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The 'P(y, p)' Si reaction was studied at seven angles for nine bremsstrahlung end point energies
varying from 17 to 25 MeV in 1 MeV steps. Absolute (y, po) and (y, p&) angular cross sections for
'P in the excitation energy interval between 14.6 and 25 MeV were extracted and angular distribu-

tion factors were deduced by fitting a sum of I.egendre polynomials to the data. Absolute cross sec-
tions for various other photoproton reaction channels were determined using an artificially con-
structed pseudo-monoenergetic photon spectrum. The total (y, p) cross section was evaluated up to
24 MeV excitation energy. About 53% of this cross section is due to a direct-semidirect reaction
mechanism. The angular distribution factors in the (y, po) channel were used to estimate the contri-
bution of E2 photon absorption in this channel. It was found that between 48% and 63% of the
isoscalar E2 energy-weighted sum rule is exhausted by this (y, po) channel.

I. INTRODUCTION

Since the start of photonuclear physics, much interest
has centered on the light (Zs-ld) shell nuclei. The giant
electric dipole resonance (GDR) for these nuclides is
known to be considerably fragmented the self-conjugate
even-even nuclei in this region have been investigated in
detail and show more structure than the nearby odd-mass
ones. As the (y,p) reaction for these nuclei frequently
provides more than half of the photoabsorption cross sec-
tion (which is the case for 'P), the photoproton channel is
an important study tool.

The experiments reported in this paper link up with re-
cent investigations of other 4N+ 3 nuclei belonging to
the (2s-ld) shell, for which a diverse range of features
was observed. Effects due to configurational splitting re-
sulting from inner and outer shell excitation, isospin split-
ting, and static deformation have been observed or postu-
lated for these nuclides. In fact, ' F (with N=4) has been
studied recently in this laboratory, while Al (for which
N=6) was thoroughly investigated by Ishkhanov et al.
and by Ryan et al.

The 'P photonuclear E1 giant resonance has been in-
vestigated extensively by (y,n) studies, ' by an (e,p)
experiment, and via the inverse (p,y) reaction and also by
(y, xy') measurements. The present work describes a
measurement of the angular photoproton spectra from
'P. From these spectra absolute 'P partial photoproton

cross sections leading to specific states or groups of states
in the residual nucleus Si are deduced„since these
"states" are well separated in energy (see Sec. III C).

II. EXPERIMENTAL PROCEDURE
AND DATA ANALYSIS

The bremsstrahlung facility of the 70 MeV linear elec-
tron accelerator of Ghent State University was used as the

photon source in this work. The target consisted of natur-
al red phosphorus (with a purity in excess of 99%) depo-
sited on both sides of a Au foil of thickness 0.5 pm. The
total thickness of the 'P material was 4.6 mgcm . Pho-
toproton spectra were measured simultaneously at seven
angles 8 between 37' and 143 by means of uncooled Si(Li)
detectors. The experimental setup was described in detail
in a previous paper. ' The bremsstrahlung end point ener-

gy was stepped in 1 MeV intervals between 17 and 25
MeV. The experimental energy resolution was to a large
extent determined by the energy loss of the photoprotons
in the target material and varied between 250 and 100 keV
for the proton kinetic energies Ek ~ ranging from 6 up to
20 MeV. The proton energy calibration procedure, the
correction for energy loss in the target, and the use of the
Schiff bremsstrahlung spectrum near the tip region
corrected for energy loss of the electrons in the radiator
were discussed in a previous paper. "

As the first excited state in the residual nucleus Si is
situated at 2.24 MeV (Fig. 1), it was possible to directly
derive the angular (y,po) cross section for the seven angles
0 in the energy interval ranging from 14.6 to 24.8 MeV
(Fig. 2). After subtraction of the (y,po) contribution from
the originally measured (y,p) spectra, it was also possible
to determine the angular (y,p&) cross sections, since the
energy difference between the first and second excited
state in Si is about 1.26 MeV; those cross sections are
shown in Fig. 3.

