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Photonuclear reactions in Zr were studied in the excitation region of the giant dipole res-
onance. Experimental results which include all the most important reaction channels consist
of cross sections integrated over angles, and for photoprotons, of additional data on angular
distributions. Photoproton cross sections were determined by a least-squares-fit analysis
of proton spectra resulting from a series of irradiations with bremsstrahlung of different
end-point energies. In addition to the ground state Zr(y, po) Y, photoproton cross-section
data for three groups of Y excited states are presented. Other results which consist of
cross sections for reactions (y, p&), (y, &), (y, 2n), (y, np), and (y, n) were obtained through
different techniques based on the measurement of activation yields. It is shown that 70% of
the total photoproton cross section is due to the transition to the ground, the 1.74 MeV, and

possibly the 1.51 MeV states of +Y. The photoneutron cross section is dominated by the con-
tribution involving the first excited state and all those states of ~Zr which subsequently decay
to it. Experimental data are interpreted in terms of isospin splitting of the giant dipole res-
onance. In the total photoproton cross section, apart from a broad resonance at 16 MeV sim-
ilar to the dominant structure of the (y, n) reaction, an additional resonance of approximately
the same magnitude appears at 20.5 MeV. The latter resonance is attributed to the T& part
of the giant dipole resonance. Its integrated cross section of about 8% of the total photonu-
clear cross section accounts for the main part of the expected T& strength. Neutron channels
do not seem to contribute significantly to the decay of the T& resonance. It is concluded from
(y, +p) and (y, 2n) reactions that the T& resonance is superimposed on a T& background ex-
tending to higher energies.

NUCLEAR REACTIONS Zr(y, p), (y, &), (y, &p) and (y, 2&), E =12—30 MeV;
measured photoproton spectra and bremsstrahlung activation yields; deduced

&(E, k) and &(E).

I. INTRODUCTION

The nucleus ' Zr as a target for photonuclear
reactions has received much attention in recent
years. ' ' The main reason is its double-closed-
subshel. l structure and the possibility of observing
an isospin splitting of the giant dipol. e resonance. "
The experimental studies have been so far mainly
concentrated on the reactions (y, p, ) and (y, n)
although some data for other reaction channels
also exist.""'The most accurate data came
from proton radiative capture experiments which,
combinedwithresults from polarized proton ra-
diative capture, give information about the chan-
nei configuration of the (y, P,) reaction. " Un-
fortunately, (y, p, ) contributes only a small frac-
tion to the total photonuclear cross section, and
a thorough study of other reaction channels is
needed in order to understand the photonuclear
process in ' Zr and, in particular, the splitting
of the giant dipole resonance. The present con-
tribution represents an attempt to obtain as good
data about the most important reaction channels
as possible with the available experimental tech-

nique. Cross sections and angular distributions
for (y, P} reaction channels were extracted from
measured proton spectra by means of the analy-
sis described elsewhere. " In addition, the (y, P, )
cross section was determined using the activa-
tion method and a special experimental setup. '4

Similarly, cross sections for reactions (y, n),
(y, n, ), (y, 2n), and (y, Pn} were obtained from
the analysis of the residual activity.

Photoproton channels are particularly valuable
in the study of the isospin splitting of the giant
resonance. This is not only due to a very small
number of other photonucleon channels accessible
to the T, part of the resonance (isospin selection
rules), but also because of Coulomb barrier ef-
fects which drastically diminish the contribution
of the T, resonance in proton channels, thus
making these channels sensitive to the remaining
T, counterpart. On the other hand, in the photo-
neutron channels the possible effects of the T,
resonance are severely obscured due to the pres-
ence of the dominating T, cross section. There-

foree,

in the present experiment particular attention
was given to the study of photoproton channels.
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II. EXPERIMENTAL METHOD

The experimental investigation of the giant
resonance in ' Zr consisted essentially of three
independent experiments. A spectrometer with
four silicon detectors was used to measure the
energy and angular distribution of the photoprotons.
The activation method by means of Ge(Li) de-
tectors served for the study of several special
reaction channels. In-beam spectroscopy of the
deexcitation y rays in residual nuclei was under-
taken to complement analysis and interpretation
of the photoproton spectra.

A bremsstrahlung beam from the 31 MeV beta-
tron served as the source of y radiation.

In all experiments, the beam was doubly moni-
tored by a thin-wall transmission ionization cham-
ber and by the absolutely calibrated thick-wal. l
ionization chamber of the Pruitt type. The position
of both chambers relative to the target depended
on the particular experiment.

