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The photoneutron cross sections for 2'Si, 9Si, and 3 Si have been measured up to 33 MeV

with monoenergetic photons from the annihilation in flight of fast positrons, using neutron

multiplicity counting. Average neutron energies were obtained simultaneously with the

cross-section data by the ring-ratio technique. The giant dipole resonances for 2 Si and 3 Si

exhibit appreciable fragmentation; that for 29Si does not. The (y, 2n) cross section for Si is

large; that for Si is consistent with zero. The (y, ln) cross section for ' Si decreases sharply

with energy to values near zero as the (y, 2n) cross section grows, then increases to appreci-

able values as the (y, 2n) cross section diminishes; this extreme behavior, although never seen

before, is attributable to the competition between the (y, n), (y, 2n), and (y,pn) decay chan-

nels. Some properties of the isospin components of the giant resonance are inferred. Other

features of the data, including the integrated cross sections, are found to be similar in many

respects to corresponding results for the oxygen and magnesium isotopes. /he 'Si nucleus

is found to be a better "core" for 29Si and Si than might have been expected from previous

descriptions of its open-shell character.

NUCLEAR REACTIONS Si(y, n), Si(y, n), 3 Si(y, n), Si(y, 2n),
E~=13.4—33.1 MeV; measured 4m neutron yields for monoenergetic

photons, average photoneutron energies, integrated cross sections; isospin

splitting of giant dipole resonance; comparisons of results with oxygen

and magnesium isotopes; 'Si as a "core" nucleus.

I. INTRODUCTION

The experiments reported in this paper were
designed to observe the effects on the giant dipole
resonance (GDR) as neutrons are added to a core
with closed shells or subshells. It has been observed
in the past that the addition of two extra neutrons
increases the fragmentation of the GDR, resulting
in much structure, for example, for ' 0 (Ref. 1) and

Mg (Ref. 2). Another feature in light nuclei is the
appearance of a pygmy resonance at energies below
the GDR as a single extra-core neutron is added, for
example, in ' C (Ref. 3) and ' 0 (Ref. 4). One inter-
pretation of the latter feature is that the pygmy reso-
nance is associated with the extra-core neutron,
while the GDR is associated with the core and is rel-
atively unchanged by the addition of the valence nu-

cleon. This is the so-called weak-coupling model.
[It should be noted, however, that the concept of
weak coupling is not nearly so clearly defined for
the case of the ' N(y, n) reaction (Ref. 5), where ' N
is thought of as a proton hole coupled to an ' 0
core.] Thus, one can hope to shed light on the con-
cept of Si as a "core" nucleus (closing the id5&z
subshells in some approximation) by observing the
structure and characteristics of the photonuclear
cross sections for Si, Si, and Si both in the
pygmy-resonance region and in the GDR proper.

The work reported here was undertaken in con-
junction with work performed at the University of
Melbourne. ' There the total photoneutron produc-
tion cross sections for Si and Si were determined

by measuring bremsstrahlung yield curves and
deriving the cross sections using an unfolding tech-
nique. ' Because of the nature of those experiments
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TABLE I. Photonuclear thresholds for the silicon isotopes (in MeV).

Nucleus

28S1

29S1

"Si

Eth (y n)

17.2
8.5

10.6

Eth. (y p)

11.6
12.3
13.5

Ethr(ps 2n)

30.5
25.7
19.1

Eth (y,pn)

24.6
20.1

22.9

it was not possible to separate the (y, n) and (y, 2n)
components of these cross sections. With the higher
efficiency detector and the positron-annihilation
monoenergetic photons available at Livermore it is
possible to separate these components. Therefore
the photoneutron cross sections for Si and Si
were measured at Livermore in order to complement
the high-resolution measurements made at Mel-
bourne in the low-energy region. Threshold energies
for photonuclear reactions in the silicon isotopes are
given in Table I.

II. EXPERIMENT

A detailed account of the experimental procedures
has been given previously. " A beam of positrons
from the Lawrence Livermore National Laboratory
electron-positron linear accelerator is incident on a
0.76-mm thick beryllium annihilation target. Posi-
trons passing through the annihilation target are
swept into a well-shielded dump hole. The brems-
strahlung and annihilation photons produced in the
target pass through an ionization-chamber beam
monitor before striking the photonuclear sample,
which is at the center of an efficient 4m. neutron
detector. This detector consists of a 61-cm cube of
paraffin in which 48 BFi tubes are arranged in four
concentric rings around the beam line. Because of
the neutron moderation in the paraffin, this arrange-
ment allows a measure to be made of the average
neutron energy from the sample via the "ring ratio, "
the ratio of the counts in the outer and inner rings.
A multiplicity analysis of the number of neutrons
recorded in each beam burst allows the (y, n) and

(y, 2n) yields to be extracted simultaneously and in-

dependently. The measurements are repeated using
electrons so that the bremsstrahlung-induced pho-
toneutrons can be subtracted to give the event rates
produced by the annihilation photons alone. For
this experiment, the energy of the positrons was
varied in approximately 200-keV steps from 17 to 33
MeV. The resolution of the system ranged from
about 200 keV (FWHM) at Er 17 MeV to about——
400 keV at 33 MeV.