A sum of Legendre polynomials was fitted to these an-
gular cross sections in the usual way:

de m

(O,E)=Ao(E) 1+ g a„(E)P„(cosO)
v= 1

with the angular distribution factors a (E)=A„(E)/
A&&(E). For the (y,po) cross sections this fitting was per-
formed to the fourth order in the Legendre polynomial,
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cedure has been outlined in detail in earlier papers. ' '
As the groups of final states in the residual nucleus,
which are populated in the (y,p) process (see Sec. III C),
are separated in energy by amounts larger than the brems-
strahlung energy step (1 MeV), it was possible to repeat
the subtraction or peeling off procedure, such as was ex-
plained above, to extract the (y,p~) angular cross sections
from the original data and to determine in this way the
angular (y,p;) cross sections as well. A Legendre polyno-
mial fitting to those angular data was also limited to
second order for the same reason as in the (y,p~) case and
delivers now in an alternative way the absolute (y,p;)
cross sections for decay to the groups of states i =2, 3,
and 4.

Finally, in order to also obtain a rough picture of the
total 'P(y, p) cross section we subtracted an exponentially
decreasing background' ' (originating from low-energy
secondary electrons and scattered photons) from the raw
individual photoproton spectra and constructed a total
(again over-angles-integrated) photoproton yield curve as
a function of bremsstrahlung end point energy. It should
be noted, however, that in our proton yields only protons
with kinetic energy greater than approximately 3 MeV
could be used. Applying the Thies analysis method' the
resulting yield curve was unfolded to a total (y,p) cross
section, which should be considered as a lower limit ac-
cording to the above-mentioned consideration.

In the following sections we will quote only statistical
errors and the error bars presented in all the figures will
be statistical in nature only. The total systematic uncer-
tainty is estimated to be of the order of 10%%uo.

0
31 p

FIG. 1. Energy-level diagram for the (y,n) and (y,p) reac-
tions in the case of 'P and schematic representation of El and
E2 photon absorptiori and subsequent p-wave and d-wave,
respectively, emission to the Si ground state; energy, spin, and
parity assignments are given according to Ref. 16.

i.e., m=4, while for the (y,p&) data m=2, due to the
much poorer statistics involved, caused by the peeling off
technique.

In order to use most of the information contained in the
measured proton spectra a nearly monoenergetic photon
spectrum was constructed artificially by taking an alge-
braic sum of suitably normalized bremsstrahlung spectra
with consecutive end point energies. The same procedure,
with normalization in the same way, was applied to the
corresponding photoproton spectra as a function of the
proton kinetic energy Ek p. This method allows us to
determine a spectral, angular photoproton cross section
d o l(dQdEk ~) that corresponds to the above generated
quasi-monoenergetic photon Aux. Integrated-over-angles
photoproton spectral cross sections do. /dEk &

can be pro-
duced by the above-mentioned Legendre polynomial fit-
ting procedure. After integration over proton kinetic en-
ergy, absolute (y,p;) reaction cross sections are obtained
for the decay to specific states or groups of states (labeled
by i =0, 1,2, . . . ) in the Si residual nucleus. This pro-

III. RESULTS AND DISCUSSION

A. The 'P(y, po) cross section

The total integrated-over-angles absolute ground state
cross section, which equals cr(E)=4vrAO(E), and the an-
gular distribution factors a, (v= 1, . . . , 4) are shown in
Fig. 4. Detailed structure in the giant resonance is clearly
visible at 15.5, 17.2, 17.9, 19.1, 19.7, 20.8, 21.4, and 22.4
MeV excitation energy while less pronounced structure
can be observed at 15.9, 16.3, 18.4, and 20.5 MeV.

Our ground state angular cross section at 90' is com-
pared in Fig. 5 with the one resulting from the electropro-
ton experiment of Tsubota et al. and the one obtained by
detailed balance from (p, yo) data by Cameron et al. The
correspondence with respect to the observed structure is
striking, though the resolution in the (p,yo) experiment 1s
clearly superior. Our angular cross section at 90' integrat-
ed over excitation energy from 14.6 to 24.8 MeV gives
(0.155+0.002) MeV fm sr ', while the Sendai and
TUNL (Ref. 8) data over the same integration interval
yield (0.183+0.001) and 0.181 MeVfm sr ', respectively.
Our result is about 15% smaller than the values obtained
by Tsubota et al. and by Cameron et al.