A. Measurements of photoprotons

The experimental procedure for the (y, P) re-
action was similar to the previous experiment"
on "Ca. The experimental. arrangement is shown
schematicaBy in Fig. 1(a), while a detailed de-

scription has been given elsewhere. "
An 8.4 mg/cm' Zr target enriched to Ã. 5% of

"Zr was irradiated by bremsstrahlung at seven
different end-point energies between 14.8 and
23.9 MeV. Photoprotons emerging from the target
were detected by detectors at angles 30, 81.4',
98.6, and 150' with respect to the bremsstrahlung
beam. The spectra at 81.4 and 98.6 were
summed and after a proper correction treated
as 90 data. Some of the measurements were
repeated with a thinner 4.2 mg/cm' target of the
same isotopic composition.

From the spectra of photoprotons the differen-
tial cross sections for different proton reaction
channels were obtained by the method of least
squares. " Typical spectra of photoprotons are
shown in Fig. 2. The background was determined
by stopping the protons in aluminum absorbers
placed in front of the detectors and extrapolating
the residual. low-energy background to zero thick-
ness of the absorber. The energy spread at 10
MeV was 230 keV at 90 and 400 keV at 150' for
the thicker target and was almost entirely de-
termined by the target thickness. The spread
could be easily checked by the observed width
of the known" narrow resonance at 16.3 MeV
excitation energy in ' Z r.
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FIG. l. Schematic drawing of the experimental arrangement. Diagram (a) shows the setup for the measurement of
photoproton spectra (left) and instantaneous deexcitation spectra of y rays (right). The arrangement for the activation
experiments is shown in diagrams (b) [for (y, p&), (y, &&), and (y, n) reactions] and (c) [for (y, np) and (y, 2n) reactionsj.
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FIG. 2. Photoproton spectra measured at differ ent
end-point energies E& ~,„and angle 90 in respect to
the direction of the bremsstrahlung beam.

8. Measurements of activation yields

By the residual y activity the following reaction
channels were measured: (y, n, ), (y, p, ), (y, n),

(y, n p), and (y, 2n). The experimental setup is
shown schematically in Figs. 1(b) and 1(c). Two
sets of natural Zr samples of cylindrical shape
and 1 cm length were used: the diameter was
4 cm for the reactions (y, 2n) and (y, pn) and 6

cm for the remaining reactions. Cross sections
for reaction channels measured by residual activi-
ty were obtained by the matrix inversion method
of Penfold and I eiss.

Due to different decay times (see also the decay
scheme in Fig. 13), the measurements were per-
formed in separate runs. A single run taken in 1

MeV steps was connected with the reactions
(y, 2n) and (y, n p). The (y, 2n) reaction was mea-
sured through the 394 keV line in "Y following
the 83.4 day decay of 8'Zr, while the (y, np) re-
action was observed through the 1836 keV line
in "Sr following the 106.6 day decay of "Y. The
feeding of the 1836 keV line through the (y, 2n)
reaction was taken into account in the analysis.
Due to the long irradiation times (typically 1 week

for each energy) the Ge(Li) spectrometer was
located outside the accelerator room. Counting
times were chosen in such a way that a minimum
correction due to the above mentioned additional
feeding of the 1.836 MeV level was necessary.
After irradiation the samples were stored for
several days in order to allow the 78.4 h activity
of the (y, n) reaction to decay.

The (y, P, ) reaction (leading to the —,', 0.909
MeV isomeric first-excited state in S9Y) and the

(y, n, ) (leading to the —, , 0.588 MeV isomeric
first-excited state in "Zr) were measured by
means of a special mechanical device providing
a fast transport of the irradiated Zr sample to
the heavily shielded Ge(Li) detector located in-
side the accelerator room. The l.ifetimes of the
isomeric states being 16 s and 4.18 min required
separate irradiations of different duration. An
electronic control unit automatically controlled
the transport of the target, switching times, and
data acquisition on the CDC 1700 minicomputer. '4

The yields of the (y, p, ) reaction were corrected
in respect to the feeding of the 0.909 MeV level.
from the 78.4 h activity of "Zr.

C. Deexcitation y rays

Deexcitation y rays from the reactions (y, ny')
and (y, py') were measured using a geometry simi-
lar to that described in Ref. 13 [see also Fig. 1(a)].
The shielded Ge(Li)detector was located at 163' to
beam direction and at approximately 1 m from
the 1260 g rectangular (5 X2.5X15 em') zirconium
target.

