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Thick targets of P, ZnS, and CuCl; were bombarded with 30- to 42-MeV N ions, and excitation functions
were obtained for the compound-nucleus reactions with 8P, 32S, and 35CI producing mSc, 4Sc, and #3Sc. The
reaction products were identified by means of their characteristic gamma rays and half-lives, and quantita-
tively studied by radioactive assay. The data were combined with some previously obtained at N energies
below 28 MeV. The isomer ratio #mSc/#¢Sc was found to rise with increasing excitation energy and angular
momentum for all three targets. The ratios were compared with compound-nucleus theory as treated by
Huizenga and Vandenbosch to test assumptions concerning the multipolarity and multiplicity of the gamma

quanta emitted by the final nucleus.

INTRODUCTION

HOSPHORUS, zinc sulfide, and copper chloride
were bombarded with 30-42-MeV “N ions, accel-
erated in the Oak Ridge Tandem Van de Graaff Accel-
erator, to produce #Sc and #Sc. The primary purpose
of the investigation was to obtain information about
nuclear-structure parameters and the reaction mecha-
nism in the production of #Sc by studying the cross-
section ratios of the two *Sc isomers as a function of
excitation energies and angular momenta of the com-
pound nuclei. Other workers have investigated the
isomeric-yield ratios of “Sc produced in reactions in-
duced by neutrons,! protons,? alpha particles,*=5 and
oxygen and neon® ions. One of the authors (KST) has
also obtained excitation functions for N at lower bom-
bardment energies.”8 The nuclide #Sc is a particularly
convenient choice because the gamma rays and anni-
hilation quanta are easily resolved and because of the
large difference between the half-lives of the two iso-
meric states. The metastable state, “mSc(6+) de-
excites® with the emission of a 0.27-MeV gamma ray
and has a half-life of 57.6 h'°; the ground-state “Sc(24)
decays by positron emission® followed by a 1.16-MeV
gamma ray and has a half-life of 3.9 h.”® Information
concerning the investigated reactions is summarized in
Table I.
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EXPERIMENTAL METHOD

Targets were prepared by compressing zinc sulfide,
red phosphorus, and copper chloride under a pressure
of 5 tons/in.? into brass molds £ in. in diameter. These
targets, thicker than the range of nitrogen ions, pre-
sented a hard uniform surface which did not change
under bombardment. Before irradiation great care was
taken to make them free of moisture by keeping them
in a dessicator. The targets were bombarded in a
Faraday-cup assembly and beam currents up to 50 nA
were recorded; because of the volatile nature of phos-
phorus the current on it was limited to 20 nA. Most of
the nitrogen ions in the beams were quintuply ionized;
their energy was known to =100 keV.

After each bombardment, the target was put in a
stainless-steel cup and placed in a 3X3-in. NaI(Tl)
crystal y-ray spectrometer connected to a pulse-ampli-
tude analyzer with up to 800 channels. This system and
a 1.5X1.5-in. NaI(T]) crystal spectrometer with a 256-
channel analyzer used for the study of long-lived iso-
topes had been previously calibrated” so that accurate
determinations of the gamma-ray energies and inten-
sities could be made. The probable error in the absolute
photopeak efficiency is estimated to be 15%,. Photopeak

TaBLE 1. De-excitation modes and Q values.

Target Compound Observed  Particles
nucleus nucleus nucleus emitted Q(MeV)
3p 4T 4Sc P 8.94
#Sc pn —0.76
(2n)? —1.54
25 8y #“Sc 2p 0.08
4Sc n2p —9.63
(p2n)» —10.41
(3n)s —11.19
Cl “9Cr 4Sc ap 1.95
4Sc apn -17.76
(a2m)2 —8.54

s Particles emitted to form the parent, #Ti, of the observed nucleus,
43Sc, The half-life of 4Ti (0.6 sec) is short so that the measured yield of
4Sc includes the #Ti yield. The parent of #Sc, i.e., 4Ti, has a half-life of
~10% y and is therefore not considered. For the S case 43V, which pre-
sumably must also have a short half-life, is produced by 37 emission and
eventually decays into 4Sc.
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TasBLE II. Identifying v rays and branching ratios.

y-ray Branching
energy ratios
Isotope Half-life (MeV) %)
4mSc 57.6h 0.27 100
1.16 100
49Sc 39h 1.16 100
4Sc 39h 0.37 21.5

areas from the photon spectra were measured; correc-
tions were included for decay during and following
bombardment. Then, with a knowledge of the beam
intensity and its degree of ionization, absolute yields
per incident particle were calculated. The identifying
half-lives, gamma radiations, and the branching ratios'
used in calculating the reaction yields are shown in
Table II.

