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Photoneutron Cross Sections for Aluminum and Silicon to 62 MeV*
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Photoneutron cross sections for Al27 and Si2S have been measured from threshold to 62 MeV using least-
structure analysis of the bremsstrahlung activation curves. The aluminum yield was due to the reactions
AP (y, n) Al"* and Al' (y, 2n) Al". Secondary maxima in the aluminum cross section, occurring at energies
beyond the giant resonance, peak at 49.4&0.8 and 56.3~0.9 MeV. The cross section integrated to 62 MeV
is 69~4MeV mb. The silicon yield was due to the Si'8(y, n) Si', Si' (y, 2n) Si'6 and Si' (y, pn) Al' *reactions.
Peak energies for secondary maxima are 40.1&0,9, 46.4&0.8, 52.5~0.8, and 58.2&1.O MeV. The integrated
cross section is 195&7 MeV mb.

I. INTRODUCTION

t 1HZ giant resonance region of the photoneutron.cross sections of AP and Si"have been investigated
with high resolution by several groups. ' ' Extension of
detailed cross-section measurements above 35 MeV has
not been reported previously for these nuclei.

The results of Wyckoff et a/. 4 indicate that nuclear
photon absorption to 35 MeV can account for only
about 65% of the sum-rule predictions of Gell-Mann
et al.' for AP~ and Si" integrated cross sections. The
results of Costa et ul. 6 indicate that the total. photo-
neutron integrated cross sections for AP7 and Si" are at
least as large between 30 and 80 MeV as they are be-
tween threshold and 30 MeV.

Photonuclear processes in the region above the giant
resonance can be investigated with sufficient resolution
to find cross-section resona, nces using least-structure
analysis" of bremsstrahlung yield functions. Results on
0'6 and Ca" have been previously reported. ' '

II. EXPERIMENTAL METHOD

The measurements were taken utilizing bremsstrah-
lung from the Iowa State University 70-MeV electron
synchroton. The experimental techniques have been
discussed previously in detail.

The decay schemes for the major positron active
photoproducts of Al2~ and Si" are indicated in Figs. 1
and 2, respectively. For either nucleus a yield contribu-
tion due to formation of the 5+ ground state in AP'

*Work was performed in the Ames Laboratory of the U.S.
Atomic Energy Commission. Contribution No. 2461..
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must be excluded because of the very long half-life.
The aluminum yield obtained was due mainly to the
Al"(y, v)Al"* and AP'(y, 2n)AP' reactions and the
silicon yield due to the Si"(p m) Si', Si"(p, 2e) Si" and
Si'8(y, pm)AP'* reactions. Yield contributions due to
other multiparticle reactions with positron active
products with lifetimes of several seconds are not
excluded, although they will not be referred to specifi-
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Fio. I. The decay scheme for the major photoreaction products
from Al". The information is taken from Ref. 11. There is no
contribution to this experimental yield due to formation of Mg"
or Al26(+5) .

cally in the results. Two examples are the AP'(p, 3e)AP4
and Si"(y, md)AP' reactions. In addition, small con-
tributions due to multineutron reactions in Si"
(4.70/~) and Si" (3.09%) are possible.

The samples were cylinders of at least 99.7 /0 purity
and of 5 cm diam. The position of a sample during
irradiation and detection is shown on I'ig. 3.The activity
generated was counted with the two Nai(T1) detectors
mounted on either side of the sample. The detectors
were shielded from radiation generated at the syn-
978
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chroton by the iron and concrete wall. The intensity of
the bremsstrahlung was monitored by a thick-faced
aluminum chamber which had been calibrated relative
to a standard P2 Chamber. '0

The bremsstrahlung beam was colhmated so the
sample was irradiated within a central section 3.5 cm
in diameter. The collimator axis and center-line position
of the beam wire coincident to within &0.03 cm at
either end of the collimator and parallel to less than
0.002 rad. The angular change in center-line direction
with energy was less than +0.0005 rad for energies
between 20 and 60 MeV.

Yield points weri taken every 0.5 MeV from below
threshold to 65 MeV. A yield curve was composed of
one such series of yield points. Six separate yield curves
were obtained using the silicon sample and six for the
aluminum sample.

awhile accumulating data for a single yield point the
detection equipment and the synchrotron were run
through 50 irradiation and counting cyc].es. After a
bombardment period of duration tb, a 50-msec delay
time tq elapsed. The sample activity was then counted
for a time t,.During the irradiation interval the detector
output pulses were blocked. During the counting
interval, electron injection into the synchrotron was
blocked.

