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Absolute differential cross sections were measured for the
reactions N" (p p)N" N»(p, o,)C» (ground state), and N" (p,ni)-
C"* (first excited state). Thin gas targets, enriched up to 98%%
in N'~, and a 6-mil CsI(Tl) crystal detector were used. Numerous
angles were studied for bombarding energies between 1 Mev and
3.6 Mev. Spins and parities are discussed where resonances
suggest the existence of excited states in O'P. Results are as follows:

E„(kev) Resonant mode Spin, parity
1028 pQf p(XI+ 1=

1210 p(XpC11 3
1640 P CY1 1+
1890 0,'p

E„(kev) Resonant mode Spin, parity
1985 0!I 2
3000 PAPYRI

4+
3300 P 0!I 2
3350 0.'0 2+
3520 PO.0&1 1, 2+, 3, 4+

At the 1210-kev resonance, the incident energy for which the exp

yield is maximum depends on the angle of observation. This is
probably the result of interference and has bearing on the spin
and parity assignment of this level. The anomaly at 1890 kev
cannot be positively identi6ed as due to resonance.

INTRODUCTIOH
'
N previous work at this laboratory, ' the level

~ structure of the 0" nucleus has been studied by
observation of the gamma rays resulting from the
proton bombardment of N". Bombarding energies from
800 kev to 4020 kev were used, covering the excitation
range from 12.9 Mev to 15.9 Mev in O' A number of
new states were observed. Spin and parity assignments
and limitations were made on the basis of yield and
angular distribution measurements. In the present
work, the absolute diRerential cross sections and
angular distributions of the reactions:

N15+ p ~ Nl 5+p—& C"(ground state)+rrp,
~ C"*(4.43-Mev excited state)+nl,

were studied by observation of the particles. ' Essentially
the same energy range was covered. It was hoped that
further limitations could be placed on the character
of the states of 0" in this energy region.

METHOD

The proton beam from an electrostatic generator
was collimated and allowed to enter the target chamber
(see Fig. 1) through a nickel foil, 1000 A thick. Scattered
and reaction particles were detected by a 6-mil thick
CsI(Tl) crystal cemented to a Dumont 6291 photo-
multiplier tube. ' The beam and detector collimators
defined a reaction volume which varied with the angle
of observation. An angular spread of &4' was accepted

$ Supported in part by the U. S. Atomic Energy Commission.
* Now at Universidade de Sao Paulo, Sao Paulo, Brazil.
' S. Bashkin and R. R. Carlson, Phys. Rev. 106, 261 (1957).' Preliminary reports of the present work have been given:

Jacobs, Bashkin, and Carlson, Bull. Am. Phys. Soc. Ser. II, 1, 212
(1956);Carlson, Douglas, Bashkin, and Broude, Bull. Am. Phys.
Soc. Ser. II, 3, 199 (1958).' Bashkin, Carlson, Douglas, and Jacobs, Phys. Rev. 109, 344
(1958).

by the detector. Graphical calculation was used to
obtain the eRective solid angle of the detector. The
error which the uncertainty in solid angle contributed
to the final measured cross section is listed in Table I.

Figure 2(a) shows the electronic circuitry used with
the particle detector. The pulses from the particle
detector were sorted by the 256-channel pulse-height
analyzer. Figure 3 shows a pulse-height distribution
obtained at 1210-kev bombarding energy with a thin
target of N" gas. The peaks result from the diRerent
reaction particles and elastically scattered protons.
Pulse-height distributions such as that shown in Fig. 3
were recorded at a large number of bombarding
energies, including all resonance energies, and numerous
observation angles. The variation of pulse height with
bombarding energy and observation angle was one
means of identifying the source of each peak. Another
means was the resonant behavior of the peaks.

The yield of a particular process was obtained by
adding the number of counts under a peak. Some
background, partly due to 4.43-Mev gamma rays,
underlay the 0,& and C" peaks. By rotating a 5-mil
thick tantalum shutter in front of the CsI(Tl) crystal,
the charged particles were excluded from the detector,
allowing a direct measurement of the background. A

background correction, which was less than 10% at
resonance but larger off resonance, has been applied to
the 0.& and C" yields. The C" yield agreed with that of
the no particles at corresponding center-of-mass angles.

