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Photoneutron cross sections involving the emission of one and two neutrons from ' N
have been measured over the excitation energy interval from threshold (10.8 MeV) to 38
MeV using monoenergetic photons from the annihilation in flight of fast positrons. A very

broad giant dipole resonance extending from about 16 to 30 MeV was observed, with a
maximum (y,n„,) cross section of about 11 mb at 23.5 MeV. The magnitude of the mea-

sured average photoneutron energies shows that most of the strength below 1S MeV decays
to the ground state of '4N, whereas most of the strength in the giant resonance decays to
excited states. Comparison with particle-capture cross-section data indicates that
multiparticle-multihole interference effects probably account for some of the pronounced
intermediate structure observed above 16 MeV in the (y, n) cross section. Comparison with

a recent shell-model calculation favors the use of a Tabakin potential over a 5-function
force with a Soper exchange mixture, in marked contrast with recent corresponding results

for ' C and ' O. Features of recently measured photoreaction cross sections for the '~C,
' C, ' N, ' N, ' 0, ' 0, and ' Onuclei arecomparedas well.

NUCLEAR REACTIONS "N(y, n), E~=10.8—38.0 MeV; measured '

4m neutron yield for monoenergetic photons; (E~, ln), (E~,2n ), integrat-
ed cross sections; comparisons of results with other reaction channels
and with cross sections for neighboring nuclei; comparison with shell-

model theory.

I. INTRODUCTION

Much of what we know about the nuclear reac-
tion mechanisms for the giant dipole resonance
(GDR) (see Refs. l) has been learned from experi-
mental and theoretical photonuclear studies of ' C
and ' 0, particularly the latter (see Refs. 2), because
samples of these nuclei are readily available and

easy to work with in the laboratory and because the

structure of these nuclei is particularly simple to
deal with theoretically. A logical extension of these
studies of ' C and ' 0 is the study of their neigh-
bors in the periodic table.

The nature of the photoreaction mechanism in
the mass-15 nuclei has been the object of intensive
investigation over the last decade. Many measure-
ments, listed in Table l, have been carried out on
the ' N system (Refs. 3 —20) in order to delineate
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TABLE I. Photonuclear reactions on ' N.

Reaction

. 15N(y p
' C(p, y)
"N(e,pp)

Previous
references

3, 4, 5

6, 7, 8, 9
10

Threshold
(MeV)

10.2

"N(y, n )
' N(n, yp)

11
12

10.8

13, 14

' N(y, ni) 13.1

' N(y, t )
' C(t, yp)

N(e, tp)

15
16

14.8

"N(y, d )

"C(d,yp)

17
17, 18, 19

16.2

15N(y p )

' N(y, pn)

' N(y, 2n)

' N(y, an)

"N(e, e') 20

16.3

18.4

21.4

22.4

the properties of various reaction channels. The
threshold energies for these and other relevant pho-
tonuclear reaction channels for ' N also are given in

Table I.
Conspicuously absent from this list of reactions is

the one which contains the major component of
photoabsorption strength, the (y, n«, ) reaction.

1

This reaction can proceed via both the T &
——To ———,

and T&
——To+ 1 = —, components of the GDR and,

when taken together with information on the
uniquely T& (y, no) channel, can provide a test of
theories describing the distribution of isospin
strength across the GDR. Limited availability of
sufficient ' N separated-isotope sample material
might be the reason that this reaction has gone un-

measured until now: A measurement of the total
photoneutron cross section typically requires molar
quantities of sample material under present-day ex-
perimental conditions.

The measurement reported here constitutes part
of a series of experiments on the light nuclei with

one or two valence nucleons (or holes) associated
with a core, such as ' C, ' 0, and ' 0 (Refs.
21 —23, respectively), undertaken at the Lawrence
Livermore National Laboratory. The sample used
for this measurement consisted of a considerable
quantity of gaseous separated-isotope ' N, which
was used in the new Livermore gaseous target facili-
ty. ' This sample containment vessel was used
with the existing 4~ neutron detector and the
positron-annihilation monoenergetic photon facility
at the Livermore electron-positron linear accelera-
tor. This combination facilitated the measurement
of the (y, n ) and (y, 2n ) cross sections for '5N from
threshold (10.8 MeV) to 38 MeV.