Besides the combined shielding of lead and
borated paraffin around the detector a Plexiglas
hardener was placed between the target and the
detector in order to suppress the low-energy
background. Due to the high Z of the target only
a few deexcitation lines have been observed with
certainty above the high background.

The information from deexcitation y rays was
less significant for the analysis of proton spectra
in this experiment than it had been in the pre-
vious experiment" on "Ca.

III. RESULTS AND DISCUSSION

A. Photoproton channels

l. (y, po) reaction

Although determination of the (y, po) cross sec-
tion is not the main purpose of the present ex-
periment it comes as a by-product and its com-
parison to the existing results is valuable. The
differential 90' cross section is shown in Fig. 3
and other results are summarized in Fig. 4. As
can be seen from Fig. 4, where a comparison
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FIG. 3. Differential 90' cross section for the (p, pp)
reaction and differential summed cross sections for
reactions involving various regions of excitations in the
res idual nucleus Y.

to the data of Refs. 11 and 8 is shown, the known

structure of the cross section is well reproduced
in this experiment. No attempt was made to cor-
rect the spreading due to the finite experimental
resolution. " The (P, y, ) cross section of Ref. 3

is systematically lower, probably due to an un-

certainty in their normalization of the high- to
the low-energy cross section. On the other hand,
the ratio of the high- to the low-energy cross-
section magnitudes of Refs. 11 and 8 seems to be
slightly larger than indicated by the present ex-
periment. Also the 19-21 MeV structure —at-
tributed to analog dipole states —is in good agree-
ment with previous experiments.

The integrated cross section for the (y, P,) re-
action comprises about a third of the total in-
tegrated (y, P) cross section, in good agreement
with the calculated escape width for the 2P re-
action channels'; the comparison being meaning-
ful only if escape widths dominate over spreading
widths. We note that the ground state of Y is
well described by the simple shell-model con-
figuration of a 2P proton hole. "

Angular distributions (Fig. 4) are characterized
by a value of the Legendre polynomial coefficient
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FIG. 4. Legendre polynomial coefficients for the angu-
lar distributions of protons in the reaction ~ Zr(y, po) Y
obtained from differential cross sections for the angles
30, 90, and 150 assuming an angular dependence of
the form W(eI =P'= AtP&{cosg). Cross sections for parL=o
ticular angles were determined from measured spectra
by means of a least-squares-fit analysis (Ref. 13). On

the top diagram present results for o'=4xAo (data points)
are compared to the data of Refs. 11 and 8.
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FIG. 5. A comparison of present results for the
Legendre polynomial coefficients of the reaction 9 Zr-
(y, po) STg, with the data of Refs. 3 and 8.

13

&,/&, close to —0.5. This value is consistent
with a dominant d structure of proton waves more
directly determined by the radiative capture ex-
periments with polarized protons. ' As seen from
Fig. 5, the overall agreement with angular dis-
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Z. Photoproton reactions involving excited states
of the residual nucleus up to 3 MeV

The results for photoproton reactions to ex-
cited states in "Yup to 3 MeV are displayed in
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FIG. 6. Legendre polynomial coefficients for the an-
gular distribution of protons in the reaction Zr(y, p)
9Y* involving excited states of ~Y with energies up to

3 MeV. See Fig. 4 for other details.

tributions of earlier experiments" is good. An
exception to the value A, /A, = —0.5 is the excitation
region with energies over 22 MeV where a positive
value of A, occurs. In this region also a large
forward-backward asymmetry appears which
indicates the presence of photonuclear processes
involving compound nuclear states of even parity.

As far as the celebrated T, part of the giant
resonance at an excitation of about 21 MeV is
concerned, no new information comes from the

(y, P,) channel alone. The agreement of the 19.4
and 20.8 MeV peaks with the data of Refs. 3 and
8 has already been noted. We should like to
emphasize, however, that only a smal. l fraction
of the T, photoabsorption cross section (about
7%) may be contained in these peaks in consis-
tency with predictions' based on proton transmis-
sion coefficients. The rest of the cross section
has to be looked for in other reaction channels.
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Figs. 3 (differential 90 summed cross section)
and 6 (Legendre polynomial coefficients from
angular distributions). Additional data were pro-
vided by the measurement of the 0.909 MeVy-ray
activity from the —,