The data were a,ccumula, ted in a multichannel analy-
zer operated in the 8X128 con6guration. During the
counting period a time sequence of eight spectra were
obtained. A pulse from one of the NaI(Tl) detectors
was accepted for analysis only if it was in coincidence
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FIG. 2. The decay scheme for the major photoreaction products
from Si28. The information is taken from Ref. 11.Since Si26 decays
via positron emission to Al26~ which is also positron active, the
yield due. to production of Si'6 is enhanced relative to the yield
due to formation of Sim'.

APT
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0.86
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~ B. C. Cook (to be published).

(Ta——0.5 @sec) with a pulse from the other detector.
The spectra were dominated by the 0.511-MeV anni-

hilation line.
The mode of operation is defined /~X(tg+f, ) in

seconds. For the aluminum data the mode used was

12&&24 and for silicon the mode was 8&(15. During an
irradiation period for silicon some of the Si'~ nuclei
formed will decay into Al", *.This indirect production
of AP'* will contribute to the experimental yield. During
the counting period many of the Si'6 nuclei present will

decay through Ap'~ to Mg'6 with the emission of two
positrons. Thus the probability for detection of a decay
event related to the production of Si'6 is enhanced
compared to the probability for detection of a Si"
decay event. The enhancement factor can be calculated
from the half-lives and the times tq and t,. This enhance-
ment is indicated when the results are discussed.

The data were analyzed with the Iowa State IBM
360(50 computer. The data ta,ken from the memory of
the multichannel ana, lyzer were corrected for gain
fluctuations in the detectors and for dead-time losses.
For each yield point a decay curve was determined from
the data taken in the eight successive time intervals.
Using a minimum x' procedure the contribution due to
act1V1tles with Tymp) 1 sec was subtracted from the
major activity. The decay constant for the Inajor
activities was also obtained. For data, points taken at
energies below 24.0 MeV the half-life was measured as
Tg(g= 6.36&0.06 sec for the aluminum data. This half-
life is characteristic of Al ~ The half-life time for Si'7

was measured as T~~2=4.16~0.04 sec from silicon data
taken at energies below 26.0 MeV. The agreement with
half-life previously publishecV'" for Al"* and Si' is
v ithin the errors. The yield curve obtained by averaging
the individual yield points for. aluminum had an average
standard deviation of less than &0.30 j~ for. points

"P. M. Endt and C. Van der Domen, Nucl. Phys. 34, 1 (1962).
'2 J.M. Freeman, J.H. Montague, G. Murray, and R. E.White,

Nucl. Phys. 69, 433 (1965).

TABLE I. Peak energies for the cross-section maxima of Figs.
4 and 5. All maxima with greater than 70% likelihood as computed
fI'om the cross-section errors' are shown. Maxima with less than
90% likelihood are doubtful.
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FIG. 3. The experimental arrange-

ment. The synchrotron electron orbit
is represented to the left. The brems-
strahlung beam is incident upon the
sample which is held between the
scintillation detectors. The ion cham-
ber monitors the intensity of the
bremsstrahlung.

79 cm—

above 35.0MeV. The average standard deviation for
the silicon yield points was less than &0.27% for points
above 26.0 MeV.

IlI. RESULTS AND TESTS

The least structure method' for obtaining cross section
from bremsstrahlung activation curves was utilized in
the analysis. The least-structure solution reduces to the
Penfold-Leiss solution" when no smoothing is applied.
However, smoothing is necessary to eliminate spurious
cross-section oscillations at energies above the giant
resonance when bremsstrahlung yields are analyzed.
The amount of smoothing applied is determined by the
standard deviation of the yield points in the least-
structure procedure. The smoothing decreases the
experimental resolution since the neighboring cross-
section points are correlated.

The least-structure cross-section solutions for alumi-
num and silicon are shown in Figs. 4 and 5, respectively.

The vertical bars represent cross-section errors and the
horizontal bars indicate the width of the resolution
function or the interval of high correlation for the
cross-section points. Maxima in the curve indicate
energy regions where the average cross section is large
and any maximum may contain several resonances
smoothed together.

~ ~

Three individual least-structure cross-section curves
for aluminum are shown in Fig. 6. They were obtained
from yield curves generated after subdividing the data
into three groups. The curves are undersmoothed. This
figure indicates that the cross-section maxima which
appear in the average cross section also occur in each of
the individual cross-section curves. Thus the effect of
statistical fluctuations in the yield is not significant for
least structure solutions.