RESULTS

Figures 1, 2, and 3 show the thick-target yields per
incident particle as a function of bombarding energy for
ap, 228, and 35Cl, respectively. They include the results
obtained at energies below 28 MeV and reported by
various experimenters”-®!! at this Laboratory. The
scatter in the experimental points illustrates the relative
experimental error; this error arises from uncertainties
in beam intensity, counting statistics, and Nal crystal
calibration. In their investigation of nuclear reactions
induced on *Cl Newman and Toth? bombarded RbCl
and not the CuCl; used in this study. Their yield points
were therefore corrected for the differences in stopping
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F16. 1. Yields per incident particle determined for 4Sc, #mSc,
and #vSc resulting from “N bombardment of 3P.

power, molecular weight, and number of chlorine atoms
per molecule between the two target materials before
being combined with our data in Fig. 3. From Figs. 1-3,
it is clear that the data obtained in the present investi-
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F16. 3. Yields per incident particle determined for #Sc, #mSc,
and #sSc resulting from N bombardment of %Cl.

gation are in agreement with the earlier experimental
results.

In considering the 35Cl results one must remember
that the reaction products could also be made from 37Cl
by the emission of two additional neutrons. In this
process, however, the Q values are decreased by about
19 MeV. Also, one can compare the yields of Sc and
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Fic. 4. Excitation functions for reactions induced by “N on
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be multiplied by 10.
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4Sc as shown in Fig. 3; the #Sc produced in a reaction
requiring the emission of an additional neutron has a
yield which is substantially less than that of #Sc, even
at the highest available energy. At the investigated
energies the emission of two extra neutrons should lower
the yield even more. Finally, it must be remembered
that ¥Cl makes up only ~25%, of natural chlorine.
Therefore, from the arguments presented above we
conclude that at most only a small fraction of the #Sc
and #Sc yields shown in Fig. 3 is due to ¥’CL

Smooth curves were drawn through each set of experi-
mental points. Cross sections as a function of bombard-
ing energy were calculated from the slopes of these
curves. For this determination the stopping powers of
each target material for N ions were obtained from
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F1c. 5. Excitation functions for reactions induced by “N on 8.

tabulated data.’? Excitation functions obtained in this
manner are shown in Figs. 4, 5, and 6. The error arising
from all sources in the absolute cross sections is esti-
mated to be about ==309%,.

DISCUSSION

Previous studies’® of heavy-ion reactions at these
bombarding energies indicate that the greatest part of
the reaction cross section proceeds in such a way that a
number of light particles, protons, neutrons, alpha par-
ticles, etc., are emitted and a heavy residual nucleus

21. C. Northcliffe, Ann. Rev. Nucl. Sci. 13, 67 (1963).
18 A. Zucker, Session D, Report of Paris Conference on Nuclear
Physics, 1958 (unpublished).
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remains. It is presumed that the reactions investigated
here do proceed via this compound nucleus or evapora-
tion mechanism. Otherwise, transfers of very heavy
nuclear clusters, e.g., ¥C, would have to be postulated
to explain the observed “Sc in this experiment.

In Fig. 7 the isomer ratios (ratio of the formation
cross section of #mSc to #4¢Sc) are displayed. The isomer
ratio increases with incident energy for all three re-
actions as the compound nuclei acquire more angular
momentum; thus the final high-spin state of #™Sc is
populated preferentially over the ground state. One can
observe from Fig. 7 that the ratio, over the energy
range investigated, is highest for the *'P reaction and
lowest for 35Cl. Since essentially the same amount of
angular momentum is brought into the three systems
the difference in the number of particles emitted from
the compound nuclei may account for the differences in
the isomer ratios. The proton emitted in the *P reaction
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F1c. 6. Excitation functions for reactions induced by N on 3Cl.

would carry off less angular momentum than the two
protons in the %S case; these in turn would carry off
less than the alpha particle and proton in the 35C] re-
action. A higher yield of the high-spin isomer would be
expected in the system left with more angular mo-
mentum. This is consistent with the data shown in
Fig. 7. The ratio for 35Cl seems to increase much less
rapidly for energies above 30 MeV. This may be due to
the alpha particle taking away proportionately a
greater amount of angular momentum as the energy
increases. Also, for energies above 30 MeV it becomes
energetically possible for more particles to be boiled off
and these may take away more angular momentum.
Thus, for the evaporation of two protons and a triton
the threshold is 25 MeV, for two deuterons and a proton
it is 30 MeV, and for three protons and two neutrons
it is 36 MeV. Attention must be drawn, however, to the
large experimental errors involved in the isomer ratios.
If one considers the extreme error limits, the differences

in the three isomer ratios become less striking. Finally,.
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we have included in Fig. 7 the isomer ratio obtained in
the neutron-transfer reaction Sc(“N,N)#Sc by
Gaedke and Toth.** The ratio remains constant with
increasing energy, indicating that in the transfer re-
action the #Sc is left with essentially the same amount
of angular momentum over a 20-MeV energy range.

