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The absolute cross section and angular distribution for the “N(y,po) process have been
measured, in the giant-resonance energy range from 17 to 25 MeV. Between 17 and 21 MeV,
the large angular anisotropy requires mixing of at least two dominant E1 reaction channels.
Above 22 MeV, d-wave emission from 2~ states appears to dominate. Admixture of about
5-10% of E2 and/or M1 strength is observed at all energies. The observations are qualita-
tively consistent with the shell-model predictions of Cooper and Eisenberg.

INTRODUCTION

The particle-hole shell-model description has
been applied with some success to the photodisin-
tegration of *0.%2 Recent experimental studies®’
of (y,p) and (y, n) channels in the giant resonance
of %0 have reached a degree of dependability and
detail with which the theory can be examined rath-
er stringently. In the O case, evidence from
(y, bo) and (y, n,) angular distributions® and (y, n,)
polarization measurements* supports the basic
idea that most of the giant-resonance strength de-
rives from the excitation of a single particle from
the p;,, state to the s-d shell with subsequent s-
or d-wave emission. The principal structures in
the 0 cross section at 22 and 24 MeV have been
attributed to p;,, ~ d;,, and p;,, —~ d;,, promotions,
respectively.?

As a vehicle for testing the theoretical descrip-
tion, the %0 photodisintegration has been shown
to suffer from many complicating features whose
full understanding and analysis will not be easy.
For example, the initial ground-state configura-
tion of **0 is not pure (p,,,)%(p,,,)* but it contains
appreciable (p)*(2s, 1d) 2 components® which need
to be taken into account. It is also clear that ap-
preciable influence on the cross sections is exert-
ed by a 5-10% E2 or M1 component which inter-
feres with the E1 components which we wish to
study at all parts of the giant resonance.® At the
present stage, considerations such as these have
slowed progress in producing experimental re-
sults which can be expected to apply directly to
the description given by existing simple theory.

|

The complications of surrounding conditions
which tend to obscure any simple single-particle
process are certain to be present in the case of
N also. However, the candidate dominant single-
particle E1 promotions in *N remain the same as
those in *0, namely p,,,~ (2s, 1d). In order to
learn more about these transition processes set
in a different nuclear environment, we have begun
a study of giant-resonance reaction channels in *N.

The present paper reports cross section and an-
gular distribution measurements for the (y, p,) pro-
cess. These lead to conclusions about the multi-
pole impurities in the *N case, and about the like-
ly energy dependence of the dominant channels in
this process.

Other work®™!! covering the many other decay
modes of the N giant-resonance states, shows a
great variety in the selective modes of decay.
Combined with data on individual processes such
as the present work, these results promise to be
very informative regarding the basic dipole ab-
sorption process.

EXPERIMENTAL TECHNIQUE

The equipment and experimental procedures
used have been described previously in detail.® !2
Seven cooled 2-mm Si(Li) detectors were arranged
to view a nitrogen gas target, at angles to the x-
ray beam of 20, 45, 65, 90, 115, 135, and 160°.
The apparatus and layout are shown schematically
in Fig. 1.

Each detector was shielded from room back-
ground radiation by at least 20 cm of lead in all
directions.
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FIG. 1. Experimental geometry: UN(y, b angular-distribution study at Los Alamos electron prototype accelerator.
A Si(Li) proton detector attached to a cold finger was located at each of the positions marked D.

Extensive precautions were required to mini-
mize the background flux of beam-produced elec-
trons which reach the detectors, causing unde-
sirable background pulses. Pileup of these and
foreground pulses was eliminated by the use of
the 6% duty factor beam of the Los Alamos elec-
tron prototype accelerator (EPA), whose electron
current on target was maintained typically at a
stable 3 mA during the 450-usec beam pulse.
Permanent magnetic fields of 1.6 kG along a 15-
cm portion of each detector access channel were
designed to deflect all but the most energetic (>15-
MeV) secondary electrons produced in the target,
deflected electrons being stopped in a system of
baffles.