Because the asymmetry parameter a, (E) is finite in the
excitation energy interval studied, one can conclude that
there is interference between E1 and M1 or E2 absorp-
tion. The anisotropy parameter a2(E) is negative over the



31 PHOTOPROTON DECAY OF THE 'P GIANT RESONANCE 1073

P(y, p )
8 =37'

r
l

r I r I

Q a

I I I I I f I I I I

e =143'

tHItt)jt~trjtt i

I
r r I

e =126'

IA

E

rO

O

Cr
th
ltl
Ill
O
O

0
3 -I

it t

t

ill

gt

r I
r

e= S4'

2—
e =109

Q

4—
r r I r r r r

r I g r r r

e =71'

/t

i(t It

T

0 I
I4~

I r r r

I
r ~

8 =90'

r r s r I r r r r t I I r I I I I I r I }
14 16 18 20 22 24 14 16 18 20 22 24

Exc i tat ion energ y ( MeV)

FIG 2 Angular cross sections for the reaction "P(y po) Si at the seven emission angles 0 in the laboratory system as a function
of the excitation energy.

entire range and equals about —0.5; this indicates a max-
imum in the angular dependence of the cross section
around 90'. The other asymmetry parameter a3(E) fluc-
tuates around zero, while the angular factor a4(E) is posi-
tive, which assures the presence of E2 absorption, as will
be discussed in detail in Sec. III E.

Our (y,po) cross section integrated over excitation ener-

gy from 14.6 to 24.8 MeV yields a value of (1.35+0.01)
MeV fm . Compared with the over-energy-integrated to-
tal photoproton cross section, as obtained in Sec. IIID,
the ground-state reaction channel contributes only
(6.8+0.1)% to the total (y,p) reaction in the correspond-
ing energy region. A similar percentage of (5.0+0.5)%%uo

was found in the case of the S(y,p) 'P reaction' with
formation of the 'P nucleus in the ground state.

B. The 'P(y, p~) cross section

The integrated-over-angles (y,pq) cross section, derived
using the procedure described in Sec. II, is shown in Fig.
6, together with its a&(E) and az(E) angular distribution
factors. The absolute magnitude of the cross section is

comparable to that of the (y,po) reaction. Although the
statistical accuracy of the data is limited, gross structure
is to be seen around 21 MeV. This resonance tends to
coincide with a peak identified in the (y,po) cross section.

In Fig. 7 our angular cross section do/dQ at 90' for
the (y,pt) reaction is compared with the results of Tsubo-
ta et al. " and shows a reasonable agreement. The present
angular cross section at 90', integrated over excitation en-
ergy from 16.8 to 24.8 MeV, amounts to (0.097+0.006)
MeV fm sr ', while the Sendai data over the same in-
tegration interval yields (0.078+0.004) MeV fm sr '. The
value of Tsubota et a/. is now some 20% smaller than
ours. In the case of the nucleus Al, similar deviations
from the Sendai values have been observed by the Moscow
group.

The (y,p~) cross section integrated over excitation ener-
gy from 16.8 to 24.8 MeV yields a value of (1.13+0.04)
MeV fm . This reaction channel contributes about
(6.0+0.2)%%uo to the total (y,p) reaction, i.e., of the same or-
der of magnitude as the ground state channel.

Although the asymmetry factor a
& (E) fluctuates

around zero (see Fig. 6), its average value is nonzero
((a& ) =0.15+0.04), and illustrates the interference be-
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FICJ. 3. Angular cross sections for the reaction "P(y,p&)' Si at the seven laboratory observation angles 0 as a function of the exci-
tation energy.

tween states of opposite parity. The anisotropy factor
a2(E), which shows large statistical errors, also fluctuates
around zero ((az) = —0.01+0.06), except around 18
MeV excitation energy. Even if one makes the assump-
tion that only E1 and E2 photon absorption takes place, a
detailed analysis of these factors is impossible as the rela-
tions between the angular distribution factors and the
multipole matrix elements for this proton channel are too
complicated to allow unambiguous conclusions.

