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Cross sections for the production of ' F, "Na, and "Na have been determined from the separated isotopes
of magnesium, silicon, and sulfur, using 300- and 400-MeV protons. These values, together with previous
measurements, provide data for targets of each mass number of 23 to 34 inclusive for ' F and ' Na and
from 25 to 34 inclusive for 24Na. The main feature of the results is that the cross section is highest for those
targets having the E/Z closest to that of the products. Thus, events involving the loss of about the same
number of neutrons as protons have the highest probability. Cascade-evaporation calcu)ations were per-
formed for 400-MeV protons on each of these nuclides. The calculations reproduce the experimental trends.

INTRODUCTION

& &HE production of "Na and "Na from elements with
atomic numbers between 12 and 50, with 400-MeV

protons has recently been reported. ' The dominant
feature of these results is the exponential decrease in
cross section with increasing atomic number of the
target, Z~, or neutron number, E~, for values of Zp&30
and iVg&41. Above these values of Zp and Xg abrupt
discrepancies from this exponential trend have been
observed. It is not clear as to the origin of these dis-
crepancies. However, the possibility of target impurities
can be ruled out on the basis of the excitation functions
which have been observed. ~

The exponential trend was compared with the
behavior which might be predicted on the basis of the
cascade-evaporation model of high-energy interactions.
It was observed that the scatter in the cross sections,
around the general descending exponential dependence,
was removed or at least substantially reduced by divid-
ing the experimental cross sections by the quantity
(dX/dZ) . This quantity is the slope, on an X-versus-Z
plot of the line connecting the average value of Zp, Ez
in naturally occurring elements and the locus of the
product (Z„, E„).'

Since the cross section for these products appeared
to be a strong function of the nucleon composition of
the targets for Zp&20, it seemed desirable to obtain
cross sections for the production of these products from
a number of separated isotopes of the light elements.
Thus, the production cross sections for '4Na were meas-

ured from all the stable isotopes between '4Mg and '48

inclusive and for '8F and 'Na from all the stable iso-

topes between "Na and '4S, inclusive, at 300 and 400
MeV. In this way, the variation of production cross
section versus the target neutron and proton number
could be examined in detail.

Dostrovsky et al.' have proposed that the production
of light fragments, which might include '4Na, is pre-
dominantly controlled by the evaporation step of the
high-energy interaction. Porile and Tanaka4~ have
shown by Monte Carlo cascade-evaporation calculations
that the yield of "Na from copper is consistent with the
general cascade-evaporation mechanism. However,
others' have inferred that some type of direct inter-
action is not inconsistent with their '4Na product recoil
measurements. The exact nature of the high-energy
process by which products such as '4Na are produced is
in doubt. Evaporation calculations by Hudis' appear to
give consistent isobaric yield distributions for 24Na/ "Na
ratios. The comparison of the production probability
as the target composition is changed one nucleon at a
time should also help to answer some of these questions.

EXPERIMENTAL PROCEDURE

These experiments were performed in a manner
similar to that in the previous studies. "The internal
beam of the Carnegie-Mellon University 440-MeV
synchrocyclotron was used for the irradiations. Proton
energies of 300 and 400 MeV were selected and are
believed to be accurate to within ~10 MeV.

*Work sponsored by the U.S. Atomic Energy Commission
and the National Research Council of Canada.

f Present address: Simon Fraser University, Burnaby 2,
British Columbia, Canada.
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2863 (1967).
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Reeder, Phys. Rev. 139, 81513 (1965).' N. T. Porile and S. Tanaka, Phys. Rev. 13'7, 858 (1965).
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Composition
Magnesium

~Mg 26Mg

&0.02
0.4

99.78

"Mg
~Mg
"Mg

99.96
0.39
0.16

0.03
99.21
0.06

Silicon
29$j

0.37
95.28
2. 7

Sulfur
88$

0.3
61.15
0.18

TABLE I. Tar earget characteristics

CompositionFormTarget
80$i

0.25
0.36

65.0

"Si
99.38
4.36

32.3

28$j

"Si
80$l

97 o gO% HSBOg 3%%u ~M

98
98

% HBBO& 2%%u
ssS8) o l02

0o H8808 2'p "S0
% 83BO8, 2'P "S'

%%uo HaBOs, 0 8% "S
99.6% HSBO&, 0.4% "S
99% H8BO» 1%

Pellet
Pellet
Pellet
Foil
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet

'4Mg

~Mg
"Mg
2'Al

28$j

29$j

30$j

32$

88S

34S

36$

0.1

&0.05
0.30

"S
1.5
1.89

85.61

32S

98.1

36.96
13.91

82$

88$

34$

8 umming, Annnn. Rev. Nucl. Sci. 1nn . c . ci. 13, 261 (1963).
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Target

28Na

24Mg

~Mg
'6Mg
2?A]

28$i

29$j

"Si
81P

82$

88S

84$

18F

0.50 a16.0&0.
15.6&0.20b

12.8%0.17 (2)
7.92+0.43 (2)
6.6&0.70 d
9.64+0.099 (2)
S.66+0.042 (2)

(1)5.09
3.51&1.3 a
3.31+0.003 (2)

(1)2 ~ 33
(1)1.61

1.5 a
0.2

10.9+0.2 (
15.5&1.6 d
18.5&0. ). 1 (2)
11.pao. 1 (2
5.71 (1)
8.42+0.92 a
7.86&0.26 (2)

(1)5.35
2.69

ip-4 (2)(0 13+3,0 )
(2)
(2)29.2+1.7
d10 1~0.6

(2)2+0.2

(2)7 17~0.40
(1)

6 e5.53+0.26
(2)2.95+0.22

(1}4.25

(1)3.19

"Na
24Mg

~Mg
2'Mg
27A1

28$i

"Si
"Si
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82$

88$

84$

17.95+0.60 a
18.2&0.62b (3)'
14.0~0.55 (3)
9.24+0.22 (3)
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5.00~1.0
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400-MeV protons

37.2&1.00 e
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17.5&0.76 (3)

86&0.56 (3)
15.5
17.1+0.68 (
10.8&0.14 (3)
8.42+0.07 (3)
9.39~0.17 e
8.68m i.50
4.86& ..86+0.33 (3)
2.56+0.26 (3)

(0.22+8.8) X10 8
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29.4+1.2
10.5
4.36+0.18
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6.44~0.3S
3.30&0.63
5.08+0.40
6.11+0.15

(3)
(3)
(3)
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(3)
(3)
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Tssx,E IV. Comparison of the cross sections from natural targets versus separated isotope targets.

Target element
0 ('SF), mb

Si

300-MeV protons
cr (+Xa), mb

Mg Si

0.('4Na), mb
Si

Separated isotope
target&

Natural target
'P~ difference

15.2 9.83
—5.4

4.57
—34.7

30.5

31.0
—1 6

17.8

20.8
—14.4

7.62

9.05
—15.8

5.66

4.65
+19.6

4.66

4.65
+0.2

2.97

3.06
—2.9

Separated isotope
target

Natural target

% difference
15.8 9.21 5.96

+6.1 +5.96 —19.1
31.6

—7.6
17.4

—5.2

400-MeV protons
29.2 16.5 8.39

10.4
—19.3

5.90

5.19
+12.8

4.79

4. 18
+13.6

3.43

3.58
—4.3

~ Weighted cross sections based on natural abundances.

ing the annihilation radiation of the positron by 511—511-
keV coincidence counting or by counting the 1.28-MeV
y with 3&(3-in. NaI(TI) crystals. The 'SF activity was
determined by counting the annihilation radiation
associated with its positron decay with a 511-511—keV
coincidence counter. In order to decrease the "C con-
tribution to the F activity, the samples were generally
allowed to decay for 4 h before initiating the meas-
urements. The "F decay was then measured over a
period of 8—12 h. During this time the decay curve
exhibited the 110-min half-life of ~F except for a slight
20-min component due to the "C contribution.

RESULTS

The experimental cross sections for the production of
"F 22Xa, and '4Na from the separated isotopes of the
light elements are given in Table III. The average
va, lue, standard uncertainty, and the number of deter-
minations are listed.

Since the product of the reaction of interest and that
of the monitor were the identical nuclide in each case,
the number of uncertainties associa. ted with these
measurements is reduced. A nominal 3% uncertainty is
assigned to the total activity measurements. However,
in the case of the "F activities a serious source of error
was the contribution to this activity from the t80(p, e)"F
reaction. This reaction has a substantial cross section'
at these energies. Also, the number of atoms of separa, ted
isotope in the target pellets was often only 5—6 times the
number of '0 atoms present. The 'SF activity was
corrected for the contribution from '80 by measuring
the ' F activity in pure boric acid as a function of both
target thickness and beam energy. Values of this
correction to the measured ' F activities varied from

10% for '4Mg targets to ~80% for "Sand '4S targets.
Corrections were applied for the contribution to the

cross section for any given reaction from the small
abundance of other target isotopes still in the enriched

material" (Table II). As a test for the over-all uncer-
tainty that these results are subject to, a comparison
was made of the '4Na 2'Na, and 'SF cross sections from
natural targets'' and the cross sections from the
separated isotopes, appropriately weighted according to
the natural abundances. The results of this comparison
are presented in Table IV.