Background runs with an evacuated target vol-
ume gave negligible yield. The effect of back-
ground energetic electrons and neutrons was mea-
sured by using the normal gas target but inserting
2-mm aluminum plates in the detector channels.
These would stop all foreground protons but have
little effect on energetic electrons and neutrons.
Small count rates were observed up to pulse heights
corresponding to about 5 MeV, and appropriate
background subtractions were made.

The N, gas target was maintained at a pressure
of 30 cm Hg, the pressure being dictated by the
allowed resolution broadening for the 20 and 160°
detectors caused by the finite target thickness tra-
versed by the photoprotons. The target in this
case was defined by the cylindrical profile of the
collimated x-ray beam, whose diameter was
4.7 cm.

The geometrical efficiency of each detector was
determined with an estimated over-all uncertainty
of 2%. This efficiency is calculable using the ex-
pressions derived by Silverstein.!® Its precision
depends upon exact knowledge of the target cham-
ber dimensions, detector sensitive area, and
beam diameter and location. Annular masks close

to the detector surfaces defined fully sensitive
central areas of the detectors. Beam dimensions
were verified by photographs fore and aft of the
target chamber. Resulting computed efficiencies
showed excellent agreement with measurements
subsequently made using a standardized *!Am

a source.

The bremsstrahlung source was a 0.005-cm
tungsten foil, receiving a beam of electrons
whose energy spread was less than 1%. Trans-
mitted electrons were swept out of the x-ray beam
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FIG. 2. N, p)13C schematic level diagram (MeV units).
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before it passed to a collimating system of length
2 m. A 25-cm graphite beam hardener was used.
A “P2” standard National Bureau of Standards
specified™ ionization chamber receiving the en-
tire transmitted x-ray beam and feeding a current
integrator was used to standardize absolute flux
of thin-target bremsstrahlung. (Special auxiliary
tests on this system confirmed within 1% the ab-
sence of any saturation effects at pulsed beam in-
tensities ten times larger than those of the pres-

ent experiment.)
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Photoproton spectra were recorded using a
multiplexing system and a single analog-to-digital
converter, and were stored in a small on-line
computer. Energy calibration of these spectra
was based on trial spectra of %0 photoprotons,
in which the peaks at 22.10 and 24.15 MeV are
readily identified. Assignment of these peak en-
ergies in the (y, n) spectra'®!® has been based
with precision on well-known neutron absorption
lines in *?C.

The results presented here were fully confirmed
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FIG. 3. “N(‘y,po) differential cross section: (a) 6=20°% (b) 6=45° (c) 8=65° (d) 6=90° (e) 0=115° (f) 6=135°

(g) 6=160°.
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in an independent set of runs six months later.
Those runs used identical techniques in the course
of a (y, p,) study on **N.

TREATMENT OF DATA

Photoproton spectra were taken with bremstrah-
lung end-point energies of 25.0, 22.5, and 20.5
MeV. Of each proton spectrum the highest 3-MeV
energy region must originate with (y, p) processes
leading to the ground state of *C (see Fig. 2).
Hence only that portion of each spectrum was used
in this analysis. Being statistically poor and hav-
ing a bremsstrahlung weighting sensitive to cutoff
energy and spectral tip shape, the highest 0.5-
MeV region of each spectrum was discarded.

From the remaining data, the weighting of the
Schiff thin-target bremsstrahlung expression!” was
divided out, and a set of differential cross section
results were obtained, in 100-keV intervals. Con-
sistency checks were made by comparing success-
ive runs having substantial energy overlap.

The over-all uncertainty assessed in the absolute
cross-section scale is about 7%. Principal con-
tributing uncertainties are: (i) 2-3% in absolute
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FIG. 4. “N(y,p,). Angular-distribution coefficients
Ay(=0g/4m), A,, and the ratio A,/A,, plotted as functions
of excitation energy in N,

calibration of the “P2” beam monitor; (ii) 1% in
target gas pressure monitoring; (iii) 2% in effec-
tive beam area; and (iv) approximately 2% in the
geometrical efficiency of each detector. A small-
er uncertainty applies to relative cross sections
from one angle to another, which are needed to
describe the angular distribution.