C. Branching to the various residua1 states

The nature of the residual nuclear state determines to a
large extent the decay mechanism by which this state can
be reached. The excited states of the residual nucleus Si

have been well studied both experimentally' ' and
theoretically. ' ' In an investigation' by means of the
proton pickup reaction 'P{d,h) Si at high bombarding
energy, eighteen proton-hole states were identified up to
11.4 MeV. They are listed in Table I together with the
available spectroscopic information. All the presently
known low-lying levels' in Si are depicted in Fig. 8(d)
and 11 of the resolved proton-hole states' {those below
7.1 MeV excitation energy) are shown separately with
their spectroscopic strengths in Fig. 8(e). The ground
state and two excited states (3.79 and 5.38 MeV) are popu-
lated by l=0 transfer. The angular distributions referring
to all other transitions show an l=2 structure. The (y,p;)
reaction cross sections whereby those proton-hole states in
the residual nucleus Si are reached may be caused by a
direct-semidirect (DSD) reaction mechanism.

In Figs. 8(a)—(c) three examples of integrated-over-
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FIG. 5. Comparison between the 'P(y, po) angular cross sec-
tion at the emission angle of 90' vs excitation energy as observed

by Cameron et al. (Ref. 8), Tsubota et al. (Ref. 7), and in this
work.

angles photoproton spectral cioss sections do. /dEk p
cor-

responding to pseudo-monochromatic photon spectra
peaking around 18, 21, and 24 MeV, are plotted. As can
be seen from these figures, the residual states or groups of
states populated by the P(y, p) Si reaction are effective-
ly located at 0, 2.24, 3.6 (almost the centroid energy for
the states at 3.498 and 3.787 MeV), 5.2 (the centroid ener-

gy for the states at 4.809, 4.830, 5.230, 5.372, and 5.613
MeV), and 6.9 (the centroid energy for the states at 6.537,
6.865, and 7.079 MeV) MeV. The different members in
those groups of states cannot be separated in our experi-
mental results due to the limited energy resolution, which
is mainly determined by the width of about 1 MeV of the
pseudo-monoenergetic photon flux.

The absolute photoproton cross section for decay to the
ground state, to the first excited state, and to the groups
of "second, " "third, " and "fourth" excited states, obtained
via both analysis methods described in Sec. II, are
displayed in Fig. 9. As can be seen in the figure, there ex-
ists nice agreement between the results (experimental
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points) obtained from the artificial pseudo-monoenergetic
photon-flux method and those (histograms) produced by
the subtraction or peeling off procedure. This branching
to the various final states is presented in an alternative
way in Fig. 10. The (y,po) cross section and the pseudo-
ground-state (y,p) cross section contributions for decay to
the identified residual excited "states, " calculated from
the results of Fig. 9, are plotted, for the nine different end
point energy situations, as histograms. The measured
pseudo-ground-state cross sections (i.e., photoproton spec-
tra analyzed to a cross section as if all detected protons
would decay to the final ground state) are represented by
the data points.

In Table I we compare the absolute combined spectro-
scopic factors g C S, determined experimentally by
Mackh et al. ,

' with the integrated values of the presently
measured partial cross sections f rT(r ~)(E)dE for the

'P(y, p;) reaction to the same residual "states. " Table I
indicates the existence of a strong correlation between
both quantities of the form

f o(r p)(E)dE=KC S(i) . ,

Hence one can calculate the proportionality coefficient

1l.O-
C2S (=0( )=2/ P(d,h&i

(e)

il . I
6

I h I 1

2
Excitation energy( Si)(MeV)

FIG. 8. The "P photoproton spectral cross section do. /dEI, „
vs excitation energy in the final nucleus Si, corresponding to
pseudo-monoenergetic photon spectra at (a) 17.85, (b) 20.9, and
(c) 23.75 MeV; (d) Si energy level scheme according to Ref. 16;
(e) spectroscopic factors for Si proton-hale states as measured
by Mackh et al. (Ref. 18).

cc 4%% c4 4%%

K= g f a(r p )(E)dE Q C S(i)
i=0

=(1.85+0.03) MeV fm
/

while a value of (2.17+0.02) MeVfm can be deduced us-



31 PHOTOPROTON DECAY OF THE 'P GIANT RESONANCE 1077

TABLE I. Comparison of the spectroscopic factors (Ref. 18) from the 'P(d, h) Si reaction with the integrated values of the partial
cross sections as observed in the reactions 'P(y, p;) Si.

