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Inelastic proton spectra from targets containing phosphorus and zinc have been studied at bombarding
energies of 3.72 and 4.66 Mev using a double-focusing spectrometer. Proton groups have been observed
corresponding to levels in P3! at 1.264-£0.004, 2.2304-0.005, 3.134-£0.006, and 3.2924-0.005 Mev. Excitation
curves for these four inelastic groups measured in the region of E,=4.55 to 4.70 Mev show the same general
resonant structure, although differing in detail. At E,=4.66 Mev, no additional groups from P3! were
observed for the excitation region 0 to 1.26 Mev with an intensity greater than 29, of the intensity of the

first excited state group.

Four inelastic proton groups were observed from zinc. From a comparison with the known level schemes
of the zinc isotopes, three of these groups were assigned to the following isotopes: Zn®, 0.9914-0.005 Mev;
Zn%, 1.038+0.005 Mev; and Zn%8, 1.07840.005 Mev. The remaining group with Q= —1.802+0.005 Mev

remains unassigned.

-I. INTRODUCTION

N a previous publication,! an investigation of the
levels of P¥ from 0 to 1.43-Mev excitation by
magnetic analysis of the P%(p,p')P* reaction at a
bombarding energy of 3.055 Mev was reported. Re-
cently, there have been investigations of the Si*(p,y)P%
reaction,? whose interpretation would be aided by a
more complete knowledge of the level scheme of P
Accordingly, a survey for P% levels from the P(p,p")
reaction has been extended to 3.55-Mev excitation, by
the use of higher bombarding energies of 3.72 and 4.66
Mev. In order to detect inelastic proton groups of low
intensity, the continuous proton background for the
magnetic spectrometer has been considerably reduced.
Preliminary reports of these measurements have been
presented.?

II. EXPERIMENTAL PROCEDURE

For the present investigation, protons of energies
3.69 to 4.71 Mev were provided by the Office of Naval
Research-Bartol Van de Graaff accelerator. Charged
particles emitted from the target at a median angle of
91.3640.15° were analyzed by a 180° double-focusing
magnetic spectrometer, and detected by a Nal crystal
1 mm thick. A more complete description of the
experimental arrangement has been given elsewhere.!

The primary energy calibration of the magnetic
spectrometer was provided by Po-alpha particles, for
which Wapstra’s momentum value of 331.654-0.06
kilogauss-cm® was assumed. Additional calibrations

* This research was supported by the U. S. Air Force, through
the Office of Scientific Research of the Air Research and Develop-
ment Command.
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were obtained from the analysis of proton groups
elastically scattered from targets of gold or zinc phos-
phide at bombarding energies corresponding to the
Li’(p,n)Be” and F¥(p,n)Ne¥ thresholds, and to the
3.246-Mev resonance for the production of 1.26-Mev
v radiation from the P*(p,p’) reaction.® Further checks
have been provided from determinations of several
groups from the Al¥(p,0)Mg? and Al¥(p,p")Al¥ re-
actions,* which compared favorably with the results of
other workers.

The resolution used for most of the investigation
corresponded to 0.149, in momentum. However, most
of the observed groups had half-widths which exceeded
0.29, because of the contributions due to target thick-
ness and the 2° acceptance angle of the spectrometer.
The method of analysis used to translate the observed
momentum profiles of reaction groups into energy
determinations has been outlined elsewhere.!* In this
experiment, some additional procedures were necessary.
First, in the case of protons elastically scattered from
zinc, the elastic groups from the various zinc isotopes
were not resolved. In order to obtain accurate energy
determinations, the observed momentum profiles were
compared to composite curves. These curves were com-
posed from momentum profiles for protons elastically
scattered from each isotope, with the proper half-widths
and energy spacings, assuming that their maxima were
in the ratios of the isotopic abundances. Second, in order
to observe weak inelastic groups with energies below
1.5 Mev, it was necessary to increase the aperture of the
detector slit from 1.9 to 3.8 mm, which changed the
resolution from 0.14 to 0.279,. From observations of
the momentum profiles of Po-alpha groups for the two
apertures of the detector slits, it was possible to deter-
mine the corrections to be applied to the momentum
profiles of the inelastic proton groups observed using
the larger aperture.