Because of the large number of variables in the
theory® of the compound-nucleus reaction mechanism
a study of the cross sections for a particular reaction
does not yield much quantitative data about the struc-
ture of the nucleus. When, however, a nuclide has an
isomeric state and cross-section measurements are made
of its formation in the ground and the excited state,
the ratio of the cross sections is more amenable to useful
theoretical analysis. This latter three-state theory has
been developed by Huizenga and Vandenbosch,'® and
was applied here to #Sc. The calculations were per-
formed on a CDC 1604 computer.!”

High-energy projectiles can bring into a nucleus a
whole spectrum of angular momenta; hence the com-
pound nuclei that are produced have a wide distribution
of angular momenta. This distribution is given by the
following equation!®” for the cross section for the for-
mation of a compound nucleus with an angular mo-
mentum J. when produced by a projectile of energy E:

I4s

Gopem E g 2J 41
TR =T S=lT-s| 1=|7—8] (254-1)(21+1)

Jet+S
TI(E) ’ (1)

where X is the de Broglie wavelength of the incoming
particle, 7 is the intrinsic spin of the target nucleus, S
is the channel spin, s is the intrinsic spin of the pro-
jectile, and T';(E) is the barrier transmission coefficient

4 R. M. Gaedke and K. S. Toth, Oak Ridge National Labora-
tory (unpublished data).

15 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics
(John Wiley & Sons, Inc., New York, 1952).

16 J, R. Huizenga and R. Vandenbosch, Phys. Rev. 120, 1305,
1313 (1960).

"W. L. Hafner, Jr., J. R. Huizenga, and R. Vandenbosch,
Computer Program for Calculating the Relative Yields of Isomers
Produced in Nuclear Reactions, Argonne National Laboratory
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for a projectile of angular momentum / and energy E.
The transmission coefficients for many ! values at
several bombarding energies were obtained by means of
a computer program LEONORA!® that utilizes optical-
model parameters. Summation of the partial cross
sections for the reaction *N--%'P yielded the theoretical
total formation cross section shown in Fig. 4; total cross
sections for the ¥N-+22S and “N--35Cl reactions should
have almost the same value.

A nuclear state with angular momentum J, can decay
by particle emission to final states with a variety of
angular-momentum values, each of which are denoted
by J ;. The relative probability for a transition between
J. and J; is given by

Jrts’ Jet8

2z 2 Tv(B),

8=|Jf—s'| U'=|J 8|

P(Jp)sexp(Jy) (2)

where s’ is the intrinsic spin of the emitted particle and
Ty'(E) is the transmission coefficient of the emitted
particle with angular momentum /’ and energy E. These
latter values were also obtained from the LEONORA
program. The p(J;) is the density of levels of spin J;
and is taken to be of the form!9:20;

p(J1) < (27 ;1) expl— (J,+3)*/20°], )

where o is the spin-cutoff factor. The normalized yield
of J; is obtained by summing over all values of J,,
weighted according to Eq. (2). The process is repeated
for the emission of succeeding particles.

Because there is a spectrum of energies for the evapo-
rated particles, it is necessary either to use transmission
coefficients for the mean energy or to use these for
selected energy bins and to weight the results according
to the spectrum. Bishop* has found that for isomer ratio
calculations involving neutron-emission spectra the
results obtained by the two methods are virtually the
same. Since proton or alpha-particle spectra from
compound-nucleus  reactions have a Maxwell-Boltz-
mann distribution modified at the lower energies by
Coulomb barrier effects the mean energy is difficult to
calculate.”? Experimentally, the most probable energy
value is always found to be near the Coulomb barrier,
and so calculations were performed for 5-MeV protons
and 7-MeV alpha particles. In addition it was found
that the calculated values of the isomer ratios did not
change appreciably with energy of emitted particle,
especially in the mean energy region. This is shown in
Fig. 8 where calculated values of the isomer ratio as a
function of proton-emission energy are plotted.