' first-excited isomeric state
of "Y. This activity was used for the determina-
tion of a summed cross section consisting of a
direct (y, P, ) contribution and contributions from
those excited states of "Ywhich subsequently
decay to the first-excited state. The summed
cross section o(y, P", ) (Fig. 7) is obtained from
the activation yield by means of a Penfoid-Leiss
analysis. " It is believed that mostly states with
higher spins would decay to the —,

' first-excited
state instead of decaying to the ground & state.
Such are the states at 2.200, 2.529, 2.568, 2.622,
and 2.871 MeV; the first one also decays with
a 30@ intensity to the 1.51 MeV state" (see Fig.
13). Consequently, these states contribute to the
activation cross section o(y, p,"). However, the
integrated (y, P,") cross section up to 23 MeV
amounts to only 20 MeV mb as compared to the
value of 88 MeVmb for the 90Zr(y, P)"Y.. .cross
section integrated over the same energy region
(Table 1). It should be noted that the "center of
mass" (the value for the excitation energy of the
residual nucleus used in the procedure of corn-
puting) for the 0.9-3 MeV summed cross section

Ev (Mev)
FIG. 7. The summed cross section (y, p~) for the
Zr(y, p) reactions leading to the 0.909 MeV first-excit-

ed isomeric state of Y. The cross section is obtained
from a Penfold-Leiss analysis of the 0.909 MeV p-ray
activation yield. Here, besides the direct (p, p&) cross
section, also contributions from states decaying to the
0.909 MeV state are contained. In particular, o(y, p&)
incorporates 0(p, p5+6+7+8) and 70% of 0'(p, p4), involving

Y states at 2.529, 2.568, 2.622, 2.871, and 2.220 MeV,
respectively.
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TABLE I. Integrated cross sections for various
photonuclear reaction channels.

Reactions
Energy region of Integrated cross
integration (MeV) section (MeV mb)

(v, p, )

(~s p)0. 8-3 Mev

(~& p)3-5 Mev

(& p)5-7 Mcv

h', p„,)

(7,p()

(p nA)

(y, n)

(y, np)

('Y.2n)

13-23.5
15-18
15—23.5

17-23.5
18.5-23.5
13-23~ 5
13-18

14-31.5
14-23.5
14-18

14-31.5
14-31.5
20—31

21-31

79+ 7

35+ 4
88+ 9

10+ 5

29+ 8

206+ 19
101+10

35+ 5
20+ 3
5+1

850+ 70

1300+ 100

14+ 6

141~ 15

was chosen at 1.8 MeV and that states above this
energy contribute to the cross section with a
lower weight than those lying in the vicinity of
the center of mass. In particular, the contribution
of the 2.881 MeV state is estimated to be smaller
than 5 MeVmb. This effect is due to the rapid
decrease of the number of photons with energy
in the high-energy part of the bremsstrahlung
spectrum. If, in addition, we keep in mind that
also excited states above the 0.9-3 MeV region
may contribute to rr(y, p,")we come to the con-
clusion that over '70% of the "Zr(y, p)"Yo . s
cross section is due to the 1.51 and 1.74 MeV
states.

The center-of-mass energy of 1.8 MeV resulted
from an optimization procedure which consisted
in the variation of center-of-mass values for all
energy groups of residual. states. When, how-
ever, it was found that the main contribution
comes from the 1.51 and 1.74 MeV states the
energy scale was shifted for 0.18 MeV (in Figs.
3, 6, 8, and 14 the corrected energy scale is
shown). The final energy resolution is determined
here principally by the overall resolution of the
experimental system since the only strongly pop-
ulated levels are merely 0.23 MeV apart.

The absence of the low-energy part of the giant
resonance in (y, p, ) is consistent with the ex-
pectations~0; due to the involvement of high angu-
lar momenta of the relative motion in the rele-
vant reaction channels, low-energy protons are
inhibited. Even so, not more than 3 of the 21
MeV peak cross section could be due to reaction

I I I I I I I I I
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FIG. 8. A comparison of present results for the
9 Zr(y, p) SYO 9 3 cross section with the data of Shoda
et al. (ref. 4).

15 23

channels contributing to o(y, P", ).
There is a definite discrepancy between the

present data and the data of Ref. 4 in the mag-
nitude of the cross section (Fig. 8; the ratio of
the two results for the integrated cross section
is 0.6) although there is good agreement as far
as the structure of the cross section is concerned.
One cause of such a systematic deviation could
be a poorly defined electrons energy which might
be" the case in the experiment in Ref. 4.