In addition to taking complete pulse-height spectra
at many energies, the yields of the various particles
were measured with scalers which responded to pulses
above appropriately chosen discriminator levels. The
discriminators were set by requiring them to gate the
256-channel analyzer at the valleys in the pulse-height
distribution, so that a given particle yield was simply
the diRer ence between two sealer readings. This
technique facilitated the taking and reduction of data
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Fn. 1. Gas target chamber.

for regions where the yield was almost entirely due to
elastically scattered protons.

Reaction gamma rays were detected with a fixed,
conventional NaI(Tl) crystal detector (see Fig. 1).
The associated electronics is illustrated in Fig. 2(b).
The 10-channel analyzer was set to count 4.43-Mev
gamma rays and high-energy capture gamma rays.

Since a 4.43-Mev gamma ray appears for every o.~

particle, the gamma-ray yield was a convenient monitor
on the incident proton energy. Maxima in the gamma-
ray yields were located to an absolute accuracy of &1%
by the beam deflecting magnet. ' These resonance
energies are we11 known. '4' The bombarding energy
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4iidofsky, Jones, Bent, %eil, Kruse, Bardon, and Havens,
Bull. Am. Phys. Soc. Ser. II, 1, 212 (1956).' F. B. Hagedorn, Phys. Rev. 1{IS, '/35 (1957}.
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Fro. 4, Cross sections for elastic scattering and (p,n) reactions on N" at backward angles. The former is in the center-of-mass system
and the latter are in the laboratory system. The center-of-mass angle for elastic scattering is 160.8'.

was known to +0.2% or better, relative to these httorors

gamma-ray resonances. The center of the reaction
volume as seen by the gamma-ray detector differed
from that seen by the particle counter, so that the
particle yields are displaced from the gamma-ray
yields. This displacement is less than 5 kev. Since the
particle angular distributions were monitored with the
4.43-Mev gamma-ray yield at its maxima, the distri-
butions were obtained at energies slightly off resonance.

Pressure in the target chamber was measured with
an oil manometer. The chamber wall temperature was

TABLE I. Sources of error.

measured frequently; however, during most of the
runs the operation of a cold trap made the gas tempera-
ture in the reaction volume lower than that at the
walls. This was determined by means of a direct
thermo couple measurement and by comparison of
yields with and without the cold trap in operation.
A correction of (8.0&0.5)%%uq was applied for this effect.
The cold trap was initially used to eliminate condensable

TABLE II. Absolute laboratory cross sections in mb/sterad.

Py Lab
(Mev) angle (') Iowa Minnesota Wisconsin

Pressure
Temperature
Beam integration
Slit geometry
Total rms error excluding

counting statistics and
background subtraction

Typical total rms error for
N (pp)N
N15(p ~ )C12
N15(p ~ )C194

Relative cross
sections

0.5
0.5%
0.5%
0.5%

10%

2.0%
5.0%
8.0%

Absolute cross
sections

&.0%
10%
2.0%
1.5%

3.0%

8.0%

+0.0%-2.2%
+1.8%
+3 5%
—1.1%
—2-1%

2.00 35.0 535 &16
2.00 40.0 497 +15
2.22 100.0 165&5 162 &5b
2.20 101.5 148&5
2.20 122.0 120%4
2.20 131.7 93 &3
2.20 113.3 110&3
2.20 86.8 144 &4 Rutherfo

H'(p, p) H'

He4(p, p) He4
F12(p p)g12

Q16(p p)Q16

35~0 5a
508~0.5a

143~7o
121&6e
94 &3d

113+3d
147~5~

scattenng
478 ~15 467 ~9e

Root-mean-square deviation
A40(p, p) A40 0.98 159.5 +2.4%

2.2%

& H. R. Worthington et al. , Phys. Rev. 90, 899 (1953).
b G. Freier et at. , Phys. Rev. 75, 1345 (1949).
& H. L. Jackson et at„Phys. Rev. 89, 365 (1953).

F. Eppling unpublished data, University of Wisconsin, reported in
Los Alamos Scientific Laboratory Report, LA-2014 (unpublished).

e Rutherford scattering cross section has error resulting from energy
uncertainty.
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vapors but was abandoned when the chamber was
found to be essentially vapor free. In order to investigate
any localized beam-heating effects, measurements were
made as a function of beam current. Beam currents
typically used were about 0.05 microampere. This was
varied over two orders of magnitude without showing

any effect as large as 1%.
The target gas was nitrogen, enriched to either 95%

or 98% in N". Cross sections were corrected for the
residual N'4 content. The chamber pressure was

typically 2.5 mm of Hg, although pressures from 0.4
mm to 6 mm of Hg were tried while searching for any
apparent dependence of cross section on chamber
pressure. There was no effect greater than 1%. At
1.2-Mev bombarding energy, 2.5-mm pressure gave a
calculated effective target thickness of 2 kev for the
detector at 90'.