Figure 7 illustrates the effect on the reduced yield
when several cross-section maxima are removed b
arbitrarily setting the cross section equal to zero. The
reduced yield curves shown in the inset were obtained
from cross sections A, 8, and C. The A is the aluminum
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FIG. 4. The least-structure cross-section solution, o = o. +0.9o-~.„,
or aluminum. Vertical bars indicate errors in cross section. The

experimental timing was such that the contribution due to the
reaction Al" (y, 2n}Al"' was depressed relative to the contribution
due to the Al2'(y, n)Al"* reaction, A likelihood estimate of the
statistical certainty of the indicated structure is also shown.

'"' A, S. Penfold and J. E. Leiss, Phys, Rev. 114, 1332 (1959).
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Frc. 5. The least-structure cross section, o-= o„+2.0o2„+o.„„+,
or e silicon data. Vertical bars indicate errors in cross section.

Horizontal bars indicate the resolution function width. The coefFi-
cient for o-&„arises because of enhancement of the yield due to
formation of Si" as discussed in Sec. II. A likelihood estimate of

e statistical certainty of the indicated structure is also shown.
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cross section. Some of the experimental yield points
are also plotted. The errors on the experimental points
are considerably smaller than the distortions necessary
to remove the high-energy cross section.

Table I gives the peak energies for maxima;Ibove the
giant resonance for both the aluminum and the silicon
curves. Figures 8 and 9 show the integrated cross sec-
tions for the aluminum and silicon reactions as a func-
tion of energy. The aluminum and silicon relative cross
sections were put into absolute units using the appro-
priate averages from the results of rneasuremen ts
previously reported. ' " "
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the yield distortions necessary to remove high-energy cross-section
maxima.
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FIG. 6. A comparison of undersmoothed aluminum cross sections
for the individual curves and the average.

dominating contributions due to the AP'(y, m)AP6g

and the AP7(y, pm)Mg" reactions. The AP'(7, 2m)AP~

reaction was separated from other reactions in the work
of Fultz et al.' and was found to increase with energy
from zero at 24.5 MeV to approximately 1 mb at 37
MeV. These results indicate that the aluminum cross
section shown in Fig. 4 must be largely due to the reac-

IV. DISCUSSION

The cross-section determinations cited in Refs. 1—3
cover the giant resonance region of AP' and Si" in
detail. The present experiment offers no new informa-
tion in this region. However, no measurements with
comparable resolution have been reported for Al' and
Si" cross sections above 30 MeV.

The total photoneutron cross section of Ap' was
measured by Fultz et al.' to a maximum energy of 37
MeV. Their results are not directly comparable to the
aluminum cross section shown in Fig. 4 because of
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tion liberating two neutrons in the energy region be-
tween 30 and 40 MeV at least.

The integrated cross sections for the 46.4-, 52.5-, and
58.2-MeV silicon cross-section maxima are approxi-
mately 13, 13, and 9MeV mb, respectively. The inte-
grated cross sections for the 49.4- and 56.3-Me V

maxima in the aluminum cross section are approxi-
mately 4 and 5 MeV mb, respectively. The difference
in size between the aluminum and silicon maxima may
be partially due to the increased probability for counting
the Si" decay events as discussed in Sec. III. This is
particularly true if the Si"(p, 2n) Si" reaction is
dominant in this region.

The average cross section in the region from 25 to 40
MeV is relatively large for silicon when compared to the
aluminum results. A major part of the silicon cross
section in this region is presumably due to the
Si"(y, pm)A12'* reaction. The cross section for the

comparable reaction in S" is known to peak in this
region with a maximum cross section of 4.2 mb. '"

Dependence of the giant resonance peak energy on

A 0' has been noted by several authors"" and is
assumed for the shell-model spacing of harmonic
oscillator levels. 2 Al'~ and Si" have nearly the same
values of A '". Thus one might expect corresponding
cross-section maxima to fall at the same energies in
aluminum and silicon.

Although the giant resonance peak energies are nearly
comparable for the aluminum and silicon cross sections,
the distinct maxima occurring above 45 MeV for alumi-
num have peak energies about ~3 MeV from those for
silicon. Thus a slow dependence such as 3 '~' is not
indicated here. A more detailed description of the nu-
clear level spacing is required for an explanation of
individual energies of maxima.

The positions of the high-energy peaks have been
shown to correlate well with peak positions in other
2s-1d nuclei. "More precisely, a family of peaks were
found, the energy of which forms a linear function of
mass number A. One of the lines followed the position
of the 1s level as determined experimentally in (e, e'p)
experiments. Thus the peaks above 50MeV are prob-
ably photoexcitations of (1s) nucleons to the particle
continuum. The position of the 1s level has been pre-
dicted to lie at 59.6 MeV in Si" by Elton and Swift. '4

This should correspond to the peak found in our data at
58.2 & 1.0 MeV for this peak is on the line correspond-
ing to the (1s) level position. The agreement is quite
satisfactory.
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