Much of the experimental work on ' N has been
carried out to study its specific reaction properties,
because ' N differs by only one proton-hole from
the we11-studied ' 0 closed-shell nucleus. For the
same reason, several theoretical descriptions of the
cross section for photoabsorption of mass-15 nuclei
have been formulated, ' the most recent of which
is the shell-model calculation of Albert et al. ' for
"N. The cross sections measured here can be used
to test whether or not the she11-mode1 calculation of
Ref. 28 using a 5-function potential with a Soper
mixture of exchange forces describes the 1p-2h
GDR for this nucleus as well as it does those for
the 2p-lh nuclei ' C and ' 0 (Ref. 29).

Finally, a measurement of the ' N(y, n«, ) cross
section provides a valuable insight into the physics
of the p-shell nuclear reactions because a detailed
comparison of the photoneutron cross sections for
' N (Ref. 30), ' N, and ' 0 (Refs. 31) is now possi-
ble. Analysis of this series can complement the
current theories of valence-nucleon or valence-hole
core polarization at mass 16 and of multiparticle-
multihole residual interactions at this well-
investigated nuclear mass number.

II. EXPERIMENTAL DETAILS

A complete description of the experimental facili-
ties and procedures can be found in Ref. 23. The
pressurized-gas sample container is described in de-
tail in Ref. 25. Therefore, only a brief description
of the apparatus and techniques is presented here.

A pulsed positron beam from the electron-
positron linear accelerator, energy-selected with a
momentum resolution of -1%, was incident upon
a 0.76-mm thick beryllium annihilation target, pro-
ducing both annihilation and bremsstrahlung radia-
tion. Positrons passing through the annihilation
target were swept by a magnet into a we11-shielded
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beam dump. Under these conditions, the energy
resolution of the annihilation-radiation component
of the photon beam varied from 150 keV (FWHM)
for photon energies near 11 MeV to about 450 keV
for the highest energies used.

The collimated photon beam passed through a
calibrated transmission ion chamber and then
through the high-pressure-gas photonuclear sample
(see Fig. 1 of Ref. 24). Surrounding the tubular gas
sample was the 4n. neutron detector, consisting of a
0.61-m cube of paraffin containing 48 BFi tubes ar-
ranged in four concentric rings of 12 tubes each.
Because of neutron moderation in the paraffin, the
ratio of the counting rate for the outer ring to that
for the inner ring (the ring ratio) provides a measure
of the average neutron energy (and hence of the
detector efficiency) for each data point.

The 62.0-g ' N sample was in the form of ' N gas
of isotopic purity 9S.9%, contained in the 1-m long,
2.54-cm diameter (volume =0.507 1) sample holder
at a pressure of 11.5 MPa (113.5 atm). The extend-
ed length of this sample meant that photoneutrons
produced near the ends were detected with a lower
efficiency than those emitted at the center of the
sample. In an extensive series of measurements us-

ing gaseous ' 6 as a standard and analyzed together
with Monte Carlo computer simulations, Paul et
ol. have determined [at all average neutron ener-

gies (or ring ratios)] the ratio of this gas-sample ef-
ficiency to the well-determined central-point-source
efficiency previously used for experiments at the
Livermore facility (see Fig. 2 of Ref. 25).

The data-collection procedure involved the
sequential measurement of sample-in data using
both positrons and electrons (to enable subtraction
of the photoneutrons produced by the positron
bremsstrahlung) and sample-out (evacuated
sample-holder) data [to enable the subtraction of
photoneutrons produced in the windows and walls
of the pressure vessel (and elsewhere)]. This back-
ground from the empty sample container was seen
to be a small fraction (-20% in the GDR) of the
counting rate for the container-plus-gas runs. Also,
at alternate energy points, the measurements were
repeated with the annihilation target removed to
ascertain the counting rate for background events
from cosmic rays, BF3 tube noise, etc. This back-
ground counting rate was typically only one or two
percent of the real-event counting rate for each data
point.