For the present work, four samples were required
to determine the Si, Si, and Si cross sections.
The characteristics of each sample are given in
Table II. The enriched Si and Si samples consist-

A detailed description of the data-reduction pro-
cedures has been presented elsewhere. ' Therefore,
only a brief account of those features relevant to the
present experiment will be given here.

TABLE II. Sample specifications.

Sample
Mass

(g)

Relative abundance
(at. %)

28S1 29S1 "Si
liat Si
natSiO

SjQ2
Si02

51.3
97.3
82.4
78.9

92.23
92.23
4.36
3.78

4.67
4.67

95.28
0.67

3,10
3.10
0.36

95.55

ed of SiOz powder contained within thin-walled Lu-
cite cylinders. Since the yield of photoneutrons
from the oxygen in these samples makes up a large
fraction of the total photoneutron yield, it was
necessary to measure the oxygen contribution accu-
rately. In order to avoid the uncertainty resulting
from neutron-moderation effects in a water sample,
the oxygen yield was determined by subtracting the
yield of the Si metal sample from that of the (natur-
al) Si02 sample (after correcting for sample mass,
sample size, and photon-absorption effects). This al-
lowed the oxygen contribution for the enriched ox-
ide samples to be determined, thus giving the Si
and Si yields. This process resulted in independent
measurements being made of the oxygen and
natural-silicon cross sections as well as those for Si
and Si. The results for ' 0 have been reported in a
separate paper. " The yield from an identical but
empty Lucite container also was measured so that
the sample-blank photoneutron contribution could
be subtracted from all of the above yield data. At
each beam energy, measurements were made succes-
sively with the ""Si02, ""Si, Si02, SiO2, and
blank samples using a remote-controlled pneumatic
sample-changing device. At intervals throughout
each run the measurements were repeated without
the annihilation target in place in order to determine
the contributions from neutron backgrounds, cosmic
rays, and BF3 detector noise.

III. DATA ANALYSIS
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After a small (never more than a few percent)
correction for the pileup of counts in the neutron
detector, the annihilation-target-out background
runs were subtracted from the positron and electron
yield measurements. Then at each energy, normal-
ized neutron yields for the runs using electrons were
subtracted from the corresponding yields obtained
with positrons. This was done for all four samples
and for the sample blank. Finally, the appropriately
normalized sample-blank yields were subtracted to
give the ""Si02,""Si, Si02, and Si02 yields.

Then, as indicated in the previous section and in
more detail in Ref. 11, the ""Simetal-sample yields
were normalized to those for ""Si02. The yield re-
sulting from the oxygen alone then was determined
by subtraction. These yields are shown in Fig. 1 of
Ref. 11. This oxygen yield was in turn normalized
to the Si02 and Si02 yields, as shown here in Fig.
1, and subtracted to obtain the yields resulting from

only the silicon isotopes in each sample. The sys-
tematic uncertainty resulting from the oxygen nor-
malization is less than 2%. This procedure is not
necessary for the double-neutron yields, because the
(y, 2n) cross section for ' 0 is very small in this en-

ergy range (see Refs. 12 and 13) and the resulting
double-neutron yield from oxygen was insignificant.

From the net yield rates the photoneutron cross
sections for each sample were obtained. This pro-
cedure involves (a) a correction for the neutron mul-
tiplicity in order to ascertain the true number of
single- and double-photoneutron events, (b) a correc-
tion for the detector efficiency for each energy point
using the measured ring ratio (see Refs. 14—16), (c)
a correction for the (atomic) attenuation of photons
in the sample, and finally (d) the conversion into
cross-section units using the calibrated ion-chamber
response per annihilation photon and the number of
sample nuclei in the beam.
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FIG. 1. Net singlh-photoneutron yield rates for the samples of (a) Si02 and (b) SiOq, together with the corresponding
normalized yield rate for 02 for each case, thus showing the magnitude of the necessary oxygen subtractions.
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Since no sample was isotopically pure, the cross
sections for each isotope ( Si, Si, and Si) were
then extracted from the measured cross sections
using the known isotopic compositions, given in
Table II, and using the fact that the cross section for
each sample was a weighted sum of the contribu-
tions from each isotope.