RESULTS

The N(y, p,) differential cross sections obtained
at six angles are shown in Fig. 3. Error bars
shown are statistical standard deviations.

At each of the excitation energies shown (100 keV
apart), the angular distribution was least-squares.
fitted to a Legendre polynomial series of the form

a(0)=A,+A, P,(cosb) + A, P,(cosb)
+ A4 P4(cos6) + A P,(cosb) . (1)

The resulting coefficients are plotted, with their
statistical uncertainties, as functions of excitation
energy in Figs. 4 and 5. Their ratios to A, appear
in Figs. 4 and 6.

The integral cross section from 18 up to 25 MeV
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FIG. 5. N(y,p,). Angular-distribution coefficients
Ay, Ag, and A, plotted as functions of excitation ener-
gy in 14N,



2036 CARR, BAGLIN, AND BENTZ 6

deduced from the present results is (11+1) MeV
mb. This represents only a small fraction (~10%)
of the total absorption cross section to be inferred
from the [(y, n) + (y, np) + (v, pn)] measurement by
Berman et al.'!

Figure 7 shows a comparison of the present 90°
differential cross-section data with results ob-
tained for *C(p, v,) by O’Connell® and for (y, n,)
by Sherman et al.'® The (y, p,) and (y, n,) cross
sections appear to be effectively the same in mag-
nitude and general shape. However, small dispari-
ties in structure appear to be real. Resolution
differences may adequately account for discrepan-
cies between (p, y,) data and the present work.
The dramatic structure displayed in the (y, p,) re-
sults of Kosiek, Maier, and Schlupman'® has not
been substantiated.

DISCUSSION

The gross shape of the (y, p,) cross section (4,)
closely resembles that of the total photoneutron
cross section'! or that of the total photon-absorp-
tion cross section!® up to 22.5 MeV. However,
there appear to be resonance components in the 23-
to 25-MeV region whose decay must favor resid-
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FIG. 6. N(y,p,). Ratios of angular-distribution co-
efficients to Ay: A /A, A3/A,, and A,/A,, plotted as
functions of excitation energy in 14N.

ual states other than the ground state, since they
are relatively weaker in the (y, p,) data.

The predictions of Cooper and Eisenberg
using a single-particle shell-model basis to com-
pute energies and strengths of E1 photon absorp-
tion are shown in Fig. 8, overlaid with both (y, p,)
and total absorption curves. In general terms, the
computed distribution of E1 strength seems to
match the total absorption curve. The higher-
lying N excited states evidently branch prefer-
entially to excited residual states of 13C.

20, 21

Angular Distribution

Since the *N ground state has J"=1%, an E1 ex-
citation can produce a state of J"=0", 17, or 2".
We use the channel-spin formalism to describe
the angular distribution of photoprotons leaving
13C in its ground (") state, following E1, E2, or
M1 excitation of N. Interference between all
possible channels of identical channel spin is con-
sidered.

We denote by (5L, Ijs) the matrix element as-
sociated with an electric (or magnetic) L-pole ex-
citation of N to a state of spin j which decays by
emitting a proton of orbital angular momentum !
with a channel spin s describing the decay channel.
This notation accords with that of Carr and Bag-
lin.22. We may then write

(24/2,?) -%(9) =ay+a,P,(cosb) +a, Py(cosh)

+a, Py(cosb) + a, Py(cosb),

(2

0.3 T T T T T T T T

o (mb/sr)

0.0 L 1 1 1 1 1 1 1

18 20 22 24 26
EXCITATION ENERGY (MeV)

FIG. 7. 14N('y,p‘,) differential cross section at 90°.
Solid dots: present experiment. Dotted line: (p,¥,)
data (Ref. 6). Dashed line: (y, n,) data (Ref. 10).
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where

@,=23 Coytp Re{(GL, Ljs)y (7L, Ujs)}

TABLE I. Angular-distribution coefficients describing
the E1 components of the reaction “N(‘y,p(,). The nota-
tion used is that of Eq. (2) and of Ref. 22, from which
the table is derived.

with £, ¢, referring to all parameters of channels
u and v.