In an attempt to find the relative contribution
of the two strongly populated states at 1.51 and
1.74 MeV some additional features will be dis-
cussed.

The A, Legendre polynomial coefficient shows
a typical weak dependence on energy and has an
average value of (-0.42+ 0.08)Ao. Similar values
have also been found for a large number of other
nuclei. Unfortunately, the measured A, would
not help much to resolve the problem of relative
population of the two states, viz. , even if co-
herent terms in A, are disregarded the principal
configurations of interest (Ps&s) 'd, &s and

(f,&e) 'g»s yield A, = —0.40Ao and A, = —0.36Ao,
respectively, thus both in agreement with the
experimental value.

As mentioned earlier, the in-beam deexcitation
y rays have been measured in the backward di-
rection at 163'. In the deexcitation spectrum the
1.74 MeV y rays dominate while the 1.51 MeV
line has a much smaller yield which cannot be
even clearly resolved from the background. It
should be noted that one would expect almost an
isotropic angular distribution of the 1.74 MeV
deexcitation y rays (assuming g», proton waves
and an E2 transition in the decay e -e ) and only
a slightly anisotropic angular distribution for
the 1.51 MeV case. Thus deexcitation data favor
the dominance of the 1.74 MeV state though a
quantitative value would be difficult to obtain since
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cascade decays might considerably contribute to
the deexcitation yields.

An additional argument about the relative popu-
lation of the two dominant states can be put for-
ward on the basis of comparison between (y, P,}
and (y, p)0, , cross sections. In consistency with
the data from nucleon transfer reactions~ we
shall assume that the ground state (—,

'
), the 1.51

MeV (~ ), and 1.74 MeV (2 } states of ~ Y can be
described as single particle P,&„P,&„and f,&,
holes in a closed-subshell core of "Zr and shall
treat them as parents to particle-hole configura-
tions in this region of excitations. Furthermore,
it will. be assumed that the decay of the giant
resonance, concerning the ratio of contributions
to these channels, is governed principal. ly by
transmission coefficients. It is noticed that the
two peaks in the (y, P}o 9 s cross section are of
approximately the same strength in contrast to
the (y, p, ) cross section where, from the appear-
ance of the cross section, one could estimate
the contribution of the 20.5 MeV peak to represent
not more than 5% of the integrated (y, Po) cross
section above the neutron threshold. In trying to

20—

explain such a difference on the basis of trans-
mission coefficients one comes to the conclusion
that only a significant contribution of I, = 4 waves
in the 0.9-3 MeV proton group would be consistent
with the experimental data (here transmission
coefficients of Ref. 23 based on the model of
Percy" were used). To account for such an angu-
lar momentum the —,

' (1.74 MeV) level has to be
involved. Only the 20.5 MeV peak could decay
through l =4 proton waves since a vanishing value
of the transmission coefficient for 6 MeV protons
effectively closes this channel for the 16 MeV
peak.

Although the above arguments are by no means
conclusive they show that an absence of a sig-
nificant ~.74 MeV state contribution to the
(Z, P). . . cross section would be hard to justify.

We note in passing that the presence of a con-
siderable amount of (f,&2) 'g,&2 configuration in
the T peak of ' Zr is consistent with the pre-
dictions ' based on shell-model calculations.

Finally, it is observed that angular distribu-
tions exhibit large forward-backward as ymmetry
(Fig. 5) at excitations above 22 MeV in consis-
tency with the rest of present (Z, P) data [only
for (y, P), , the asymmetry is not observable due
to large experimental errors]. This effect may
be attributed to the isovector &2 resonance pre-
sumably peaking at 120/A' ' MeV" and reported"
to be observed at an excitation of 27 MeV in in-
elastic electron scattering.
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FIG. 9. Integrated cross section over angles and
other Legendre polynomial coefficients for the photo-
proton reaction channels leading to excited states in

Y of energies 3-5 MeV (see Fig. 4 for other details).