As discussed in detail in Refs. 1 and 10, the
overall absolute systematic uncertainty in the total
photoneutron cross sections increases from about
7% at the lower photon energies to about 10—12%
at the highest energy Ineasured here.

IV. RESULTS AND DISCUSSION

A. -'Si

The present photoneutron cross-section results for
""Siwere obtained directly from the metallic silicon
sample, and are presented (as the data points) in
both parts of Fig. 2. The single-photoneutron cross
section o (y, ln ) [note that this cross section includes
the (y,pn) channel] rises from the Si(y, n) thresh-
old at 17.2 MeV to several prominent intermediate-
structure peaks between about 18 and 22 MeV and
then falls off very gradually from 22 to 33 MeV.
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FIG. 2. Present results for 0.(y, ln) for ""Si (data points) compared with previous results: (a) o(y, 1n) from Livermore
(Ref. 17, solid line) and from Saclay (Ref. 12, dashed line); (b) 0.(y,tot) from Ljubljana (Ref. 22, dashed line) and from
Mainz (Ref. 23, solid line). The arrows here and in subsequent figures indicate photoneutron reaction threshoids (see Table
I). The error flags here and in subsequent figures represent the statistical uncertainties (only) for the cross sections ob-
tained in the present experiment.
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No statistically significant (y, 2n) events were ob-
served.

Figure 2(a) compares the present ""Si(y,1n )
cross-section results with previous results obtained
with monoenergetic photons at Livermore' (solid
line) and Saclay' (dashed line). In the GDR region
(up to -23 MeV) the present results are intermedi-
ate in inagnitude between those of Refs. 12 and 17,
but are rather closer to the Saclay results than to
these very early Livermore values. Near 25 MeV the
present results are approximately equal to the Saclay
values, and above -27 MeV the present results
exceed both previous results although there is no im-

portant disagreement with the Saclay values above
22 MeV. Thus the present measurement resolves a
large and long-standing discrepancy between the re-
sults of Refs. 12 and 17. We note as well that the
present results agree, on the whole, quite well with
the earlier results of Refs. 18—20 obtained with
bremsstrahlung photons.

There also have been several total photon absorp-
tion measurements on 'Si (Refs. 21—23), from
which the total photonuclear cross section 0(y, tot)
has been obtained. Results of this kind, obtained at
Ljubljana and at Mainz, are compared in Fig.
2(b) with the (y, ln ) cross section. Since 0(y,tot) in-
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FIG. 3. Present results for Si: {a) single-photoneutron cross section o(y, ln); (b) average single-photoneutron energy

E„(y,1n).
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eludes o(y,p) as well as 0(y, n), and since cr(y, p) is
several times the magnitude of 0(y, n) (see Ref. 24,
for example), it is notable that the overall shape of
o(y, tot) is very similar to that of cr(y, in), as is seen
in Fig. 2(b). The most obvious exception to this is
the peak at —18 MeV, which is relatively much
more prominent in 0(y, tot) than in o(y, 1n ); but this
can be ascribed to the fact that the Si (y,p) thresh-
old is much lower than the (y, n) threshold (see
Table I), and that the 18-MeV peak is only -0.8
MeV above the (y, n) threshold, so that there are
many more states in the residual nucleus accessible
to the (y,p) channel than to the (y, n) channel (the
first excited state of Si is at 0.78 MeV). The ear-
lier 0(y, tot) results from National Bureau of Stand-
ards ' (NBS) exhibit much the same shape as those
of Refs. 22 and 23, albeit with poorer statistics.
Possibly more important, however, is the fact that
the absolute magnitude of 0(y, tot) from Ref. 21 is
lower by more than 20% than that from Ref. 23.
This is important partly because the difference be-
tween 0(y,tot) and cr(y, n) implies a value for 0(y,p}
and consequently for the ratio o'(y p) lo(y, n), which
in turn is important for isospin considerations (see
Secs. IVC and IVD).

It is clear from high-resolution measurements of
cr(y, no) (Ref. 25) and 0(ypo) (Ref. 26) that the
peaks seen here represent intermediate structure, and
are made up of many fine-structure resonances.

B. Cross sections and average neutron energies
for the silicon isotopes

As noted above, the data for the enriched samples
of Si, Si, and Si were corrected for their mutual
contamination so that the results for each silicon
isotope could be extracted as if the samples were
100% pure. Since the samples were indeed nearly
100% pure (see Table II), this correction introduced
negligible additional uncertainty.

Z. 28'

Figure 3(a) shows the results for 0(y, ln) for 2sSi.