%e measured the width of the sharp 1.7-Mev
anomaly in the elastic scattering from N" to be 6.5 kev.
It has been reported' to be 4 kev wide. The possible
additional width in our measurement may be attributed
primarily to variations in entrance foil thickness. The
resulting beam spread is considerably less than the
width of any of the resonances considered in the
present work.

'See Bashkin, Carlson, and Douglas, Phys. Rev. 114, 1552
{1959),following paper.

7 Hagedorn, Mozer, Webb, Fowler, and Lauritsen, Phys. Rev.
105, 219 (1957).

The beam left the target chamber through 3750A
nickel foil and was collected in a Faraday cage in
which a high vacuum was maintained. Secondary
electron suppression was provided by the repeller
biased at 300 volts below ground. A magnetic 6eld of
about 100 gauss was also found necessary to ensure
secondary electron suppression. The collector cup was
connected to a standard, condenser-discharge type
current integrator. A summary of the sources of error
is given in Table I.

Differential elastic scattering cross sections for
protons on hydrogen, helium, carbon, and oxygen were
measured at a number of angles and energies chosen to
correspond to previous measurements by others. The
cross sections at these chosen angles and energies are
very slowly varying quantities. .Elastic scattering from
argon was also measured. In Table II, the present
results are compared with the results of other labora-
tories and with the Rutherford value.

The angular variation of the calculated effective
solid angle of the detector was checked by measuring
the cross section for the elastic scattering of protons
by argon at 980-kev bombarding energy and for fourteen
laboratory angles from 44' to 159.5'. In this range the
measured cross section followed a csc4(8/2) angular
variation to within &1%, 8 being the center-of-mass
angle of observation.
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RESULTS

Figure 4 shows the difterential cross sections for the
reactions and elastic scattering at backward angles.
Inset are the yields of 4.43-Mev and capture gamma
rays which were measured simultaneously with the
particles. The gamma-ray yield curve is displaced in
energy by an amount less than 5 kev to take account of
the different reaction centers of the gamma detector
and particle detector. The counting statistics con-
tributed less than &3% to the uncertainty in the cross
section for elastic scattering, and the over-all un-

certainty in the absolute differential cross section for
elastic scattering is &3.5%. For the reaction's, the
absolute differential cross sections at resonance are
believed known to &5% for the ns particles, and to
&8% for the n~ particles. The latter includes a contri-
bution due to background subtraction. The uncertainty
in the relative differential cross section for any of the
above processes is due almost entirely to counting
statistics and background subtraction. These errors are
point size or smaller for the elastically scattered protons
and no particles shown in Fig. 4.

Figure 5 shows corresponding results for lab angles
near 90' (90' in the center-of-mass system for the

elastic scattering curve). The same errors apply. In
addition to the results shown in Fig. 4 and Fig. 5, data
were taken at lab angles of 66,7, 131.0', 140,1', and
151.7'. The same general structure shown in Fig. 4
and Fig. 5 appeared at the other angles.

Angular distributions of the alpha particles and
scattered protons were measured at or near the peaks
of resonances. The gamma-ray yield was used to
monitor the energy. The results are shown in Fig. 6 for
the alpha-particle groups and in Fig. 7 for the elastically
scattered protons.

The present data on the elastic scattering of protons
are in good agreement with the findings of Hagedorn'
in the energy range (B~(1800kev) common to the two
experiments. Typical numerical comparisons of the two
sets of data appear in Table III.

At the 1028-kev resonance, Schardt, Fowler, and
I,auritsens measured a differential (p,ns) cross section of
35&5 mb/sterad at 137.8' (lab), whereas we obtain
46&3 mb/sterad at that resonance at 134.5' (lab).
At the 1210-kev resonance, our relative angular distri-
bution of the 0.0 particles is in very good agreement

Schardt, Fowler, and Lauritsen, Phys. Rev. 86, 527 (1952);
referred to as SFI .
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Report, NRL-4883 (unpublished).
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difference from our previous value of 340 mb. ' Now,
however, we have a total reaction cross section of 190
mb at that resonance, in good agreement with Hage-
dorn. Hagedorn reports a total reaction cross section of
630 mb at the 1210-kev resonance, as do we. The later
experiments, therefore, are in satisfactory absolute
agreement.