III. DATA ANALYSIS

Details of the various steps in the data-reduction
procedure to extract the (y, ln) and (y, 2n) cross

sections from the raw neutron-event data are
described in Refs. 21 —23; only a brief summary of
the most important steps is presented here.

After the recorded neutron events were corrected
for pileup in the detector (a correction of a few per-
cent at most because of the low counting rates), the
neutron backgrounds (annihilation target removed)
were subtracted for both the positron and electron
measurements. Because these backgrounds were
very small, the uncertainty introduced by this pro-
cedure was negligible.

Because the energy spectrum of the annihilation-
plus-bremsstrahlung radiation differs from that of
purely bremsstrahlung photons, a measured correc-
tion was applied to the ion-chamber response to
normalize the electron data to the positron data.
The normalized electron data then were subtracted
from the positron data, leaving the neutron counts
which result only from the annihilation radiation.

The measured sample-blank (empty-pressure-
vessel) data, normalized to equal photon flux, were
subtracted from the vessel-full data to give the net
' N results. After a small correction for the neu-
tron multiplicity in each ring, the data were correct-
ed for the energy-dependent efficiency of the neu-
tron detector using the ring-ratio result for each en-

ergy.
The data then were converted to photoneutron

cross sections by applying the measured ion-
chamber response per photon (which was remea-
sured during 1979 and found to be consistent with
the previous Livermore values), the known number
of ' N nuclei in the beam, and a small correction
for the photon attenuation in the sample gas and
the entrance windows.

IV. RESULTS

A. Cross sections

The photoneutron cross sections for ' N mea-
sured in this experiment are shown in Fig. 1: Part
(a) shows the total photoneutron cross section

o(y, n...) =o[(y,n)+(ypn)

+(y,an }+(y,2n )],
part (b) shows the single photoneutron cross section

cr(y, ln) =o[(y,n )+ (y pn )+(y,an )],
and part (c) shows o.(y, 2n ). The plotted error flags
represent the statistical uncertainties only. Possible
systematic uncertainties which are associated with
the cross sections do not exceed 7% at energies
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GDR for this nucleus. In the region below about 16
MeV, an interpretation of the structure can be made
which assumes that the photoneutron cross section
will reflect the relatively simple single-particle exci-
tations involved in decays to the ground state of
' N. Evidence discussed below shows that even

though transitions are kinematically possible to the
T =1, 2.3-MeV first excited state in ' N, nearly all
the neutron decay strength from nuclear excitation
below about 15 MeV proceeds via the (y, nII) chan-
nel. There is clear evidence in this low-energy re-
gion for a peak at 11.1 MeV and for additional
structure centered at 11.8 and 14.1 MeV.
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below about 15 MeV but might reach as much as
20%%uo at the higher energies measured.

Inspection of the (y, n«, ) cross section in Fig. 1(a)
shows the GDR to be centered near 23.5 MeV with
a maximum value of about 11 mb, and to span the
wide energy region from about 16 to 30 MeV. Con-
siderable intermediate structure is observed in the

Photon energy (IVleV)

FIG. 1. Photoneutron cross sections for "N. Part (a)
shows the total photoneutron cross section

o(y, n„,) =o [(y,n)+(y, pn) +(y,an)+{y,2n)];

part (b) shows the single photoneutron cross section

o(y, ln) =o[(y,n)+(y, pn)+(y, an)];

part (c) shows 0.{y,2n). The plotted error flags indicate
the statistical uncertainties only. The threshold energies
for the (y, n) and (y, 2n) reactions are indicated by arrows.
Other photoreaction threshold energies are given in Table
I.