The main part of the GDR for this nucleus is cen-
tered at -21 MeV. Peaks or shoulders in the cross
section are observed at 18.1, 18.9, 19.8, 20.8, 21.2,
22.4, and possibly 23.5 MeV, in excellent agreement
with the results of Refs. 12 and 17. The average
photoneutron energy E„, shown in Fig. 3(b), rises
from threshold to a maximum of -7 MeV near
E&)25 MeV, followed by a relative minimum of
-3 MeV at Ey&28 MeV. This decrease of E„
probably can be attributed to the opening of the
(y,pn) reaction channel at 24.6 MeV.

2 Si

Figure 4(a) shows the results for o(y, ln ) for 29Si.

The main part of the GDR for this nucleus is cen-
tered at -20 MeV and is relatively featureless, as
has been noted in the past for odd-A isotopes in a se-
quence [(4N+ 1) nuclei] in the s-d shell, as for ' 0
(Ref. 4) and for Mg (Ref. 27). Although they are
not very well-defined, peaks or shoulders in the
cross section can be discerned at about 17.5, 19.3,
21.2, 21.9, and 24.6 MeV, as well as a broad hump
centered near 30 MeV. Again, such peaks as are
seen here are very likely of intermediate-structure
nature, as evidenced by the large amount of fine
structure found in the (y,po) reaction channel for

P (Ref. 28). Up to 25 MeV, the recent data ob-
. tained with bremsstrahlung photons at Melbourne

(Ref. 6) are in good agreement with the present re-
sults, with regard both to absolute magnitude and to
shape. Below 17 MeV, the high-resolution data of
Ref. 6 are much more detailed than the present data
in this energy region. From 25 to 28 MeV, the cross
section reported in Ref. 6 makes a sizable upward
excursion which is greater than that in the present
data. This discrepancy probably can be attributed to
the well-known difficulty of extracting cross-section
information above the GDR by means of a
bremsstrahlung-unfolding technique. The high-
energy strength seen in the present data cannot re-
sult from the (y, 2n) reaction channel because the
absence of statistically significant (y, 2n) events in
the present data enables us to set an upper limit of
-0.2 mb on o(y, 2n} for Si even at the highest en-

ergy measured here.
The average photoneutron energy for Si is

shown in Fig. 4(b). It is seen that E„rises rapidly at
low energies, so that one can infer that the (y, n)
cross section is consistent with 100% ground-state
transitions up to at least 15 MeV (see the discussion
of isospin in Sec. IVD). A sharp drop in E„above
17 MeV indicates the onset of the GDR proper for
this nucleus, and E„ is relatively low for the entire
energy region from 18 to 26 MeV, implying a high
degree of collectivity of the GDR for this nucleus.
The further decrease in E„just above 22 MeV prob-
ably results from branching into the (y,pn) channel.
The sharp rise above 27 MeV, since it cannot arise
from the (y, 2n) channel, indicates that a major frac-
tion of the decay at these energies above the GDR
proper must populate the ground state or other low-
lying states in Si, and thus may signify the onset of
additional T & strength there (defined and discussed
in Sec. IVC), as has been seen previously in the
lighter 4¹1nuclei ' C, ' N, and ' 0 (Refs. 3, 5,
and 4, respectively).
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FIG. 4. Present results for Si: (a) single-photoneutron cross section 0-(y, 1n); (b) average single-photoneutron energy

E„(y,1n).

3. 30'

The single-photoneutron cross section 0(y, ln ) for
Si is shown in Fig. 5(a). The most striking feature

of this cross section is its sharp decrease from just
above its maximum of -20 mb at 18.7 MeV to very
low values, not much greater than zero, in the
photon-energy region from 23 to 25 MeV, followed
by a rise to values near 7 mb by -27 MeV. This ex-
treme behavior could not have been predicted from

previous studies of the (4%+2) nuclei in the s-d
shell, ' 0 (Ref. 1) and Mg (Ref. 2), although the
depletion of the (y, n) channel in favor of the (y, 2n)
reaction channel by a few MeV above the (y, 2n)
threshold is common for medium and heavy nuclei
(see Ref. 29, for example).

The results for E„vs Er for the (y, 1n) reaction in
Si are shown in Fig. 5(b). Here again the data are

striking, especially the narrow (-1 MeV wide) spike
in E„(up to -8 MeV) centered at Er 19.5 MeV, ——
which shows the existence of strong ground-state
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transitions near that energy, in the middle of the
GDR. The decrease of E„above 25 MeV, together
with the rise of cr(y, ln) above that energy, implies
strongly that the (y, ln) cross section is dominated
by the (y,pn) channel above -26 MeV.