In addition to these uncertainties and errors, an
additional 10—15% uncertainty in the experimental
val'ues is estimated due to target fabrication, misalign-
ment, uncertainties in the percentage composition of
the separated isotopes, uncertainties in the contribution
from "0, and general experimental manipulations.
Thus, the data have an over-all uncertainty of about
10—15%, which is in accord with the comparison pre-
sented in Table IV.

DISCUSSION

The data presented in Table II can be used to ma, p
out the "F "Na and ' Na yield surfa, ces above the
E-versus-Z plane. Figures 1—3 are perspective repre-
sentations of these surfaces. In these figures the axis
normal to the X-Z plane is logo (prod), the logarithm
of the cross section for the production of "F, "Na, or
'4Na, and the points are plotted at the X and Z of the
target.

The yield surface of "Na (Fig. 1) indicates that the
cross section is a maximum for the most neutron exces-
sive targets, and decreases as the 1V/Z of the target
approaches unity. The X/Z of '4Na is 1.18.Peaks in the
'4Na. cross section occur . for "Mg(LV/Z= 1.17),
"Si(X/Z=1.14), and "S(E/Z=1.12). In each case,
not counting the incident proton, equa, l numbers of
neutrons and protons must be removed from these
targets in order to produce '4Na. For example, from
"Mg ta,rgets a loss of one proton and one neutron is
required. Similarly a loss of, respectively, three protons
and three neutrons from 3 Si and Ave protons and Ave

'A. A. Caretto, Jr., Report No. NYO-10693, 1964 (unpub-
lished).

"Composition and purity as given by Oak Ridge National
Laboratory, supplier of separated isotopes.
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1.6

FIG. 3. Perspective representation of
the cross section for the production of ' F
at 400 MeV versus the neutron and
atomic numbers of the target. The open
circle on the E-Z plane is the location of
the product ' F. (Logarithms are to
base 10.)
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TABLE P. Comparison of Monte Carlo cascade-evaporation calculations with experimental values at 400 MeV.

Target

Qp

ttiala/0'stat &ezyt 0'oalo

~Ma

&talol&exyt 0'exyt

~Na

0'oalo/&exyt &eryt

~Mg
R6Mg

RV~a

28Si

Rosi

30Si

NP
32S

33S

34S

Average of ratio

9.56
6.38
7.87
7.02
5.62
4.33
2.78
2.40
1.89
1.76

0.68
0.69
1.02
0.63
0. /7
0.58
0.46
0.48
0.53
0.52
0.64

14.0
9.24
7.7

11.2
7.31
7.30
6.00
5.00
3.58
3.40

47.0
17.1
51.8
45.8
29. /
17.4
11.7
10.6
10.1
5.93

2.69
1.73
3.34
2.68
2. 75
2.07
1.25
1.22
2.08
2.32
2.22

17.5
9.86

15.5
17.1
10.8
8.42
9.39
8.68
4.86
2.56

31.5
26.4
10.3
2.72

10.1
18.1
7.50
I.64
6.01
6.80

1.31
0.90
0.98
0.62
1.31
1.38
1.16
0.50
1.18
1.11
1.04

24. 1
29.4
10.5
4.36
7, 73

13.10
6.44
3.30
5, 08
6.11

a Normalized ro =1.53 to give best results with monitor cross sections.
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TAMz VI. Characteristics of ~Na production.

Target

Number of
emitted

nucleons

Average number
of evaporated nucleons

Number % total

Average 8* Average E~ per
of residual evaporated

nuclei nucleon

~Mg
"Mg
~AI
~Si
~Si
"Si
31P

32S

33S

34S

35Cl

4'Sc

1
2
3

5
6
7
8

10
11
21

0.16
0.95
1.45
2.25
3 ~ 73
4 46
4.80
5.53
7.17
7.65
8.63

16.5

0.16
0.48
0.48
0.56
0.75
0.74
0.69
0.69
0.80
0.77
0.78
0.79

7.75
17.75
27.84
37.80
29.91
35.27
41.87
52.94
57.17
62.28
71.06

127.63

18.69
19.20
16.80
8.02
7.91
8.72
9.57
7.97
8.14
8.23
7.74

neutrons from "Siis required to produce ' Na. The prod-
ucts "F and "Na lie essentially on the line of stability.
Figures 2 and 3 indicate that the maximum cross section
for these products occurs for targets closest to the line of
stability. These targets are again those requiring the
loss of the same number of protons as neutrons.