18 The authors wish to thank R. H. Bassel and R. M. Drisko for
making available the IBM-7090 code LEONORA for calculating
penetrability factors. Optical-model parameters were supplied by
R. H. Bassel.
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Fic. 8. Variation of the calculated isomer ratio as a function of
proton-emission energy. Curve A: 22 MeV “N+3P. Curve B:
42 MeV “N+3P (multiply ordinate scale by 10). Curve C: 22
MeV “N+4-2S. Curve D: 42 MeV “N-+4%S (multiply ordinate
scale by 10). The energy of the second emitted proton is given
above each point in Curves C and D. Curve E: The assumed
proton-evaporation spectrum following 42-MeV N bombardment.

Curves A and B are for “N+-*P at 22 and 42 MeV
(lab), respectively, and curves C and D are for “N and
%S at 22 and 42 MeV, respectively. The numbers in
parenthesis along curves C and D are the energies in
MeV of the second evaporated proton. Curve E is the
estimated proton evaporation spectrum following 42-
MeV “N bombardment.

If it is assumed that de-excitation by electromagnetic
radiation occurs only after particle emission, then it is
feasible to calculate the final angular-momentum distri-
bution quite simply. The probability of decaying from
a state J; to a state J; is assumed to be proportional
only to the density of final states with spin J . The total
normalized yield J is given by the formula

J+ Jr+l
PJII= Z PJ,p(]fl)sij/’/ p(]f') ) (4)
Jr=1Js"=1 Ji'=|Js=1

where p(J) is defined as in (3), / is now the multi-
polarity of the gamma quanta and P, is the normalized
initial angular-momentum distribution following evapo-
ration of the last particle.

For the reaction “N--35Cl the angular-momentum
distribution of the compound nucleus before and after
successive emission of an alpha particle, a proton, and
four photons is shown in Fig. 9. It shows that though
alpha particles take away more angular momentum
than protons and photons the difference is not very
great. Because of this the predicted isomer ratios for
reactions involving 3P, 325, and 35Cl do not differ much
one from another when the same parameters are
employed.

The theoretical value of the isomer ratio was ob-
tained by assuming that there is a sharp cutoff value of
the final nuclear angular momentum, e.g., Jp=Ek,
below which states de-excite to the ground state, and
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above which states de-excite to the isomeric state. With
this assumption the ratio was then predicted by sum-
ming the partial cross sections above and below £ and
dividing the high-spin part by the low-spin part.®—2
Because the isomeric and ground state of “Sc very
probably have spin values 6 and 2, respectively, it was
assumed that the spin state 4 divides equally in the
final gamma-ray transition to the ground and excited
states:

ratio= Z (Psp+1/2Py)/ Z (Psp+1/2Ps) . (5)

Ji'=0

The average energy of gamma rays of multipolarity
! in the cascade from the residual nucleus can be calcu-
lated from an equation due to Strutinski ef @l.2%:

B~ (204-2) (Eo/a)12. 6)

Vandenbosch and Haskin?” have modified the equa-
tion slightly for dipole radiation so

E,=[4(E.—1)/a]", @

where E, is the excitation energy. The parameter ¢ is
a function of the mass number and was taken?® to be
(4/10) MeV-'. To test whether the values of the
parameter ¢ are suitable, a nuclear-evaporation com-
puter program (EvaP)?® using a Monte Carlo calculation
(based upon the work of Dostrovsky ef al.*) was
utilized to predict the relative number of nucleons and
alpha particles evaporated. This was done for “N inci-
dent on 3P and *S for energies from 22 to 42 MeV in
batches of 1000 case histories each with different values
of the parameter ¢ ranging from 1 to 10. The ratio of the
number of #Sc to “Sc nuclei thus obtained was com-
pared with experiment, and reasonable agreement was
found for the above choice of value for a.

The number of gamma rays emitted was estimated
in four different ways:

(a) Equation (7) was employed for dipole radiation
to calculate E,. After emission of a photon with that
energy the excitation of the nucleus would be reduced
to E,—E,. This value was used to calculate the energy
of the second photon, the procedure repeated until the

(1;‘512‘5 Katz, L. Pease, and H. Moody, Can. J. Phys. 30, 476

% D. W. Seegmiller, Lawrence Radiation Laboratory Report
UCRL-10850, 1963 (unpublished).

2% R. L. Kiefer, Lawrence Radiation Laboratory Report
UCRL-11049, 1963 (unpublished).