The above assertion is reinforced by the behavior
of the (y, 2n) cross section, shown in Fig. 6(a}. Un-
like the behavior of o(y, 2n) for ' 0 and Mg (Refs.
1 and 2), it falls steadily from its maximum value of
-9 mb at 22—24 MeV to quite low values at the
higher energies measured (2—3 mb at 29—31 MeV).
Thus one observes the sequential passing of strength
from the (y, n) to the (y, 2n) to the (y,pn) channels,

which implies a statistical behavior not necessarily
expected to hold in a nucleus as light as Si. The
gradual rise of E„ for the (y, 2n) reaction channel
for Si is shown in Fig. 6(b}.

Figure 7 shows the combined photoneutron data
for Si: part (a) shows the total photoneutron cross
section

cr(y, n„, ) =a[(y, ln)+(y, 2n)]

and part (b) shows o(y, ln) and o(y, 2n) superposed
and plotted on the same scale. The data in Fig. 7(b)
are presented here to make clear the relationship
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FIG. 5. Present single-photoneutron results for ' Si: (a) o(y, ln); (b) E„(y, ln). In the region from about 22 to 26 MeV,
the near-zero cross section precludes an accurate determination of E„.
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FIG. 6. Present double-photoneutron results for ' Si: (a) o(y, 2n); (b) E„(y,2n)

among the various photoneutron reaction channels
discussed above. The main part of the GDR, as
seen in the (y, n«, ) cross section [Fig. 7(a)], is cen-
tered at —19 MeV. Evidence for peaks in cr(y, n«, )

can be seen at 17.S, 18.6, and 20.3 MeV.

4. Comparison of Si, Si, and Si

Figure 8 compares the data for o(y, n«, ) for Si
[part (a)], Si [part (b}], and Si [part (c)], all plot-
ted to the same scale. Also included in parts (b) and
(c) are the bremsstrahlung data up to the (y, 2n)
thresholds from Melbourne for 9Si (Ref. 6) and for

Si (Ref. 7), respectively; these data are in reason-
able agreement with the overlap data obtained in the
present measurement. It is clear from Fig. 8 that

0(y, n«, ) increases greatly as neutrons are added to
the Si core, very likely indicating that a rapidly in-
creasing fraction of the dipole strength (at least
below 33 MeV} appears in the neutron decay chan-
nels.

C. Isospin considerations

The photoneutron cross sections for all three sil-
icon isotopes presented in this paper allow some
comment to be made on the systematic effects of
isospin. Unfortunately, the amount of information
that can be deduced here is limited by the fact that
detailed measurements of the photoproton decay
channel for Si and Si are not yet available.

Dipole photon absorption by a nucleus of
ground-state isospin
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o(y, ln) (round data points) and o(y, 2n) (square data points).

Tp=(1V —Z)/2

may populate states with isospin To and To+ 1,
commonly referred to as T& and T&, respectively,
except in the case of self-conjugate nuclei, where, in
the limit of zero momentum transfer (generally
applicable to excitation of the GDR with real pho-
tons), only states with T& ——1 can be populated.
The states formed by these excitations make up the
T& and T& components of the GDR. According to
Fallieros, ' the energy centroids of these isospin
components are split by an amount

5E=-60(To+1)/A MeV .

There is good evidence for this amount of splitting
for even-A nuclei near A =48 and elsewhere (Ref. 32;
also see, for example, Ref. 33); additional supporting
evidence may be sought from the data presented in

this paper.
Since Si is self-conjugate, only T& states are

populated. Figure 3 [and Fig. 8(a}] therefore
represents the neutron decay channel for this GDR.
The proton decay channel is very similar, so that it
is tempting to consider the observed GDR width of
-5 MeV as intrinsic. One then can view the extra
width of the GDR for Si [Figs. 4 and 8(b}] as a re-
sult of the presence of T & strength, separated by

EE=60(Tp+ 1)/A 3 MeV

from the T& centroid. This is consistent with the
measured width of the GDR for 2 Si of -7 MeV.
Similarly, the measured GDR width of -8 MeV for

Si [Figs. 7(a) and 8(c)] is consistent with the
predicted isospin splitting DE=4 MeV for this nu-
cleus. Moreover, since the photoproton channel has
not been considered in this greatly simplified
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analysis, it is important to note that the inclusion of
the (y,p) cross section might very well lead to some-
what larger measured GDR widths for each case,
making the agreement with the predicted values for

AE even better. The shift of the GDR as revealed in
the neutron channel, from about 21 to 20 to 19 MeV
as one adds neutrons to Si, is also consistent with
the predicted isospin splitting of the GDR.
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Another important point to note is that on the
basis of the weak-coupling model, the photoneutron
cross-section strength for Si below about 15 MeV
is attributed to excitation of the valence neutron out-
side the Si core. As such, in this model this
strength is of necessity T& in nature. Since the isos-
pin nature of this strength can be tested directly by a
detailed knowledge of the ground-state photoneut-
ron spectra, such (time-of-flight) measurements are
clearly called for.