B. Average neutron energies

10
C
Q
~ ) 8

Cl
Q Q 6

a 4—
47

2—
0
10

I

nd state

I I I

20 25

Photon energy (IVleV)

I

30 35

FIG. 2. The average energy of the emitted photoneu-
trons is plotted as a function of excitation energy in '5N.

These average energies were determined from the ring
ratios. The light solid lines represent the statistical un-
certainity associated with the ring-ratio measurement.
The dark line represents the neutron energies expected if
all transitions were to the ground state of ' N.

As discussed above, the configuration of the rings
of BF3 tubes in the detector allows a determination
of the average energy of the emitted photoneutrons
by taking the ratio of counts in the outer and inner
rings. Figure 2 shows the results for the present
measurements. 'It is interesting to note that the
measured average neutron energy is very close to
that expected for purely ground-state neutrons for
excitation energies up to about 15 MeV. This im-
plies that nearly all transitions are proceeding to the
T =0 ground state of ' N even though decays to the
T =1 first excited state become possible at an exci-
tation energy of 13.1 MeV (Table I). Evidence from
the (y, no) measurement of Watson et al."and from
a (y, y') measurement of Patrick et al. indicates
that ground-state transitions dominate the neutron
reaction mechanism at least up to 15 MeV, and fur-
ther, that no transitions to the T =1 first excited
state occur until above 18 MeV. The curve in Fig. 2
also displays a peaking of the average neutron ener-
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gy near 23.5 MeV, the peak of the giant resonance.
Perhaps at this energy the single-particle excitations
from a ' 0-like configuration play the most signifi-
cant role in the photoabsorption process, which
might account for the observed rise of the average
neutron energy here. This could be interpreted to
signify that the proton hole in the ground-state con-
figuration of ' N has little effect upon the pho-
toneutron reaction at the peak of the giant reso-
nance. A comparison of the (y, n) cross sections of
"N and ' 0 (see below) adds weight to this conjec-
ture.

Finally, at energies near 33 MeV the average neu-
tron energy once again is seen to rise significantly.
This is an indication that there is a renewed onset of
transitions to low-lying excited states in ' N. The
calculation of Albert et al.2' using the Tabakin po-
tential predicts substantial T& ———, strength near
this energy (see below). Although the evidence
from the cross-section data [Fig. 1(a)] for a reso-
nance near 33 MeV is weak, it might be the case
that a resonance at this energy exists and decays to
low-lying excited states of ' N.

C. Integrated cross sections
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f (y, 2n)

The integrated photoneutron cross sections and
their moments are given in Table II for the region
from threshold to 38 MeV. The overall uncertainty
associated with the (y, in ) integrated strength is no
more than 10%. Since the Thomas-Reiche-Kuhn
(TRK) sum-rule value for ' N is 60NZ/A =224
MeVmb, it is seen that the fraction of the TRK
sum rule exhausted by the photoneutron channels
from threshold to 38 MeV is about 47lo (105.9
MeV mb). It is interesting to note that the (y,p„,)
measurement by Denisov et al. results in an in-
tegrated strength of about 72+10 MeVmb (from
threshold to 30.5 MeV), while over the same energy
interval the (y, n«, ) integrated strength is 91
MeVmb. However, because the (y,pn) threshold is
18.4 MeV (Table I), it is reasonable to assuine that
some single photoneutrons are accompanied by a

40

and

o 2
——Jo(Er)Er 2dEr,

respectively.