3. Other photoproton channels

Photoproton cross sections involving bound
states in "Y above 3 MeV were resolved into two
groups corresponding to excitations of 3-5 MeV
and 5-7 MeV (Figs. 3, 9, and 10). No data could
be obtained from the deexcitation spectra on the
relative population of states in this excitation
region of "Y. Therefore, the energy resolution
should be considered to be typically of the order
of 1 MeV. A trial analysis using a different set
of center-of-mass energy values showed that the
population of unbound "Y states can be neglected,
the obtained integrated cross section of 4 MeV mb
being of the same magnitude as the combined ex-
perimental and numerical error. Unbound states
with excitation energies up to the "Y(y, n) thresh-
old (19.9 MeV excitation in 'OZr) would primarily
decay with proton emission while at excitations
in "Zr above 20.5 MeV neutron emission from' Y would dominate due to the relatively high val-
ues of neutron transmission coefficients. How-
ever, as observed from the separately measured
(y, pn) cross section (see Fig. 13) this contribu-
tion is negligible in the presently considered
energy region up to 23.5 MeV.
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FIG. 10. Same as Fig. 9 for excitations of 5—7 MeV.
Odd Legendre polynomial coefficients are not shown due

to large errors.

It is typical for cross sections to both groups
of states to show a resonant structure peaking
at 20.5 MeV where the analog of the E1 giant res-
onance is expected to be seen. This excitation
energy is also identical to the position of the sec-
ond peak. in (y, p)Q 9 3 data. Since single particle
bound states in "Y with energies above 5 MeV
are of the same isospin as the low-lying states,
the isospin selection rules would not be responsi-
ble for the enhancement of the T, resonance. This
enhancement could be accounted for by the ab-
sence of the 16 MeV peak as a consequence of
extremely small values of transmission coef-
ficients for protons with energies about 3 MeV
[T(3 MeV)&0. 01, T(7 MeV)=0. 4 for / =0].

As far as the configuration of the reaction chan-
nels is concerned it has already been noted that
residual states with 4& —,

' are not likely to be in-
volved due to a low value of the (y, P,") cross
section. This would in any case be difficult to

justify on the basis of small transmission co-
efficients for such waves of an energy of 7 MeV

(T& 0.2). On the same basis l =0 and l=1 are
by a factor of about 3 more favorable than / =2.
Indeed it is observed that the experimental. value

(Figs. 9 and 10) A.,= 0 is consistent with such an

assignment. The cross sections for excitations
above 3 MeV might be therefore responsible for
the main part of the s(Po&o)

' configuration [the
s(p,&o)

' being consumed in the (y, po) reaction]

with the implication that a considerable part of
the (Po&o)

' single particle strength should lie
in the region of excitations between 3 and 7 MeV

in "Y. Though one would expect also some

d,&o(Po&o)
' to be present it would not be reason-

able to try to make conclusions about its strength
from present data.

B. Other photonuclear reactions

I. Photoneutron channels

The total photoneutron cross section is well
known from other experiments. " Therefore,
no effort was made to remeasure it with good
accuracy. Nevertheless, a rough measurement
of the (y, n) cross section is useful to the purpose
of comparison of the present cross section scale

Er ( y, ptpt I Y

I

y5 Shodo et ol.

Present work

20—

13
) I

17

( I

21

I

25

3, (Se&1

FIG. 11. Total photoproton cross section obtained by
summing the contributions shown in Figs. 4, 6, 9, and
10 (data points) is compared to the corresponding data
of Shoda et al. (Ref. 9}. The shaded area represents
experimental errors quoted in Ref. 9.

4. Total photoproton cross section

The summed photoproton cross section (Fig.
11) is dominated by the conspicuous structure
consisting of two peaks, the positions of which

agree with the expected energies of the isospin-
splitted E1 giant resonance. Comparison with

the results of Shoda et al. o (obtained from a least
structure analysis" of proton yields) shows a
good agreement (Fig. 11). Our method of analysis
was also checked by applying the procedure of
Penfold and Leiss to the numbers of protons in

the spectra. The result is consistent with the
data in Fig. 11 but the precision is poorer.

One can use the integrated cross section of
about 105 MeV mb for the 20.5 MeV resonance
to obtain a value of 4.1 keV for F&I;/F. This
value will be employed in an attempt to estimate
the relative contribution of proton and neutron
channels (see Sec. III B).
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to other results. For this reason the 78.4 h

component of the resudual. 0.909 MeV y-ray ac-
tivity from the decay "Zr„was measured and
the total photoneutron cross section determined
with the application of the inversion procedure
of Penfold and Leiss. The integrated cross sec-
tion (Table I) is in excellent agreement with the
data of Leprhtre et al. ' (shown in Fig. 12) and
larger than the results of Berman et al. ' by a
factor of 1.3.