6 J. W. Olness and H. W. Lewis, Phys. Rev. 99, 654 (1955) and
private communication.
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Fic. 1. Excitation curves for the P31(p,p") P groups correspond-
ing to the first two levels of P3, obtained by using an 11-kev
Zn;P, target, at 0=91.4°.

III. RESULTS AND DISCUSSION
P (p,p")P* Reaction

In the previous investigation,! the yield of the
inelastic proton group corresponding to the first excited
state of P¥ [designated as P?(1)] was found to exhibit
pronounced resonances, in particular at bombarding
energies of 3.58, 3.73, and 3.78 Mev. Because of this
resonant behavior, it was necessary to choose judiciously
the bombarding energy for a survey of inelastic proton
groups. In order to arrive at a reasonable choice, the
yields of the inelastic groups corresponding to excited
states of P3 at 1.264 and 2.230 Mev were measured for
bombarding energies from 3.69 to 3.81 Mev, as shown in
Fig. 1. For these measurements, an 11-kev target of
zinc phosphide evaporated onto Formvar strengthened
by gold was used. The energy scale shown in Fig. 1 has
been corrected for target thickness, and is considered to
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be accurate to =4=5 kev. In this region, the yield of the
P%(2) groups is markedly different from that of the
P3(1) group, having a pronounced resonance at 3.714
Mev (I'<10 kev), 14 kev lower than the 3.73-Mev
resonance for the P3(1) group. As indicated by the
arrows in Fig. 1, a bombarding energy of 3.720 Mev
corresponding to the maximum of the 3.714-Mev
resonance, was chosen for a survey. The results of this
survey are shown in Fig. 2, covering a region of excita-
tion of P? from 0 to 2.3 Mev. The small rise at a proton
energy of 2.6 Mev was attributed to the presence of
inelastic groups from zinc, as indicated. In addition to
the P1(1) and P%(2) groups, no other inelastic groups
from P3 were observed with an intensity greater than
7% of the intensity of the P¥(1) group at this bombard-
ing energy. As compared with the previous investiga-
tion,! the continuous background has been reduced by
a factor of about 5, which has been attributed to the
use of an improved collimating system for the bombard-
ing beam.*

In order to extend the search for P* levels above
2.3-Mev excitation, it was necessary to increase the

"bombarding energy. Again, in order to select a favorable

bombarding energy for surveying, the yields of the
P#(1) and P?(2) groups were measured over a limited
region, E,=4.53 to 4.71 Mev, as indicated in Fig. 3,
using a 10-kev target. The energy scale shown in Fig. 3
has also been corrected for target thickness, and is
considered to be accurate to 46 kev. In this region, the
excitation curves for the P¥(1) and P%(2) groups are
similar, although the relative intensities and positions
of the resonances differ to some extent. Since the yield
of both groups was a maximum in the vicinity of
4.655 Mev, a bombarding energy of 4.660 Mev, corre-
sponding to this maximum, was chosen for a survey.
The results of this survey are shown in Fig. 4, covering
a region of excitation of 0 to 3.55 Mev. For proton
energies below 1.5 Mev, the aperture of the detector slit
was increased by a factor of two. A corresponding
decrease of the continuous background in this region by
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a factor of two was achieved by shielding the Nal
detector from neutrons, produced mainly in thebeam
collector.

As indicated in the survey of Fig. 4, two additional
groups, (3) and (4), attributed to the P3(p,p’) reaction
were clearly observed. These groups did not appear
when targets of zinc or gold on Formvar were sub-
stituted for the zinc phosphide target. To obtain a more
definite identification, the yields of the P%(3) and
P%(4) groups were measured in the same region of
bombarding energy, as shown in Fig. 3. The choice of
bombarding energy proved to be a fortunate one, since
there are resonances for both groups near this energy.
The general similarity of the excitation curves of the
four inelastic groups indicates that theidentification of
the P%(3) and P*(4) groups is correct. An independent
identification has been made recently by Endt and
Paris,”-® by observing their energy shift with angle at
E,=7.04 Mev. They also observed two additional
groups, corresponding to levels in P% at 3.414 and
3.508 Mev, which are included in the region of excitation
covered by this present survey. In Fig. 4, a dashed
curve indicates the expected position for their P#(5)
groups, showing that this group was not of sufficient
intensity to permit a positive identification or energy de-
termination in this present survey. Similarly, the group
corresponding to the 3.508-Mev level should appearat a
proton energy of 0.95 Mev, but is too low in intensity to
be observed.