0.00
(p, n) f (p, 2n)

4

10 15 20 25 30 35
Photon energy (IVIeV)

FIG. 3. Integrated photoneutron cross sections for
"N are plotted as functions of the upper limit of in-
tegration. Part (a) shows the integrated cross sections
cr;„,=Io(E„)dErfor the (y, 2n) reaction (bottom curve),
the (y, ln) reaction (middle curve), and their sum, the

(y, n„,) reaction (top curve). Integrated cross sections
over any desired limits can be obtained from these
curves by subtraction. Parts (b) and (c) show the
energy-weighted moments of the integrated cross sec-
tions

~(E„)E,-'dE,

Reaction

TABLE II. Integrated cross sections for ' N. '

dE~
(MeV mb) (mb)

2
— ~Ey 2dEy

(mbMeV ')

(y, 1n)

(y, 2n)

(y ntot)

98.4
7.6

105.9

4.38
0.26
4.63

0.208
0.009
0.216

'From threshold to 38.0 MeV.
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proton, and thus the addition of the present cross
section and the (y,p„,) data of Denisov might give
an overestimate of the photoabsorption strength
over this energy region.

The energy dependence of the integrated cross
sections and their moments for ' N are shown in
Fig. 3, as running sums, in order to facilitate infor-
mation retrieval. One also can see from this figure
that the curves for tr

&
and 0 2 are flattening at

the upper-energy limit of this measurement.

V. DISCUSSION

A. Comparison with other
reaction channels

For clarity, the low-energy region of our mea-
sured o(y, n„,) is shown with expanded scales in

Fig. 4. Table III compares the energies of the peaks
seen in this cross section with those seen in other re-
action channels [(y no) (y po) (y dp) (y rp },
(y, ao), and (e,e, ')]. In general, there is agreement
of the present results with the peaks seen in the

(y, no), (y,po}, and (e,e') measurements. However,
we note that the prominent Ualleys in the (y, n ) cross
section at energies near 18, -21, and 24.S MeV ap-
pear to correlate with the peaks seen in the (y, do)
cross section (Refs. 17—19} at 17.7, 22, and 24
MeV. This correlation suggests that some of the in-

termediate structure in the ' N giant resonance
might arise from the same kind of two-particle

two-hole interference effects as is thought (Ref. 33)
to be the case in the neighboring ' 0 nucleus, where
a similar pattern of intermediate structure appears.

Recently, Wender et a/. ' have made a measure-
ment of the ' N(n, yo) cross section as a function of
laboratory angle over the excitation-energy region
from 17.3 to 22.9 MeV in ' N. Their results have
been converted (by detailed balance) to cross sec-
tions for the ' N(y, no) reaction and also are shown
in Fig. 4.

If all transitions were to proceed to the ground
state of ' N (as they do below about 15 MeV, as dis-
cussed in Sec. IVB above) the ( yn„,} and (y, np)
cross sections would be identical. It is clear from
the figure, however, that by 17.3 MeV there is a sig-

nificant difference between the two cross sections.
Clearly, many non-ground-state transitions are tak-
ing place and the low average neutron energies for
this region shown in Fig. 2 indicate that they are
proceeding via highly excited states of '4N. This is
characteristic of the onset of a collective giant reso-
nance. This can be contrasted with the case for ' 0
(and ' C) where most of the GDR decays via the
ground-state channel (for both neutrons and pro-
tons). Therefore, it appears as if the presence of a
proton hole in the ' 0 core makes a significant
change in the photoneutron reaction mechanism,
altering the process from a relatively simple lp-lh
resonance-direct reaction in the ' 0 core to a more
complicated and perhaps slower process often re-
sulting in the formation of highly excited ' N.

I 1 & 1 j I 1 I I ) I I 1

t' (y, n«, ) —Present work

9 x (n &0) Wender et al.
0

6—

3—
i+ti " x x x

10 15 20

Photon energy (MeV)

FIG. 4. The present total photoneutron cross section
of Fig. 1(a) is shown with expanded scales and corn-

pared with the recent ground-state data of Mender
et al. ' This shows that o(y, no) constitutes only a small
part of o(y, n„,) above —17 MeV. [Only those points
from Ref. 12 for which angular distributions were mea-
sured are plotted here; their 90' excitation function
shows more detailed structure (see Table III).]