In a separate experiment the 4.18 min residual
0.588 MeV y-ray activity was measured. It was
used to deduce the summed (y, &, ), cross section
(also shown in Fig. 12) involving the first-ex-
cited state and all those states of "Zr which sub-
sequently decay to the first-excited state. Here,
apart from an early result of Costa et a/. ,

"no
data existed. Therefore, a more accurate de-
termination of the (y, n", ) cross section was neces-
sary.

It is seen that o(y, n", ) represents the dominant
part of the photoneutron cross section as ex-
pected, due to the higher number of initialre-
sidual states of low spin values which are most
likely to end up decaying to the & first-excited
state. Such a result is also in agreement with
photoproton data. [Since the se|luence of spins
and parities of the ground and first-excited states
of 'Y and "Zr is interchanged, there is a cor-
respondence between the cross sections o(y, n,")
and u(y, P„,) —v(y, P", ), as well as between v(y, P,')
and v(y, n, „,) —o(y, n", ).]

Considering the possible effects of the T, giant
dipole resonance in the photoneutron cross sec-
tion, it is immediately observed that, in case of
weak coupling of T, to T, states, the T, 20.5
MeV giant resonance wouM most likely proceed
through channels involving residual "Zr states
with low spins. Those, however, are the con-
tributions expected to be seen in the (y, &,) cross
section. This observation is based on the high
value (20 MeV) of the threshold for the
90Zr(y, n)8'Zrr»&, reaction. While channels with
high angular momenta (I &4) would be effectively
closed due to low transmission coefficients, only
one or at most two T = ~2 states could be reached
with neutrons of low relative angular momentum
(implying low values of spine for the residual
8'Zr states). Of the two narrow resonances ob-
served in the (P, yo) work and assigned to the
T, =6 giant dipole resonance, the upper one
(20.8 MeV) could decay through neutron channels
with Zr in its T= '2' state. Although there exist
in literature' only data for the differential cross
section of the reaction (p, n) to the T= ~ state
they can serve as a basis for an order-of-mag-
nitude estimate of the ratio F~I'„/I which is 20

I I I I I I I I I I I

200—

150-

Ir (&,n& I IrO583M&)r
90 A 89 rn

present work

Zr (yn np)

Lepretre et ol.

50-

keV (take or give a factor of 3 due to an absence
of data on angular distributions). Assuming that
half of the T, peak in o(y, P„,) belongs to the same
state, one obtains I'&I",/I'= 2 keV (see Sec. III A),
which gives I'„= 10I'&. A typical value of I'& =2-3
keV for the 20.8 MeV state would be consistent
with the predicted" total y-ray width of the T,
part of the giant dipole resonance. Thus I'„ is
expected to be of the order of a few tens of keV
and not to represent a serious contribution to the
total width of the 20.8 MeV state (with an esti-
mated value' of I' =900 keV). We therefore con-
clude that the observed structure at 20.5 MeV
in (y, n", ) (see Fig. 12) is not connected with the
T, giant dipole resonance unless the coupling of
this resonance to T, states is large. This being
true, not much could be learned about the iso-
spin character of the 20.5 MeV peak from the
decay modes. However, a large coupling and the
accompanying decay through neutron channels
would either mean that only a part of the peak
at 20.5 MeV in the (y, p) cross section is of a
T, character, or that the experimental or, /oz,
ratio is larger than the predicted one.

Z. Reactions (y, np) and (y, Zn)

The reactions (y, n p) and (y, 2n) can mainly be
identified with the (y, n) reaction to unbound states
of "Zr since the process y+ "Zr-"Y~„„„„&+P

I I I I I I I I I I I

12 16 20 24 28 32

Ey (MeV)

FIG. 12. The (p, +& ) cross section represented by
data points contains, in addition to the Zr(y, &&) Zro 588

contribution, also contributions of all photoneutron
cross sections involving those residual ~Zr states
which subsequently decay to the first-excited state. For
comparison the (p, &+op) data of Lepretre et aI, . (Ref. 6)
(continuous curve) are also shown.
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FIG. 13. Cross sections for the reactions 9 Zr(y, &P)
88 90 88Y and Zr(p, 2+) Zr. A comparison of present results
for the cross section of the reaction 9 Zr(p, 2n) Zr with
the data of Lepretre et al,. (Ref. 6) and Ber man et al.
(Ref. 1) is given in the lower diagram. The solid line
is drawn arbitrarily through data points of the present
results. The decay scheme shows the decay modes
used for the determination of the cross sections (upper
diagram).

is not likely to give any significant contribution
due to the Coulomb barrier as compared to the
corresponding (y, n) reaction. The results for
the cross sections (Figs. 13)follow from the analy-
sis of the residual activity. The agreement of
the results for the (y, 2n) reaction with earlier
experiments is good (Fig. 13).