In Table I are listed the excitation energies for the
first four levels of P obtained from this investigation,
from a weighted average of from 3 to 11 determinations.
Comparison with the results of Endt and Paris? indi-
cates excellent agreement. From the survey of Fig. 4
at E,=4.66 Mev, no inelastic groups which could be
assigned to P% were observed in the excitation region of
0 to 1.26 Mev, with an intensity greater than 29, of the
intensity of the P (1) group. This result is in agreement
with all recent work?6:7:9 concerning the level scheme
of P%; i.e., that there has been no confirmation of earlier
reports!? of the levels at 0.4 and 0.9 Mev, and that they
most probably do not exist. In Fig. 5 are shown the
levels of P3! known at present up to 7 Mev. A level
at 3.4-Mev excitation reported from the Si*(d,n)P%
reaction! would appear to represent an unresolved
combination of the four levels now known in the region
of 3.1- to 3.5-Mev excitation. In addition to these levels,
two higher levels have been found at 3.76 and 4.04 Mev
from a study of the Si*(p,y)P% reaction.’ The spin and

7P. M. Endt and C. H. Paris, Massachusetts Institute of
Technology Annual Progress Report, 1956 (unpublished), p. 105,
and private communication.

8 P. M Endt, Physica 22, 1062 (1956).

9J.J. Van Loef and D. A. Lind, Phys. Rev. 101, 103 (1956).
( P, M. Endt and J. C. Kluyver, Revs. Modern Phys. 26, 95
1954).

11 Mandeville, Swann, Chatterjee, and Van Patter, Phys. Rev.
85, 193 (1952).

12 Broude, Green, Willmott, and Singh, as quoted by P. M.
Endt, Physica 22, 1062 (1956).
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Fic. 3. Excitation curves for the P3(p,p")P3 groups correspond-
ing to the first four levels of P3, using a 10-kev Zn;P, target, at

6=91.4°

parity assignments indicated in Fig. 5 originate from
investigations of the Si¥(p,y)P* reaction.?:

In Fig. 5, the presently known level scheme for P
(up to 7-Mev excitation) is compared to that of S%,
obtained from a recent investigation of the P (p,7)S*
reaction.’® Again, because of the low resolution inherent
in the photographic detection of neutron groups, a
structure corresponding to six levels in P¥ from 3.1- to
4.0-Mev excitation could not be completely resolved in
their experiment, although the authors did indicate the
possible presence of a neutron group corresponding to a
level at about 3.6 Mev, in addition to the level at
3.354-0.20 Mev. Hence, within the limitations of our

TasiE 1. Energy levels of P3 (in kev) from P3(p,p")P3t,

pat Present results Endt and Pariss
) 1264-+4 12675
) 2230=+5 223545
3 313446 313145
@ 329245 32925
(5) cee 34145
() B 35085

a See reference 7.

18 Rubin, Johnson, and Reynolds, Phys. Rev. 104, 1444 (1956).
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Fi1G. 4. Proton groups from a 10-kev Zn;P, target at E,=4.66 Mev, §=91.4°.

present knowledge, the level schemes of the mirror
nuclei P and S* appear to be identical.
Zn(p,p’)Zn Reaction

In the survey of Fig. 3, three inelastic proton groups
were observed, which have been attributed to the zinc
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F16. 5. Energy levels of P3 and S* up to 7-Mev excitation.

contained in the zinc phosphide target. In order to
identify these groups, a similar survey was made at the
same bombarding energy of 4.66 Mev, using a target of
zinc on Formvar, 11 kev thick for the Zn(p,p) group.
The results of this survey covering a region from 0 to
1.91-Mev excitation, are shown in Fig. 6. The three
groups appear with increased intensity as expected, and
in addition, a fourth group of low intensity is observed
at a proton energy of 3.45 Mev. None of these groups
were observed from a target of gold on Formvar,
eliminating possible contaminants in the Formvar
backing. From a comparison with the known levels of
the Zn isotopes, three of the groups have been assigned
to the first excited states of Zn®, Zn% and Zn®8, as
indicated. By observing these three groups at a bom-
barding energy of 3.72 Mev, the assignment of these
groups to zinc was verified.