B. Comparison with theory

The present results are compared with the recent
theoretical calculation of Albert et a/. in Fig. S,
where the calculated 0(y, tot) results were renormal-
ized in order to facilitate visual comparison with
the present r(yt, n„,) data. This calculation employs
a two-hole one-particle shell model with either a
zero-range Soper or a separable Tabakin residual in-
teraction. The calculation assumes a closed ' 0
core which is filled up to the 1p&/2 harmonic-
oscillator state. Only E1 and M2 transitions to
non-normal-parity states were considered. These
states were constructed by using up to two holes in
the single-particle states 1s»2, 1p3/p and 1p~/2 and

up to one particle in the 1d5/2, 2s&/2, and 1d3/2
states. Using single-particle energies similar to
those used in a previous calculation by Fraser et
al., the zero-range Soper interaction and a separ-
able Tabakin interaction were applied in the same
manner as in similar calculations of the ' C and ' 0
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FIG. 5. The "N(y, n„,) cross section is compared with the shell-model calculations of Albert et al. ' employing (a) a
Tabakin interaction and (b) a 5-function interaction with a Soper mixture of exchange forces. In both cases, the calcu-
lated result is the total photonuclear cross section (right-hand scale). The cross-section scales have been chosen to pro-
vide a simple visual comparison of the theoretical result with the measured data for the photoneutron channel. One
sees that the Tabakin interaction results in a much better fit, in contrast with the cases of ' C and ' O.

cross sections. 9 The histogram shown in Fig. 5(a)
represents the results of the calculation of the total
photonuclear cross section using the Tabakin in-

teraction where the individual levels have arbitrarily
been assigned a width of 2 MeV. This calculation is
in substantially better agreement with the present
(photoneutron) data than is the (total) cross-section
prediction incorporating a 5-function potential with
a Soper mixture of exchange forces shown in Fig.
5(b). This Tabakin calculation reproduces the loca-
tion and width of the GDR satisfactorily. More-
over, when the total photoproton cross section of
Denisov et al. is added to the present (y,n„,) re-
sults to approximate a photon absorption cross sec-
tion, the Tabakin interaction becomes an even better
description of the cross section than does the Soper
mixture. (It should be noted here that comparison
of the data with another recent theoretical calcula-
tion is not as satisfactory. )

This result is in marked contrast with the cases of
' C and ' 0, where the previously reported pho-
toneutron cross sections ' were much better

described by the calculation of Albert et al. using
the Soper mixture. It would appear that this
theoretical approach results in a good description of
a one-particle two-hole GDR when the Tabakin po-
tential is used but gives a better description of the
measured cross section for a two-particle one-hole

GDR when the Soper mixture is used. We cannot
think of any underlying physical reason for this odd

result.
In the present case, the assignment of some

T= , strength near 34—MeV(using the Tabakin in-

teraction) seems to be borne out by the ring-ratio
data in the photoneutron channel (Fig. 2). Near 34
MeV a significant increase in the average energy of
the emitted'photoneutrons suggests that a larger
fraction of transitions to low-lying states in ' N is
occurring. Because most of the levels of the likely
low-energy candidates for population following a
predominantly E1 excitation mechanism are T =0
states in '"N and because the isospin selection rule
prohibits decays from T= , states in '5N to th—ese

levels, it is reasonable to assume that at an excita-
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FIG. 6. Comparison is made of the total photoneu-
tron cross sections for (a) "C, (b) "N, and (c) "0, show-

ing the strong similarities among these three cross sec-
tions.

tion energy near 34 MeV there is a significant
amount of T= , strength in —the photoabsorption
cross section (in qualitative agreement with the cal-
culation of Albert et al. ). This appears to be a case
of isospin splitting in which the T& strength is
fragmented and some of it is pushed up in energy
above the GDR. This effect also was seen in ' C
(Ref 21), but. in that case the T& strength at high
energy was better predicted by the calculation using
the Soper mixture of exchange forces and a 5-
function potential.