The diGerential cross section for the o.o particles has
been replotted on a log scale in Fig. 8 for an angle of
observation of 159.5' (lab). The bars indicate the
standard deviation due to counting statistics. An
anomaly is evident at a bombarding energy of 1890
kev. A similar anomaly has been reported by Hagedorn
and Marion' at 1870 kev. In Fig. 6, one sees that the o.o
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Within this error, Fig. 6 indicates that the n~-particle
yield is a weak function of angle.

The elastic scattering of protons by N" has also
been carefully surveyed in the interesting energy
region from 1750 kev to 2000 kev (see Fig. 10). No
anomaly is seen, and if such exists it is less than 5%
of the yield, in agreement with the 6nding of Hagedorn
and Marion. 9

The energy region between approximately 1000 kev
and 1250 kev contains structure in the reaction particle
yields which has previously been studied only in a
fragmentary manner. We have made simultaneous
measurements of protons, no and n~ groups, and gamma
rays. The reaction results are shown in Fig. 11. A

I
1

I
1

I
1

Fro. 8. Logarithmic plot of cross section for N««(p, ««««lC»

reaction. Bars on points indicate counting statistics (rms). The
background was negligible.

particles exhibit a very strong angular dependence at
1890 kev.

Near 1870 kev, Hagedorn and Marion' also noted
a small anomaly in the 0' yield of 4.43-Mev gamma rays.
We have looked for signs of this anomaly with the
crystal arrangement of Fig. 1, the results being shown
in Fig. 9. The simultaneously measured 0;0 yield is
included for comparison. Statistics are smaller than
the point size for the gamma-ray yield. No anomalous
behavior is seen in the 1800—1900kev energy region, and
if an anomaly exists at our angle of observation
(110'&30') it is less than 3% of the yield.

The o.&-particle yieM is extremely small in the
1800—1900 kev energy interval, and is also subject to a
large background correction due to scattered protons.
Hence a large error (a factor of 2) applies to these data.
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cross section the arbitrary numbers given in brackets. Note, also,
the false zero to the ordinate scale.
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FIG. 11. Logarithmic plot of the yields of the reactions
N" lp, ny)C" N" ip,n&)C"*, N" ip, no)C" and N" lp,y)0". The
laboratory angle was 159.5'. The dotted curve shows the (P,a&)
yield corrected for penetrability. The same arbitrary ordinate is
used for both gamma-ray yields.

1.0-nul thick CsI(Tl) crystal was used here. The
capture gamma rays show the well-known resonance at
1028 kev, V =125 kev. The ni particles associated with
this resonance show a peak of sorts at 1085 kev and the
4.43-Mev gamma rays show a ledge at about the same
energy. The difference between the peak positions of
the (p,no) and (p,n|) reactions can be accounted for by
the variation in penetrability across the resonance.
The (p,n&) yield, corrected for penetrability, is shown
as the dotted curve in Fig. 11.The particles show a peak
at about 1000 kev. This peak energy was found to
depend on the angle of observation, as reported earlier

by Hagedorn and Marion. ' However, the (p,no) cross
section integrated over angle peaks at about the same
energy as the capture gamma-ray yield.

A similar effect occurs at 1210 kev where it was
noticed that the peak yields of the no and n& groups
usually did not occur at exactly the same bombarding
energy. The peaks were no more than 6 kev apart at
any angle of observation, however. Such small shifts
were quite obvious in the present work because all

groups of particles were observed at the same time at a
given bombarding energy. Figure 12 shows a logarithmic
plot of the cross sections observed at 159.5' around the
1210-kev resonance. By plotting these data on three
separate sheets and superimposing the curves, the
shifts indicated were obtained. The C" curve gives
information about no particles emitted in the forward
direction. In Fig. 13 these shifts, i.e., the no peak yield
energy minus the n& peak yield energy, are plotted as a
function of the no center-of-mass angle. The energy
differences are believed known to &1 kev. By com-

parison with the gamma-ray monitor the peak yield

energy of the n& group was shown to remain Axed to
within %2 kev. Most of the variation must therefore be
ascribed to the Q.o group. SFI. observed this difference
in peak yield energies at one angle of observation. Their
measurement is included as the square in Fig. 13.
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'2 J. M. Blatt and L. C. Biedenharn, Revs. Modern Phys. 21,
258 (1952).