0+

E(' Si)

(MeV)

0.00

nlj CS
0.62

g C'S

0.62

o(y p )(E)dE .

(MeV fmz)

1.35+0.01 0 0.0

Centroid
energy

Label i (MeV)

2.23 1d5gz+ 1d3gz 0.34+0.57 0.91 1,13+0.04 2.24

2+
0+

3.51
3.79

1dsgz+ 1d3gz 0.27 + 0.04
2s )gz 0.03 0.97+0.05 cc2jj 3.6

3+
3+
0+
2+

4.84
5.24
5.38
5.62

1d5yz+ 1d3)z
1ds,z

2$~
1 dsyz

0.13+0.01
0.98
0.14
0.23

1.49 2.88+0.09

8.16+0.15

cc3jj 5.2

2+
(3)+

(1,3)+

6.55
6.87
7.08

1 d5yz
1 dgyz
1 dsyz

0.25
0.59
0.22

1.06 . ' 5.7
1.83+0.10 . (10.5) cc4jj 6.9

7.26
7.44
7.66
8.14
8.78
8.92
9.24

1dsjz
1 d5yz
1 d5yz
1 dsyz
1 dsyz
1 d5/z
1 dsyz

0.12
0.06
0.37
0.27
0.14
0.15
0.18

' 1.29 (2.4)

ing the ground state data only. A similar analysis was
performed recently in the case of a (p,y;) investigation by
Snover. Summation of the absolute spectroscopic fac-
tors for the seven proton-hole states' higher than 7.1

MeV amounts to 1.29 (see Table I). Assuming that the
above-mentioned proportionality coefficient applies to the
higher proton-hole states as well, the integrated (y,p)
cross section leading to those states would amount to 2.4
MeV fm . We can now estimate the contribution of the
direct-semidirect and of the statistical reaction mecha-
nisms. The sum of the energy-integrated photoproton
cross sections in the 14.6 to 23.9 MeV excitation energy
region, populating all the proton-hole states in the final
nucleus Si up to an excitation energy of about 11.4 MeV,
amounts to 10.5 MeVfm . The energy-integrated total
photoproton cross section, obtained by the Thies unfold-
ing technique (see Sec. III D), in the same excitation ener-

gy region yields (19.8+0.1) MeV fmz. Hence' it seems
reasonable to conclude that some 53% of the protons are
emitted by a direct-sernidirect process and that the
remaining part is caused by a statistical or preequilibrium
reaction mechanism.

D. The total 'P(y, p) cross section
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The total photoproton cross section cr(y, p) for 'P was
derived from the total photoproton yield as explained in
Sec. II. The result, shown in Fig. 11, was obtained with
an analysis interval of 2 MeV, which gives rise to the
(quite large) horizontal resolution bars

Ishkhanov er al. ' studied the 'P(y, p) cross section in

FIG. 9. The absolute cross sections for the 'P(y, p; ) reaction
(i =0, . . . , "4") leading to the ground state, first excited state,
and groups of states at 3.6, 5.2, and 6.9 MeV in Si as a func-
tion of excitation energy; points with error bars according to the
pseudo-monoenergetic photon-flux method and histograms ob-
tained by using the peeling off procedure.
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FICx. 10. The 'P pseudo-ground-state photoproton cross section, obtained experimentally (dots with error bars) at the different
bremsstrahlung end point energies of this work and its decomposition (histograms) into the contributions leading to different final
states or groups of states in Si, as a function of the pseudo-ground-state excitation energy.
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the excitation energy region from 16 to 32 MeV by
measuring with scintillation counters the photoproton
yield at a 35 MeV betatron (see also Fig. 11). They found
a maximum cross section of about 4.2 fm at 22 MeV,
compared to a value of 2.9 fm for our measurement at
the same energy. Both their and our cross section curves
exhibit a slight indication of a shoulder on the peak at 19

MeV. Their total cross section integrated over energy
from threshold up to 32 MeV is equal to (35+6) MeV fm .
Although we find in the rising side of the 'P(y, p) cross
section integrated up to 24 MeV almost the same strength
as in the corresponding part of the measurement by Ish-
khanov et al. , our results represent a far less steep leading
edge in the cross section than theirs.