The failure of these theoretical calculations to ac-
count simultaneously for the experimental results
for all three odd-A nuclei illustrates the deficiencies
of this simplified treatment of the shell-model states
and residual interactions, and points out the need
for a more sophisticated, general, and self-
consistent theoretical approach to the problem.
Such an approach would involve more realistic
forces, would fit nuclear radii, and would treat a
wide range of nuclei.

C. Comparison with neighboring nuclei

Figure 6 presents a comparison of the (y, n«, )
cross sections for ' C, ' N, and ' O. An overall
similarity of these three cross sections can be seen.
Perhaps this is not surprising, since all three nuclei
are non-self-conjugate, have nonzero spin, and are
one nucleon removed from a 4N core nucleus. The
energy of the peak of the GDR decreases from
about 24 to 23.5 to 23 MeV and the peak photoneu-
tron cross section increases from about 9 to 11 to 13
mb as one goes from ' C to ' N to ' 0, in keeping
with typical GDR systematics. '

On the other hand, Fig. 7 presents a comparison
of the (y,n„,) cross sections up to 30 MeV for ' N,
' N, and ' Q. There undoubtedly is a resemblance
between the ' N and ' 0 cross sections, However,
significant differences in these cross sections also

, are apparent; the removal of a proton or of a neu-
tron and a proton from the ' 0 core has a profound
effect upon the photoneutron cross section. Al-
though all three of these cross sections are, to first
order, centered about 23.5 MeV, the widths
(FWHM of the central peak region) of the nitrogen
giant resonances are larger than that for ' O. This
extra breadth might arise because a more complex
reaction mechanism is acting in the non-closed-shell
nuclei: As discussed above, there is good evidence
that for ' N and for ' N as well (Refs. 30 and 35)
the GDR decays to many highly excited states in
the daughter nucleus. However, the splitting of the
GDR into its two isospin components for non-self-
conjugate nuclei undoubtedly is the primary cause
for this broadening. In addition, E1 excitation
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Nucleus

TABLE IV. Integrated photonuclear cross sections up to 30 MeV.

f cr(y, ntot)dEr fo(y,p)dE„ Sum

(MeV mb) TRK units (MeV mb) TRK units TRK units

12C

13C

14N

15N

160
17p
18'

42'
95"
99'
90
48'
95'
142~

0.23
0.49
0.47
0.40
0.20
0.37
0.53

72h

55'
15'
70k

87'

31g

0.40
0.28
0.07
0.31
0.36

not available
0.12

0.63
0.77
0.54
0.71
0.56

0.65

'Reference 37 plus a small correction for o.(y, na); Ref. 38 gives 37, Ref. 39 gives 46, and
Ref. 40 gives 44.
Reference 21.

'Reference 30, extrapolated from 29.5 MeV.
Present work.

'References 31, extrapolated from 28.0 MeV; Ref. 22 gives 46, Ref. 39 gives 47, and Ref. 41
gives 59.
~Reference 22.
gReference 23.
"Reference 40 (evaluation of literature).
'Reference 42.
jReference 43, extrapolated from 25 MeV, with the aid of Ref. 44 (from Ref. 40).
"Reference 5.
'References 23 (evaluation of literature); Ref. 40 gives 91.

Note that certain small contributions, such as from the (y, a), (y, t), and (y, y) channels, are
not included.

from the J=—, and J=1 ground states of ' N and
' N can form, respectively, two and three times as
many intermediate spin states as transitions from
the J=0 ' 0 ground state. The nearly complete
lack of intermediate structure for ' N therefore
might be accounted for as a smoothing effect owing
to the large number of overlapping states. Indeed,
this effect has been observed previously for the
oxygen-16, -17, and -18 isotopes (Ref. 22) and, even

more dramatically, for the magnesium isotopes
(Refs. 36) where the photoneutron cross section for