D. Integrated cross sections

125
(I)100—

E 75—

50—

0-

(b)4—

In order to facilitate information retrieval for ap-
plied purposes and for ease in comparing the present
experimental results with theoretical calculations,
the integrated cross sections

0;„,= f 0 dE»

and their moments

cr
~ f——cJE& 'dE»

and

o 2 ——f oE» dE»

are shown as running sums versus photon energy in
Figs. 9—11. Figure 9 shows these quantities for
c»(y, ln) for Si; Fig. 10, for cr(y, ln) for Si; and
Fig. 11 for cT(y, n„,), c»(y, in), and c»(y, 2n) for 3oSi.

The low-energy (y, n) cross sections for Si and Si
from Refs. 6 and 7 were used for the energy region
from the (y, n) thresholds to 17 MeV. The values
for these quantities integrated up to 33.1 MeV (the
high-energy limit of the present experiment) are
given in Table III. The uncertainties in these quan-
tities should not exceed 10%.

The integrated cross sections for both the pho-
toneutron and photoproton reactions are given in
Table IV for the oxygen, magnesium, and silicon
isotopes. The values for c»(y, n )tohave been ob-
tained largely from monoenergetic-photon measure-
rnents, but those for c(»y,p} have been obtained
(except for ' 0}from experiments using bremsstrah-
lung, either by proton detection or by activation, or
from (e,p) measurements. In particular, those mea-
surements which utilized proton detection suffer to
a greater or lesser degree from low-energy detection
cutoffs and from an imperfect knowledge of the
(y,p) angular distributions, as well as from the usual
systematic uncertainties associated with unfolding
techniques. We therefore have attempted to attach
realistic uncertainties, somewhat larger than those
quoted in the references, to several of the values in
Table IV [we have done this as well for the relatively
old Mg(y, n) results of Refs. 2 and 27]. Allowance
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FIG. 9. Integrated photoneutron cross section and its
moments for Si as functions of the upper limit of in-
tegration:

(a) ~;„,= ~(E,)dE, ;

(b) o' —) f o'(E»)E» dE»

(c) c» ~ f c»(E»)E»——~dE» .

The integrated cross section or its moments over any
desired limits can be obtained from these curves by sub-
traction.

~.t[(7' nt.t)+(r,p)]

for Si with the values for o;„,(y,tot) obtained from

also has been made for extrapolations from lower
energies in several cases. Although the values for

cT(y,p) for Mg, Mg, and Si could be contam-
inated by (y,pn) events, we judge that such effects
are small for these cases.

Values of the sum of c(Ty, n„, ) and c»;„(yp), in
Thomas-Reiche-Kuhn (TRK) sum-rule units, and
for the ratio of o;„,(y,p) and o;„,(y, n„, ) are also
given in Table IV. It is of interest to compare the
values for
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total photon-absorption measurements of ""Si.
Such a comparison is valid because the contribution
of the (y, a } channel (which is ignored in the form-
er) and the contributions from Si and Si contam-
ination (in the latter) both are small effects. The
values for 0;„,(y,tot) are 0.79 TRK units (Ref. 21),
0.86 TRK units (Ref. 22), 1.01 TRK units (Ref. 23),
and 0.71 TRK units [from a new measurement at
Ottawa (Ref. 43}, extrapolated slightly from a value
of 0.69 TRK units up to 29 MeV]. These values
scatter about that for

0;„,[(y,n„,)+(y,p)] =0.79+0.09

250
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29S.
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TRK units. However, it should be noted that the
value from Ref. 23 is -30% larger than the sum of
the integrated partial cross sections, just as is the
case for ' 0 when the data for o;„,(y, tot) from Ref.
23 are used (see Ref. 35 for a detailed discussion of
the ' 0 case).