The coefficients C are fully tabulated in Ref. 22
for the case of interfering E1, M1, and E2 reac-
tion channels. E1 contributions can be expected
to dominate the even coefficients ¢, and ¢,; «a,
and a, will carry evidence about the strength of
the other interfering multipoles; @, involves only
products of E2 terms.

Ap, 4z

To simplify first-order analysis, we neglect all
but E1 terms in @, and a,. The relevant E1 co-
efficients C are listed in Table I. Dropping the E1
prefix, the expressions for o, and @, thus become:

o= (000)% + 3(011) + 3(211)2 + 5(220)% + 5(221)?,
0, =0.75(211)% - 2,50(220) - 1.25(221)?
+Re{3.16(000)*(220) - 2.12(011)*(211)
—4.74(011)*(221) —3.35(211)*(221)} .
(3)

With five contributing channels having unknown
amplitudes and relative phases, exact solution
from the present data is impossible. Some infer-
ences however may be made, based on the magni-
tude of the observed ratio A,/A,(= a,/ay) -

This ratio (Fig. 4) appears to be fairly constant
(~—0.65) at energies below 21 MeV, and its value
changes to a constant -0.40 above 22 MeV. Pre-
sumably this indicates a differing character in in-
terfering resonances in the two regions. The pure
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FIG. 8. Comparison of present results for “N(y, p,)
cross section with total absorption cross-section data
(Ref. 19) and one of the strength distributions calculated
in Ref. 20 (Fig. 11).

E1(ljs), E1(ljs), C, To
E1 000 E1 000 1.00

E1 000 E1 220 3.16
E1 011 E1 011 3.00

E1011 E1211 -2.12
E1 011 E1 221 —-4.74
E1 211 E1 211 3.00 0.75
E1 211 E1 221 -3.35
E1 220 E1 220 5.00 -2.50
E1 221 E1 221 5.00 -1.25

(220) channel would yield A,/A,=-0.5, and a little
admixture of another channel would readily pro-
duce the observed high-energy value of -0.4. It is
much more difficult to find a combination of terms
which is capable of producing the large value of
A,/A,=-0.65 observed at low energies. With fa-
vorable phases, this could be generated by the
(000) and (220) channels interfering. This would
be consistent with the dominant ordering of states
predicted by Cooper and Eisenberg.?**

In practice, a more complex admixture should
be expected. In fact, we note that the values of
A, observed imply the existence of E2 strength
too large to neglect (as we have just done) in any
exact treatment. The above interpretation must
therefore be regarded as somewhat speculative.

Ar, 43

These quantities consist entirely of interference
terms between E1 and higher multipoles.

It is clear (Fig. 5) that at all energies both co-
efficients are very small, (<0.2 A,). This implies
a typical magnitude of the interfering amplitude
around 5-10% of the E1 strength.

The nature of the E2 or M1 channels involved is
not clear, owing to the large number of possible
channels yet unidentified.

Ay

As seen in Figs. 5 and 6, A, is observed to be
nonzero at most energies, with A4,/A, ranging
from -0.1to -0.2. A, arises entirely from terms
which are products of E2 contributions, often be-
ing enhanced with large numerical coefficients.
An E2 amplitude of about one-tenth the E1 ampli-
tude could readily yield A,/A,=~0.2, in accord
with observation.
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CONCLUSIONS

We find a 5-10% interfering M1 or E2 amplitude
throughout the N giant resonance as might be ex-
pected.

Further experimental work is required to pro-
vide more evidence on which to base identification
of the dominant E1 channels and their energy de-
pendence in the *N(y, p,) giant resonance. Mea-
surements of photoneutron polarization would be
of great value (as they have been in the case of
160) 4

The present results are consistent with the dis-
tribution of E1 strength suggested by Cooper and

lo

Eisenberg,? in which interfering s- and d-wave
channels dominate at lower energies, and d-wave
channels alone account for the main giant reso-
nance. More explicit study is needed. Significant
insights might be expected from the study of N
decay modes to excited residual-state configura-
tions.
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