Mg (spin —, ) displays much less clearly delineated

structure than those for Mg or Mg.
The magnitudes of the photoneutron cross sec-

tions in Fig. 7 appear to violate the general NZ/A
dependence of the TRK sum rule. However, we ex-

pect that the magnitude of the photoproton cross
sections largely compensates for this behavior. The
integrated photoneutron and photoproton cross sec-
tions up to 30 MeV are given in Table IV for com-
parison. For ' 0, the integrated photoproton cross
section is nearly twice the size of the integrated
photoneutron cross section. For ' N it is well estab-
lished ' that most of the GDR decay proceeds via
the (y,pn ) reaction, which results in the emission of
a neutron and hence is counted in cr(y, n„„).The

photoneutron result for "N is seen to be intermedi-
ate between these two examples, as might be expect-
ed. Moreover, there is a reasonably good correla-
tion between the ' N and ' 0 cross sections near
17.3 MeV, where the peak seen in both might re-
flect the same underlying single-particle amplitudes.

Table IV also contains (y, n) and (y,p) data for
the other isotopes of carbon and oxygen. It is in-

teresting to note that the sums of these integrated
cross sections up to 30 MeV (last column of Table
IV) for the self-conjugate nuclei are systematically
smaller than those for their non-self-conjugate
neighbors. These differences would be even greater
if one chose an energy limit below 30 MeV or if one
chose to examine o.

~ or 0.
2 rather than 0;„„since

the (y, n) and (y,p) cross sections for these non-

self-conjugate nuclei are large at low energies (below
—17 MeV). This is not entirely because the (y, n)
and (y,p) thresholds are higher for ' C and ' 0:
The (y, a) thresholds are low for these nuclei but
their (y, a) cross sections are very small. [In any
case the (y, n) and (y,p) thresholds for ' N are
lower than those for ' N.j Rather, it is most likely
a manifestation of the presence of a T& component
of the GDR for the non-self-conjugate nuclei (' C,
' N, ' 0, and presumably ' 0), the bulk of which
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hes at lower energies than the T& component.

VI. CONCLUSIONS

The previously unmeasured photoneutron cross
sections for ' N reported in this paper fill an impor-
tant gap in our knowledge of the photoreactions in
the mass-15 nuclei. The transition from the
closed-shell ' 0 nucleus with its single-particle-like
GDR cross section to the open-shell ' N case where
much of the decay of the GDR proceeds via very
complex states in ' N and ' C has been illustrated

by this measurement. The GDR for ' N is broader
than that for ' 0 but perhaps it also reflects the
same type of 2p-2h interference effects believed re-
sponsible for some of the intermediate structure for
16()

Evidence based upon the measurement of the
average neutron energies confirms the nearly 100%
branching to the ground state of ' N up to 15 MeV
excitation energy (even though the first T = 1 excit-
ed state could be populated). Similar evidence sug-

gests that at high energies (-33 MeV) there exists
appreciable T& strength. Direct comparison with
the ground-state cross section indicates that most of
the strength of the GDR proper decays to excited
states in ' N.

The data obtained here for a nucleus with 1p-2h
GDR configurations are better represented by a
shell-model calculation using a Tabakin potential
than by one using a Soper mixture of exchange
forces. Since this behavior is opposite to that for
nuclei with 2p-lh GDR configurations (' C and

' 0), where the Soper-type calculation was far supe-
rior, either a reconsideration of the assumptions and
mechanics of this type of shell-model calculation is
required or the calculations must be carried out us-

ing a more realistic residual interaction in order
that a single theoretical treatment be able to
describe the photoabsorption mechanism for all of
these light nuclei.

Finally, comparison of the present results for ' N
with those for neighboring nuclei leads to several
observations: (a) that the (y, n) cross sections for
' C, ' N, and ' 0 are very similar; (b} that those for
'4N, ' N, and ' 0 are notably different in overall
breadth and detailed structure; and (c) that the in-
tegrated cross sections for ' C, "N, and '"0 are sig-
nificantly different from those for ' C, ' N, and ' 0
in their energy dependence. All of these features
can be explained, at least qualitatively, in terins of
the spin and isospin properties of the GDR.
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