In the survey of Fig. 6, two weak groups which occur
between the intense C*2(p,p) and O'(p,p) elastic groups
are attributed to C' and N. At energies above the
Zn(p,p) group, two elastic groups are observed, which
are attributed to traces of contaminants with masses
close to those of Ag and Pb. Finally, a weak group
assigned to S®2(p,p) is observed, which evidently arises
from a small amount of sulfur in the Formvar backing,
since the same group has appeared in several Massa-
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TasiE II. Energy levels of the zinc isotopes(in kev).

Present

results Radioactivity Reactions
Zn(p,p’) Ga@*y)® Cu(@,v)e Cu@ )P Zn(xar)e
Zn®(1) 99145 970 . 97010 100010
Zn%(1) 1038+5 1050420 1044:}:10 1040i 10 104010
Zn%(1) 1078+5 1100420
Zn 1802454

8 See reference 16.
b See reference 17.
¢ See reference 18.
d For this value, the average atomic weight of zinc of 65.39 was used.

chusetts Institute of Technology surveys.* The identi-
fication of this group was checked by decreasing the
bombarding energy to 3.72 Mev. When similar surveys
at E,=4.125 and 4.66 Mev were made using a target
of gold on Formvar, two weak proton groups appeared,
assigned to elastic scattering from Si?® and S%2. The
presence of these groups prohibited the observation of
Coulomb excitation of the 279-kev level in Au'¥,
recently accomplished by Elbek and Bockelman!® using
6-Mev protons.

In Table IT are listed the values for the energy levels
obtained in this investigation from a weighted average
of four to six determinations. Comparison is made with
the level energies obtained by other workers from the
following investigations: radioactivity of Ga®, Ga®®,
Ga% and Cu® 6 the Cu®(p,y)Zn* and Cu®(p,y)Zn®
reactions'”; and the Coulomb excitation of Zn% (en-

14 Endt, Paris, Sperduto, and Buechner, Phys. Rev. 103, 961
89263; Bockelman, Leveque, and Buechner, Phys. Rev. 104, 456

956).

16 B, Elbek and C. K. Bockelman, Massachusetts Institute of
Technology Annual Progress Report, 1956 (unpublished), p. 116;
Phys. Rev. 105, 657 (1957).

16 K. Way et al., Nuclear Level Schemes A =40—A =92, Atomic
Energy Commission Report TID-5300 (U. S. Government Print-
ing Office, Washington, D. C., 1955).

(1“58. E. Weller and J. C. Grosskreutz, Phys. Rev. 102, 1149

956).
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F1G. 6. Proton groups from an 11-kev Zn target
at E,=4.66 Mev, =91.4°.

riched) and Zn%® by alpha particles.!® The assignment
of three of the inelastic proton groups observed from
natural zinc to the first levels of Zn®, Zn®%, and Zn*®8 is
based solely on the good agreement of the energy values
with the established levels of these zinc isotopes.
However, the fourth inelastic group, with Q= —1.802
+0.005 Mev, cannot be associated with any level of
zinc isotope known at present; hence its assignment
must await the use of enriched targets. This Q value is
based on the use of the average atomic weight of 65.39
for zinc; and would change to 1.811 Mev if the mass of
Zn"™ were used.

Since the primary purpose of the present experiment
was the investigation of the level scheme of P3, the
survey of inelastic groups from zinc was extended only
to 1.91-Mev excitation. However, it did serve to indicate
that inelastic proton scattering from nuclei with masses
at least up to A =66 can be investigated by using a 180°
double-focusing spectrometer.

( 1856‘3 M. Temmer and N. P. Heydenburg, Phys. Rev. 104, 967
1956).