DISCUSSION

The above cross sections and their energy dependence
may be expressed in terms of such parameters as the
angular momenta, parities, and reduced widths of
excited states of 0".A complete treatment would also
include interference effects involving several levels.
Here we shall discuss those conclusions which can be
drawn from the qualitative behavior of the cross
sections. They supplement previous conclusions' and
are summarized in Table IV.

As noted above, the present results for bombarding
energies below 1.8 Mev are generally in good agreement
with those of Hagedorn. ' In the neighborhood of 1028
kev, the present data indicate that a single state is
involved in the (p,y), (p,np), and (p,n&) processes. The
nj particles seem not to show the large shift of peak
position with observation angle that is noticed in the
O.o yield.

There is still some uncertainty in connection with
the spin and parity of the 1210-kev resonance. Hage-
dorn' 6nds that the elastic scattering, the no angular
distribution, and the angular correlation of the nj
particles and the 4.43-Mev gamma rays all indicate
3—.The 4.43-Mev gamma-ray angular distribution is
consistent with either 3—or 4+. The ni angular
distribution is consistent only with 4+. The shifts in
Fig. 13 also have bearing on this question. Such shifts
are due to interference terms in the differential cross
section. " In the present case, interference between the
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1—state at 1028 kev, which has an appreciable ampli-
tude at 1210 kev, and a 1210-kev state with spin and
parity 3—would give shifts symmetric about 90'.
If the 1210-kev state had spin and parity 4+, the shifts
would be antisymmetric about 90'. The single-level
approximation" is used for the elements of the collision
matrix for the interfering levels. The curve of Fig. 13
is almost symmetric about 90', adding weight to the
choice of 3—for the 1210-kev resonance. The slight
indication of asymmetry could arise from a broad 0+
level at 11.25 Mev" in 0",which is below threshold for
the Xts+P system. It should be mentioned that the
shifts cannot inQuence the total cross sections since the
postulated interference terms integrate to zero.

At 1640 kev, the present results on proton scattering
reinforce the assignment' of 1+. The present value
obtained for the cross section clears up a disagreement
between the results of Hagedorn's analysis' and the
previous work. '

The anomalus behavior of the o, o yield at 1890 kev
(see Fig. g) may arise from a level in 0",but a possible
alternative explanation, already suggested, ' is inter-
ference between other states in O' . Detailed calculation
is necessary to decide between these alternatives.

The spin-parity assignment' at the 1985-kev state
depended primarily on the angular distribution of
the 4.43-Mev gamma rays, and this is unchanged. The
failure to observe this state in the proton scattering
(see Figs. 4, 5, and 10) indicate a small value of I'~/I'. s

In fact, our re-evaluation of the absolute gamma-ray
yield leads to a value of 0.01 for the ratio.

Limitations on spin and parity assignments for the
higher resonances can be made from the total reaction
cross sections and the total width using the single level
approximation and the signer limit. Allowed spins and
parities are

3000 kev 3300 kev 3350 kev 3520 kev

3—,4+ 1+, 2 —,3+ 1—,2+, 3— i—,2+, 3—,4+
"A. M. Lane and R. G. Thomas, Revs. Modern Phys. 30, 257

(1958).
'4 I.~.Bittner and R. D. Moffat, Phys. Rev. 96, 374 (1954).
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FIG. 13.a0 peak-yield energy
minus nI peak-yield energy in
kev near i2i0-kev resonance as
a function of center-of-mass
angle of n0. The circular points
are the present data. The
square is from reference 8.
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As compared with previous considerations the in-
creased number of possibilities results from the reduced

(p,nt) cross section.
For the 3000-kev resonance the near absence of any

effect in the elastic scattering at 90' in the center of
mass argues for formation with an odd orbital angular
momentum. Since all states which decay by no emission
are formed with channel spin 1—,the 3000-kev state
must be 4+. It then follows' that the broad 3350-kev
state is 2+.

For the 3300-kev resonance there is a pronounced
dip in the elastic scattering at 90'. This can only occur
if the state is formed with even angular momenta. Of
the three possibilities above, only the 2—case satis6es
all requirements.

The 3520-kev resonance does not show in the elastic
scattering at 90'; however, this resonance is relatively
weak at the backward angle so the apparent absence at
90' is not conclusive. If one takes the absence at 90
as due to odd angular momenta formation, the 3520-kev
state is restricted to 2+ and 4+. This conclusion must
be bolstered by a detailed fitting, however.
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