This experimental behavior suggests the empirical
relationship which has been used before' of dividing the
experimental cross sections by the quantity (dE/dZ)
to correct for unequal emission of neutrons and protons
where dE/dZ is the slope on an E-versus-Z plot of the
line connecting the target and product. Figure 4 dis-

plays the data in this normalized form. The lines drawn
through the points are the best fits and show a rema, rk-
able similarity in magnitude and slope independent of
6nal product. This result suggests that a statistical
emission of nucleons is the dominant feature of these
reactions.

Monte Carlo cascade and evaporation calculations
were performed on each of the stable nuclides "Mg
through "Cl and a,iso 4'Sc using 2000 incident protons
at 400 MeV. The cascade calculations were performed
using the Vegas program" adapted for use on the Univac
1108of Carnegie-Mellon University. Both the sxzp and
srzp-No versions of this program were employed. Both
programs take into account the radial variations of the
nuclear density by dividing the nucleus into seven
concentric zones or steps of constant density. Refraction
and reQections of the incident and cascade particles at
the interfaces of these zones are included in the STEp
versj. on but not included in the srzp-xo version. The
evaporation calculations employed a program adapted
for the Univac 1108"'3 and patterned after that origin-
ally written by Dostrovsky et u/. '4 Evaporation cal-

» K. Chen, Z. Fraenkel, G. Friedlander, J. R. Grover, J. M.
Miller, and Y. Shimamoto, Phys. Rev. 166, 949 (1968).

' F. M. Kiely, Ph.D. thesis, Carnegie Institute of Technology,
Pittsburgh, Pa., 1967 (unpublished) ."J.Urbon (private communication).

'4I. Dostrovsky, Z. Fraenkel, and G. Priedlander, Phys. Rev.
110, 683 (1959).

culations were performed ten times on each residual
nucle'us resulting from the Vegas cascade calculation.

Cross sections for the production of the products were
calculated from the cascade-evaporation results by the
relation

a ), o, (X/Er ), ——

where Ã was the number of events leading to the
particular product, Ep was the total number of events,
and O.

g was the geometric cross section. The value of the
nuclear radius parameter was determined by optimizing
the three monitor values and was found to be 1.53 F.
There was no appreciable difference between the sxzp
and STzp-xo values but the srzp-No results were found
to give better values for the monitor cross sections and
they are listed in Table V and displayed in Fig. 5.

The comparison of the calculated values with the
experimental results shows that the trends in cross
sections are reproduced and that the values for '4%a
are in general good agreement. However, the calcula-
tiogs tend to overestimate the values for "Na by a
factor of 2 and underestimate the "Fvalues by a similar
factor. In general, the calculation seems to underesti-
mate the length of the cascade-evaporation chain with
the input parameters we used. A change of input
parameters could possibly improve this over-all agree-
ment, but no at tempt was made to maximize the agree-
ment in this way. The over-all agreement was considered
to be satisfactory and the calculations to adequately
represent the mechanism involved in these reactions.

The results of the calculations were sorted to identify
the residual nucleus which, on evaporation, produced
'4Na. The atomic number, mass, an.d excitation energy
of these residual nuclei were obtained for each case.
This information is given in Table. UI and displayed
in Fig. 6 in terms of average values. It is interesting
to note that when 5 or more nucleons are emitted to
form the product, the evaporation contribution to the
total reaction has essentially reached a constant value
of 75—80%. At the same time, the average excitation
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energy per emitted nucleon of the residual nucleus has
also reached an approximate constant value of 8 MeV.
In the cases where fewer nucleons were emitted, the
cascade contribution is higher as is to be expected;
however, the average excitation energy per nucleon
necessary to produce the product by subsequent
evaporation is dramatically higher, which was not
expected. This effect possibly reflects the need to emit
more protons than neutrons and the fewer channels
avail. able for the reaction. This explanation is consistent
with the slight increasein the average value for the emis-
sion of 8 nucleons where in fact it is a (5p, 3e) emission
chain. The other emission chains with 5 or more emitted
nucleons have a more even distribution of emitted
protons and neutrons. In any case, when more than 5
or 6 nucleons are emitted to form the product, the
calculation indicates that the evaporation step is the
dominant process ( 80%) and that an average of
about 8 MeV of excitation energy per emitted nucleon
is necessary.