1.0 t I I

Te =23 MeV

1.0— Te = 24 MeV

(
po

I i
—

I

Te =2S MeV

I

14
1 i i I i I

16 18 20 22
Pseudoground state excitation energy (MeV)

FIG. 10. (Continued).
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The energy-integrated total photoneutron cross section
29 Mev

op ——J o1r „)(E)dE

obtained by Veyssiere et al. for 'P yields (18.2+1.2)
MeV fm . The Thomas-Reiche-Kuhn (TRK) classical
sum rule for the energy-integrated photonuclear dipole
cross section 6NZ/2 MeVfm is equal to 46.5 MeVfm
in the case of 'P. Hence the (y', n«, ) channel would
represent 39%%uo of this value, while Ishkhanov's (y,p) mea-
surement would cover 75%%uo of it; the sum of both [which
includes twice some 5 MeVfm, i.e., about 10%%uo, due to
double counting of the (y,pn) process present in both
measurements] would slightly exceed the classical sum
rule value.

3~

Vl

Vl 2—
lA
O
L

x Ishkhanov et al.

-4 This work

31p ( p)30S;

E. Estimate of the E2 contribution
in the (y,po) reaction channel

For the excitation energy interval under consideration,
it is reasonable to take only (coherent) El and E2 photon
absorption processes into account (see Fig. 1), since the
M1 magnetic dipole resonance is expected to have its
maximum strength around 13 MeV. With this limitation,
in the channel spin formalism, the (normalized) angular
distribution factors a are related to the transition matrix
elements by

X

O J 1 1 1 l I I 1 1 I I 1 1 1 I j I

l6 21 26 31
Excitation energy (MeV)

FKx. 11. The total 'P(y, p) Si cross section as a function of
excitation energy as measured by Ishkhanov et al. (Ref. 21)
(crosses) and as obtained in this experiment (points and error
bars).

1 =p1/2+2p3/2+2d3/2+3d»2 (normalization),

18''3 2V3
+1 2 3p1/2d3/2cos(p1/2 d3/2)+ p3/2d5/2co (p5/2 d5/2)+ p5/2d3/2cos(p3/2 d3/2)

5 5

2 2 12 2 6
122 p3/2+ 3/2+ 7 d5/2 pl/2p3/2 o (p1/2 p3/2)+ 7 d3/2d5/2c (d3/2 d5/2)

8v3 12v 3
+3 p5/2d5/2cos(p3/2~d5/2) 2 3p1/2d5/2cos(p1/2~d5/2) p3/2 3/2cos(p3/2t d5/2) r

12 2 48
4 7 5/2 7 5/2 5/2cos(d3/2yd5/2 )

This represents a set of five quadratic equations with
seven unknowns. These unknowns are the four moduli

p 1 /2 p 3/2 d3/2 and d5/2 of the reaction matrix elements
and the three phase differences (p1/2 d3/2), (p3/2 d3/2),
and (p3/2 d5/2). Indeed the —,

'
ground state of 'P is

connected (see Fig. 1) with the two —, and —, dipole

channels (with subsequent p1/2 wave emission and p3/2+ 5 +
wave emission) and with the two —, and —, quadrupole
channels (subsequent d3/2 wave emission and d5/2 wave
emission). Since one phase can be chosen arbitrarily, the
differences between the corresponding phases can be sym-
bolized by, e.g (p1/2, d &/2 ) 4p, 4d„,.

0.6—

0.4—

cc 0.2—

~ & W & & & % % W \ & A & 0 w '% w A & % & % & % & A & A & '0 ~0 0
I 1 I 1 I

16 KB 20
Excitation energy (MeV)

FIG. 12. The ratio r(E) of the minimum E2 to the total 'P photoproton ground state cross section versus excitation energy E.
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The preceding set of equations cannot be solved without
additional assumptions. We will therefore restrict the dis-
cussion to the minimum E2 contribution to the (y,po)
cross section, which can be derived unambiguously. The
ratio r(E) of the quadrupole to the total (y,po) cross sec-
tion, defmed as

r (E)=o. (E)/[0 '(E) +o (E)]

d3/2+ d5/2
2 2

can be minimized in a straightforward way, leading to
r;„(E)=+(7/8)a4 if a4&0 and rm;„(E)= —(7/12)a& if
a4 (0. This result is displayed in Fig. 12. Note that our
experimental a4 values are positive over the entire energy
interval studied (see Fig. 4), in poor agreement with the
results of Cameron et al.