26 V. M. Strutinski, L. V. Grosher, and M. K. Akimora, Nucl.
Phys. 16, 657 (1960).

27 R. Vandenbosch and L. Haskin, Argonne National Labora-
tory (unpublished) quoted in Refs. 24 and 25.

28 J. M. B. Lang and K. J. LeCouteur, Proc. Phys.
(London) A67, 586 (1954).

B L. Dresner, Oak Ridge National Laboratory Report,
ORNL-TM-196, 1961 (unpubhshed) modified by E. Newman to
enable the inclusion of a £~ term in the level density expression.

3 1. Dostrovsky, Z. Fraenkel, and G. Friedlander, Phys. Rev.
116 683 (1959); I. Dostrovsky, Z. Fraenkel, and L. Winsberg,
ibid. 118, 781 (1960); I. Dostrovsky, Z. Fraenkel, and P. Rabino-
witz, ibid. 118, 791 (1960).
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F16. 9. Angular momentum distributions of the compound-
nucleus #*Cr (formed by 42-MeV “N bombardment of 3*Cl), the
nucleus after emission of a 7-MeV alpha particle, a 5-MeV proton,
and then 4-dipole photons.

remaining excitation energy was 1 MeV or less, then a
single additional photon was assumed to be emitted.
For each excitation energy an appropriate spin-cutoff
factor was employed, as explained below.

(b) Equation (6) was employed for quadrupole radia-
tion and the above procedure yielded gamma rays
whose energy decreased with the remaining excitation
energy.

(c) Mollenauer® has found experimentally that the
gamma rays have a distribution such that their average
energy is 1.2+£0.3 MeV. Even though this result was
found at very different energies and for much heavier
mass targets than the present measurements, it was
thought that it would be interesting to divide the total
excitation energy by 1.2-MeV to obtain the average
number of emitted dipole and quadrupole gamma rays.

(d) The same was repeated for equal-energy dipole
gamma rays of 2 MeV since gamma transitions of this
character are predicted by a Fermi-gas model of an
excited nucleus.?

Figures 10, 11, and 12 show the comparison between
the calculated values of the isomer ratio, as a function
of energy for the five assumptions, and the experimental
results. No single curve gives good agreement between
experiment and theory over the whole energy range,
but the closeness is sufficient to indicate that the use of
the approach due to Huizenga and Vandenbosch is
essentially correct.

In addition to the multipolarity and multiplicity of
electromagnetic radiation, the value of the spin density
parameter ¢ is a variable in the calculations of isomer
ratios. It appears in the expression for the level density
[Eq. (4)] that is involved in the second (particle-
emission) and third (photon-emission) stages of the
calculations.

8 7. F. Mollenauer, thesis, Lawrence Radiation Laboratory
Report UCRL-9724, 1960 (unpubhshed), Phys. Rev. 127, 867
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It has been shown?%?s that o is related to the nuclear
moment of inertia and the nuclear temperature through
an equation of state of the nuclear matter. The way in
which ¢ varies with excitation energy of a nucleus
depends on the nuclear model employed. Three models
were considered using formulas quoted by Seegmiller?
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F16. 11. Theoretical and experimental isomer ratios for the
reaction YUN+-%S; o=o,.

and Kiefer.” For the Fermi-gas model the spin-density
parameter slowly increases from 3 to 5.5 with excitation
energy from 5 to 60 MeV. The moment of inertia of a
rigid sphere is used to calculate the spin-density parame-
ter in the Fermi-gas model; therefore the o determined
by means of this model is usually designated by o,. For
the superconductor model ¢ was found to be about 5%,
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F1c. 12. Theoretical and experimental isomer ratios for the
reaction “N-+35Cl; g=g,.
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smaller than o, over most of the energy range. The
Fermi-gas model with pairing interactions yielded a o
which was approximately 159, lower than ¢,. Owing to
the large errors in the experimentally determined isomer
ratios, it was clear that the data could not be used to
make a choice between ratios calculated by utilizing
values of ¢ that differ from one another by such small
amounts. Computations were therefore performed with
spin-density parameter values of 0.66c,, ¢,, and 1.33¢,.
The family of isomer ratio curves for the “N+3P re-
action are given in Figs. 13, 10, and 14, respectively. No
consistent agreement is achieved between experiment
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F16. 13. Theoretical and experimental isomer ratios for the
reaction ¥N+-3P, using 0=0.66 ;.
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F16. 14. Theoretical and experimental isomer ratios for the
reaction “N+-%P, using ¢=1.33 o,.

and theory. Curves obtained for N bombardment of
S and *Cl show similar features. We are thus unable
to say which of the three nuclear models best fits the
facts.
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