CONCLUSIONS

The ratio of emitted neutrons to protons is an im-
portant aspect in the production of products in spalla-
tion reactions. The increased probability for the cases
where the ratio is 1 suggests the prime importance of
the statistical aspect of emitting nucleons in relation to
considerations of binding energy, Coulomb barriers, etc.
This behavior is reproduced in the Monte Carlo cascade-
evaporation calculations, although the calculations did
not agree in all details.

In analyzing the relative importance of the cascade
and evaporation steps of the calculation for the produc-
tion of '4Na, it was found that by the time 6ve or more
nucleons have been emitted, average calculated quan-
tities had reached approximate constant values. In
particular, it was found that 80% of the emission
chain is due to the evaporation step and that 8 MeV
of excitation energy per evaporated nucleon was
necessary. Deviations from these values occurred when



PRODUCTION OF 'SF, ''Na, AND ''Na WITH PROTONS 20i

less than 5 nucleons were emitted or when the ratio of
emitted neutron to protons varied greatly from ~1.
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Photoexcitation of the 7.64-MeV Magnetic Dipole Levels in
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The elastic and inelastic scattering of iron capture p rays from the 7.64-MeV M1 levels in Cd'" and
Xi62 were studied with a Ge(Li) spectrometer. Eleven energy levels in Cd'" and three in Ni" observed in
this experiment are compared with the levels excited in (d, p) experiments. Angular distribution measure-
ments were made for four strong transitions in Cd"' and two in Ni", giving the following spin assignments:
Cd"': 0.62-MeV level (2), 1.23-Mev (0), 1.88-MeV (0), 7.64-MeV (1); Ni": 2.06-MeV (0), 7.64-MeV
(1). In both nuclei, only the 0+ member of the two-quadrupole phonon triplet (0+, 2+, 4+) is strongly
excited in this experiment, indicating very different components in the wave functions of the 0+ and 2+
members.

L INTRODUCTION

t tHE nuclear fluorescence of neutron-capture p rays..is a relatively new method to study the individual
nuclear levels near the neutron binding energies. ' ' Since
resonance fiuorescence preferentially excites the levels
immediately

beloved

the neutron binding energy where the

y reemission is the only possible deexcitation mode, this

type of experiment supplements the slow neutron spec-
troscopy which probes the individual nuclear levels
above the neutron binding energy.

Some 50 diferent resonances involving the use of
about 20 capture sources have been reported. ' In most
cases, the spectra of the reasonably scattered photons
were measured by a NaI detector. Because of its
limited energy resolution and complex energy response,
the detailed study of nuclear properties (energy, spin,

*Work supported by the National Science Foundation.
f Atomic Energy Commission Special Fellow.
' C. S.Young and D. J.Donahue, Phys. Rev. 132, 1724 (1963).
'G. Ben-David and N. Huelschmann, Phys. I,etters 3, 82

{,1963).' G. Ben-David, B. Arad, J. Balderman, and Y. Schlesinger,
Phys. Rev. 145, 852 (1966).

parity, and the radiation width) was usually confined
to the scattering level. More recently, some of the pre-
viously observed resonances were restudied using either
Naj spectrometers working in coincidence or a Ge(Li)
spectrometer. These new measurements show that a
resonant level excited by the neutron-capture p rays
has an appreciable branching to the lower excited states
even though the ground-state transition seems to be
generally the most dominant. The inelastic scattering of
the neutron-capture p rays thus provides a useful
method to study the nuclear properties of the lower ex-
cited states. Of particular spectroscopic interest is the
determination of nuclear spins of the excited states by
angular distribution measurements of the inelastically
scattered photons. The angular distribution of reso-
nantly scattered photons is identical to that of two
successively emitted p rays, 4 and the interpretation is
made simple by the fact that the extreme monochroma-
ticity of the incident capture p rays insures that the
resonance fluorescence is due to a single level.

The nuclear fluorescence of the 7.64-MeV iron cap-
ture p rays in cadmium and nickel has been previously

' D. R. Hamilton, Phys. Rev. 58, 122 (1940).