However, we wish to point out here that we can tenta-
tively solve the full set of equations after reducing the
number of unknowns on reasonable grounds. We have ex-
plored two different approaches: either assuming that
(pi/2 p3/2)=no. and (d3/2 d5/2) m~ (with n I+ No)
or assuming that @~~2

——p3/2 and d3~2 ——d5&2,
' incidentally,

both are compatible with the results of a DSD calcula-
tion. Each approximation leads to nearly the same es-
timated E2 cross section magnitude, only slightly dif-
ferent from the minimum value.

In Fig. 13 we compare our minimum E2 cross section
with the preferred E2 solution of Cameron et al. , and
with the results of a DSD-model calculation. In
Cameron's experiment a polarized proton capture mea-
surement on Si was performed. Expansion of their mea-
sured angular distributions of the analyzing powers in a
series of associated Legendre polynomials leads to a set of
b„ factors, which are also related to the reaction matrix
elements. In considering only E1 and E2 radiation, they

were able to construct a system of nine equations relating
their measured a„and b, factors (v= 1, . . . , 4) with the
seven basic unknowns (four moduli and three phase
differences) mentioned earlier in this section. Calcula-
tions based on a simple and on an extended direct-
semidirect capture model indicated that their solution set
II is the physical one.

As the isovector E2 resonance would probably be cen-
tered around 31 MeV (which is out of the energy range we
consider here), we only have to take into account the iso-
scalar component. The energy weighted sum rule
(EWSR) for the E2 cross section is given, in the case of
AT=0 transitions, by

a~' um' (r') Z'
E' 3 m c'

with a the fine structure constant; for 'P with
+(r ) =3.19 fm, the value of the EWSR is 1.89&&10
fm MeV '. Our experimental value of the integral

J cr E dE from E=14.6 to 23.5 MeV is
(1.05+0.15) && 10 fm MeV ' for the minimum solution;
this would indicate that the (y,po) channel exhausts at
least 48% of the (b, T=O) E2 EWSR. This value is quite
high, and should be referred to with some caution, as it is
solely based on the a& factor, which might be overestimat-
ed by maximum 25% due to small asymmetries in the
detector setup. The experimental data of Cameron et al.
for E=12.9 to 21.9 MeV, analyzed following solution set
II, would only take up (0.60+0.05)X10 fm MeV
while the prediction of the extended DSD-model calcula-
tion is still an order of magnitude smaller, i.e.,
0.045 && 10 fm MeV

P(y, p ) Si

t I t

) This wor k

$ Carer on et al .—DSD theory

«)

O

C3
«L)

U)

«)

«)
)c «)

«)

«)

«)

I i I

l7 i 8
Excitation ener gy (MeV)

FICi. 13. The E2 cross section for the 'P(y, po}' Si reaction, according to Cameron et al. (Ref. 8) (crosses) and its minimum mag-
nitude deduced from this work (dots}; the solid line is the extended DSD prediction.
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IV. CONCLUSIONS

The 'P(y, Pc) Si and 'P(7,P&) Si reaction cross sec-
tions and angular distributions have been studied in an ab-
solute way with bremsstrahlung photons over a large part
(excitation energy region from 14.6 to 25.0 MeV) of the
giant dipole resonance. Agreement with earlier alternative
measurements is fair. While both reaction channels men-
tioned each contribute less than 10% to the total pho-
toproton reaction, stronger decay to groups of low-lying
states has been observed. Good correlation was found be-
tween these results and combined proton-pickup spectro-
scopic factors. The total (y,p) reaction cross section was
determined in the rising part of the GDR. It does not
show that steep slope as was suggested by Ishkhanov
et al. In the excitation energy region studied, about half
of this cross section would be caused by a direct-
semidirect reaction mechanism. In the (y,po) channel an

E2 cross section was deduced exhausting at least 48% of
the isoscalar quadrupole energy-weighted sum rule.
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