Na" (d,p)Na'4, as determined by the individual foil
measurements, is 125.7&2.5 mb at 45.2&0.1 MeV.
This value was used to normahze the excitation function
for that reaction, as well as Na" (d, t)Na", by the ac-
tivity produced in the first, high-energy foil and the

's J. Scohie, Nuclear Phys. 3, 465 (1957).
' instrument Department, Oak Ridge National Laboratory

(unpublished). The specifications were made available through the
courtesy of Dr. H. L. Finston, Brookhaven National Laboratory.

'0 B.D. Pate and L. Yaffe, Can. J. Chem. 33, 15 (1955).'g. P. Merritt, P. J, Campion, and R. C. IHawkings, Can.
J. Phys. 35, 16 (1957).

"D. Strominger, J. M. Hollander, and G. T. Seaborg, Revs.
Modern Phys. 30, 585 (1958).
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Pro. 2. Excitation functions for Na"(d p)Na'4 Na+(d t)Na»
and I'"(d,t)F". Na": short run o, long run g, normalized values
from Lawrence et ol. (see reference 23) +.Na": long run A. F":
short run , long run X.

"E.Lawrence, E. McMillan, and R. L. Thornton, Phys. Rev.
48, 493 (1935).

'4 See P. Kafalas and J. W. Irvine, Jr., Phys. Rev. 104, 703
(1956), for data on beam straggling at the MIT cyclotron.

'~%. V». Vogelsang and J. N. McGruer, Phys. Rev. 109, 1.663
(1958).

counter calibrations for Na' and Na". The very early
results of Lawrence et al." were normalized to the
present curve for Na" (d,p)Na, '4 at 3.5 MeV in order to
obtain the shape of the excitation function at low
energies, where the present experiment is inaccurate
due to straggling of the beam" and the rapid variation
of cross section with energy. The maximum cross-
section value for the (d,p) reaction is about 15%smaller
and displaced about 0.4 MeV toward lower energy than
the early measurements by Clarke and Irvine, ~ although
the shape of the excitation curve is similar.

The excitation function for Na" (d, t)Na" has not been
previously measured, although the angular distribution
of tritons has been observed at 14.8 MeV."At 15.2&0.1
MeV the measured cross section is 12.2~2.0 mb. From
Q values the threshold energies have been calculated
for the three reactions which give the same product
(Table I). No contribution from Nass(ts, 2ts)Na" was
observed. Below 13.5 MeU, the Na" production is due
to (d, t) alone. Above 13.5 MeV, the (d,dts) reaction



S AN D TH I CK —TARGE T YIELDS 1701ATION FUN CTIONS ANNUCLEAR EXC ITA

and calculated threshold energies (in MeV)
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FIG. 6. Experimental and calculated excitation functions for
(d, t) reactions on F", Na", and As". The calculated curves are
dashed.

tributions from stripping reactions at the nuclear
surface, which have not been considered in the statisti-
cal calculation.

Although maxima in the (d, t) excitation functions
were not obtained, the calculated curves for Na" and
F"' also exhibit smaller cross sections (about 0.4 times
the experimental at 15 MeV). The calculated curve for
As" is negligible compared to the measured excitation
function (Fig. 6). This marked difference in the calcu-
lated o-(~~) between elements of low and medium atomic
number is largely the effect of Coulomb barrier height.
If this reaction takes place primarily by neutron pickup
at the nuclear surface, the Coulomb barrier will be
eRective only near the threshold.

Direct-In, teractiorI, Coetribntiom. Surface reactions are
expected in general to involve small transfers of energy
and to leave the residual nucleus in a state of low exci-
tation energy. Therefore, a comparison between the
total cross section and the integrated curves for the
angular distributions of tritons from transitions in-

volving the least transfer of energy will indicate an ap-
proximate ratio of total reactions to reactions proceed-
ing by pickup (when the angular distributions are 6tted
to a pickup model such as that of Butler" or Newns").
Angular distributions have been measured for tritons
from 14.8-MeU deuteron bombardment of" Na" and4

F".The pickup curves from these papers"' were inte-
grated over the appropriate solid angles, using the ab-

"S.T. Butler and E. E. Salpeter, Phys. Rev. 88, 1.33 (1952).
"H. C. Newns, Proc. Phys. Soc. (London) A65, 916 (1952).

solute differential cross sections reported. The inte-
grated cross section for the Fts(d, t)Fts ground-state
transition accounts for 10%of the total F"(d,t)F" cross
section at 14.8 MeV; that for the Na" (d, t)Na" ground-
state transition accounts for 17% of the total
Na" (d, t)Na" cross section; the sum of the integrated
cross sections for transitions to the lowest four levels
in Na" accounts for 33% of the total.

The observed thresholds of the (d, t) reactions studied
are higher than the minimum energy thresh olds
(Table I) by about 1 MeV for Na" and F" and 3.5
MeU for As'4. This behavior is also noted in the results
of Krishnan' and Krishnan and Banks. ' That this in-
hibition is expected on the basis of a pickup mechanism
can be seen by an examination of the discussion pre-
sented by Wilkinson" on low-energy (d,p) stripping
reactions having large Q values. Wilkinson's argument
can be applied to the (t,d) reaction. The binding energy
of the stripped neutron in the residual nucleus is a
measure of its relaxation length outside the nuclear
surface and is given in this case by Q(t,d)+6 25 MeV. .
Because Q is positive by several MeV, the relaxation
length is small, and consequently the triton must come
close to the nuclear surface to lose a neutron. However,
at low incident energies, the triton cannot get close to
the nuclear surface because of the Coulomb barrier.
Just as stripping is inhibited at low incident energies
in (t,d) and (d,P)s4 reactions having large Q values,
neutron pickup in these (d, l) reactions will be inhibited
near threshold for the same reason.

The measured (d, t) excitation functions indicate that
although there is a Coulomb barrier effect near thresh-
old, the cross section at several MeV above threshold
is the same order of magnitude in medium-Z as in
light-Z elements. As this magnitude cannot be ac-
counted for by the statistical model, the (d, t) reaction
at moderate energies probably proceeds primarily by a
pickup mechanism in medium-Z targets. This conclu-
sion agrees with that of Gonzalez-Vidal and Wade' from
tritium yield measurements on a number of targets.
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