Although it is clear from Table IV that for the
self-conjugate nuclei ' 0, Mg, and 'Si the ratio
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FIG. 11. Integrated photoneutron cross sections and
their moments for Si as functions of the upper limit of
integration: (a) o.;„t,' (b) o ~', (c) o. 2. The top curves in
each part of the figure are for o(y, n„,), the middle curves
are for o.(y, ln), and the bottom curves are for o.(y, 2n).
Data from Ref. 7 have been used for the energy region
below 17 MeV.
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TABLE III. Integrated cross sections and their
moments. '"

0 4

0.3
JD

0.2

0.1

0
10 20 25 30

Reaction

28Si(y, 1n)
Si(y, ln)
Si(y, 1n)
Si(y, 2n)
Si(y, nt, t)
Si(y,xn)'

o tnt

(MeVmb)

105.3
194.5
181.2
67.5

248.7
316.2

(mb)

4.52
9.27
9.37
2.72

12.09
14.80

o'

(mb MeV-')

0.200
0.482
0.516
0.111
0.627
0.738

Photon energy (IVleV)

FIG. 10. Integrated photoneutron cross section and its
moments for Si as functions of the upper limit of in-

tegration: (a) o;„„' (b) o. ~,
' (c) o 2. Data from Ref. 6

have been used for the energy region below 17 MeV.

'From threshold to 33.1 MeV.
"The values for 9Si and Si [except for the (y, 2n) reac-
tion] make use of the data of Refs. 6 and 7 for the energy
region from the (y, n) thresholds up to 17 MeV.
'o (y,xn) =cr[(y, ln)+2(y, 2n)].
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trint(y p) imprint(y stot)

is significantly larger than unity, and for the 4N+ 2
nuclei 0, Mg, and Si that it is significantly
smaller than unity, the case of the 4N+ 1 nuclei in
these isotopic series is not so clear: The value of R
for 'Mg is small and that for 9Si is large. Unfor-
tunately, there are no data for ' O(y,p); however, for
two other 4N+1 nuclei, ' C and ' N, the values for
R [0.58 (Ref. 3) and 0.78 (Ref. 5), respectively] are
less than unity. Thus it would seem that Si is the
exceptional case, but whether this is because
o;„(yt, n„ )tis small (by comparison with 'Mg but
not with ' 0) or because tT;„t(y,p) is large (compared
with Mg) is not clear; a measurement of the
' O(y,p) reaction might help greatly.

In an attempt to shed further light on this ques-
tion, we have performed a statistical calculation of
R for Mg, Mg, Si, and Si which is based upon
the expected decay properties of the T& and T&
components of the GDR, as was done for the lf
2p-shell nuclei (42 (A & 54) in Ref. 44 (and reported
in Ref. 32). Although (as noted in Sec. IVB) this
kind of calculation cannot necessarily be expected to
be valid for nuclei as light as these (and certainly
would not be expected to hold for the oxygen iso-

topes or for the self-conjugate nuclei Mg and Si),
it is nevertheless suggested by the statistical-like
behavior of the partial photoneutron cross sections
for Si. For this calculation, both the T& and T&
absorption widths were set equal to 5 MeV (see Sec.
IVC) and the GDR centroid energies were chosen
according to the droplet model. The (y,a) cross
sections were set equal to zero because it was found
that their inclusion made very little difference to the
results. It was found as well that varying the energy
and width of the input absorption cross sections and
changing the energy-level distributions made little
difference; even large changes of these parameters
make only small changes to the results for R. The
calculated results are dominated by the location of
the particle thresholds, and are reasonable for these
cases where the thresholds are low enough so that
there are a large number of states available for de-
cay.

The calculated values of R are 0.35 for Mg and
0.4 for Si, in agreement with the experimental
values given in Table IV. The calculated value for

Si is 1.8, which is likewise in agreement with ex-
periment. The calculated value for Mg, however,
is 1.3, much larger than the experimental value of
0.45; thus perhaps it is Mg that is the exceptional

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

Nucleus

o'(y, ntot )dEy
(MeV mb) TRK units

o.(y,p)dE&
(MeV mb) TRK units

Sum

TRK units

Ratio

t( y,p) /0;.t(y, ~tot )

16O

17O

18O

55+ 3'
95+10'

142+ 14d

0.23%0.01
0.37+0.04
0.53+0.05

91+12 0.38+0.05
not available

31+ 3 012+0 Q1

0.61+0.06

0.65 +0.06

1.65+0.30

0.22+0.04

Mg
Mg
Mg

57% 9'
257+30g

254+30'

0.16+0.03
0.69+0.08
0.65+0.08

]7Q+20 f

115+16"
90+20'

0 47+0.06

0.31+0.04
0.23+0.05

0.63+,"„'
0.99%0.10
0.89+0.11

3 0+0.8

0.45 +0.12
0.35+0.12

28S

29S'

30Si

91+ 9"
168217"
235+23"

0.22+0,02
0.3920.04
0.52+0.05

243+32'
274+50
111+20

0.58+0.08
0.63+0.11
0.25+0.04

0.79+0.09
1.02 %0.12
0.77+0.08

2.7 +0.7
1.6 +0.45
0.5 +0. 15

'References 11 and 35.
Reference 36; also see Ref. 35.

'Reference 4.
Reference 1.

'Reference 2, extrapolated from 28.3 MeV.
References 37 and 38.

IReference 27, extrapolated from 28.9 MeV.
"Reference 34, extrapolated from 26 MeV.
'Reference 2, extrapolated from 28.6 MeV.
'Reference 39; more recent data up to 23 MeV from Ref. 40 are in close agreement.
"Present work.
'Reference 34, extrapolated from 26 MeV; very recent data up to 22.5 MeV from Ref. 41 are in agreement; also see Ref. 42.

Reference 30, extrapolated from 26 MeV.



974 R. E. PYWELL et al. 27

case. Obviously, more data are needed; in addition
to ' O(y,p), measurements of the sulfur isotopes
might help to clarify the issue.

E. The validity pf Si as a "core" nucleus

It is reasonable that the present results for the sil-
.icon isotopes be compared and contrasted with those
for the oxygen and magnesium isotopes, as they all
share a common 4N+M grouping, with N=4, 6,
and 7 and M=O, 1, and 2, respectively, and with the
"base" members all having J =0+, T=O ground
states. However, whereas ' 0 is a closed-shell nu-
cleus, Si is not; calculations by Wong, for in-
stance, give occupancies of 8.3, 2.2, and 1.5 for the
d5g2, d3/2 and s&&2 nucleons outside the ' 0 shell,
while Rowe calculates 6.7, 2.7, and 2.6 for the
same parameters. Wong further gives 9.1, 2.1, and
1.8 occupancy factors for Si and 9.6, 2.3, and 2.1

for Si. Although not without ambiguity, recent
experimental electron-scattering data give the dis-
tribution of the last neutron in Si to be 0.07, 0.44,
and 0.49 in these orbits. Despite the lack of agree-
ment between calculations and experiment, the
(4N+ 1) and (4N+ 2) nucleons do not appear to be
purely valence neutrons weakly coupled to a d5&2
core.

Nonetheless, very apparent similarities exist be-
tween the progressions of the various cross sections
for the isotopes of silicon and oxygen. In both
cases, the (y, n«, ) cross section of the M=O member
has a structured GDR, the M= 1 member has a rela-
tively featureless GDR with a structured pygmy res-
onance, and the M=2 member has marked structure
below the GDR as well as a structured GDR. All
have substantial high-energy tails. The integrated
cross sectilis rise rapidly in both cases with increas-
ing M; f 0 dE doubles from '60 to 'sO and from

Si to Si. The magnitude of the cross section in
the pygmy-resonance region also increases rapidly
with M, in keeping with the concept of isospin split-
ting.

A noticeable feature in the Si(y, n) cross section
is the sudden dropoff after the opening of the (y, 2n)
channel. As pointed out earlier, this is not seen in
' 0, but because the (y, 2n) threshold in that nucleus
is so low, well below the GDR, the effect might be

masked. Moreover, a similarity between the
behavior of the two nuclei may exist in the effect of
the (y,pn) channel. The rise in the (y, ln) cross sec-
tion for Si leading to the hump near 27 MeV is as-
cribed here to the opening of the (y,pn) channel at
22.9 MeV; the broad hump in ' 0 at 27 MeV may
also result from the opening of this channel at 21.8
MeV.

The (y, 2n) cross section is very large both for ' 0
(typically -4 mb) and for Si (up to —10 mb), but
very small for both ' 0 and Si (less than 1 mb for
the former, despite its low threshold, and less than
0.2 mb for the latter). This contrasts with the sta-
tistical "chewing away" of the (y, n) strength by the
(y, 2n) reaction typical of heavier elements [e.g., the
zirconium isotopes (Ref. 15)], where this
phenomenon sets in with the first neutron outside a
closed shell.

Finally, as noted in Sec. IV 8, the high-energy rise
of E„ for Si is reminiscent of that for ' 0 (and
' C), probably indicating the presence of T&

strength well above the GDR.
Thus, despite the fact that ' 0 is a closed shell

and Si is not, there appear to be many similarities
in the photoneutron systematics of the oxygen and
silicon isotopes. It seems that the Si core is more
symmetric and "closed" than theory suggests, or
that angular-momentum, energy, and isospin con-
siderations outweigh the openness of its shell struc-
ture. Alternatively, one can speculate that an elec-
tromagnetic probe, particularly the photon, selects
out the 4N+ 1 and 4N+ 2 aspects of the shell
structure of light nuclei, even in the middle of the
2s-1d shell, and thus highlights nuclear phenomena
that are not necessarily representative either of
hadron-induced reactions or of open-shell calcula-
tions.
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