It was already observed' that photoexcitations
in ' Zr above 22 MeV are most likely of a domi-
nant T, nature. In a (y, 2n) reaction, T, states
would first decay to "Zr T = —", states followed
by an isospin forbidden emission of a second
neutron. The (y, 2n) erose section would drop
considerably as soon as (y, np) channels become
effectively open, whil. e the cross section for the
latter process would rise rapidly. Since no such
behavior is observed it is concluded that either
the T, resonance is limited to the vicinity of
20.5 MeV and lying on a T, "background" ex-
tending to higher energies, or the T, character
of this region dissolves by spreading into the
T, continuum.

IV. SUMMARY AND CONCLUSIONS

Cross sections integrated over angles for the
most important photonuclear reactions on "Zr
have been measured in the energy region of the
giant dipole resonance (see Fig. 14 for a summary
of results). In addition, data for angular distri-
butions of photoprotons have also been obtained.

In the case of photoprotons, the main contri-
bution to the total cross section apart from
"Zr(y, po)"Y„comes from channels involving
"Y in its 1.74 MeV, —, and possible 1.51 MeV,

state. The rest (about 25%) is mainly due to
bound states with excitations over 5 MeV, the
excitation region 3-5 MeV having a contribution
of only 5% to the total (y, P) integrated cross
section while the share of photoprotons involving
unbound states of "Y is unmeasurably small. The
(y, P", ) cross section (to the first excited state
—,
' at 0.909 MeV and al. l those states of "Y which

subsequently decay to this state) is also small
which implies that l & 4 waves are not significant.
As far as channel configurations of these reactions
are concerned, in addition to the known dominance
of d /, proton waves in the ground state transition
there seems to be a considerable contribution of
g waves connected to the 1.74 MeV —,

' state of
ooY (presumably an f»s hole). For higher ex-
citations an assignment of I, =0 is consistent with
the experimental data.

The photoneutron cross section is dominated
by the (y, n", ) processes which involve the first-
excited state (2, 0.588 MeV) and al. l those states
of "Zr which subsequently decay to it.

At excitations above 22 MeV a remarkable for-
ward-backward asymmetry was observed for
those processes for which angular distributions
were measured. The suggested existence of a
& 2 isovector giant resonance at about 27 MeV
would account for this observation.

The summed photoproton cross section shows
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FIG. 14. Cross sections integrated over angles for
processes studied in the present work (data points) are
displayed with the exception of the total photoneutron
cross section (solid curve in the bottom left corner of
the diagram) for which the results of Leprbtre et al.
(Ref. 6) are shown. The low-energy parts of the ground
state and total photoproton cross sections are taken from
Ref. 3 (solid curves). In the bottom right corner the sum
of the total photoproton, the (y, 2n) cross sections from
the present experiment and (y, n + np) cross section of
Ref. 6, is displayed. It represents to a good accuracy
the total photoabsorption cross section.

a dominant two-peak structure in addtion to the
well known and understood enhancement below
the neutron threshold. The upper of the two peaks
(at 20.5 MeV) is ascribed to the T, giant reso-
nance, particularly since its excitation energy
coincides with the expected one. The depression
of the 16 MeV peak (considered to be the T, reso-
nance with an about 10 times larger predicted
photoabsorption strength) as compared to the one
at 20.5 MeV is due to Coulomb barrier effects. In
the interpretation of present data it is assumed
that the coupling of the T, giant resonance to the
T, states is small, with the consequence that
photoneutron channels contain little T, strength.
The expected ratio" of the T, and T, energy
weighted cross sections o,(T,)/o, (T,) is 0.11
as compared to the experimental. value of 0.070
+ 0.015 obtained if only the 20.5 MeV proton peak
is taken into account for the evaluation of o,(T,).
The remaining T, strength can be attributed to
photoneutron channels.

The reactions (y, nP) and (y, 2n) which represent
mainly the (y, n) reaction to the unbound states
of "Zr show a smooth energy dependence con-
sistent with a T, assignment for E 1 excitations
above 22 MeV.

The present interpretation of the data on photo-
disintegration of "Zr is not unique as far as the
isospin splitting is concerned but certainly is a
plausibl. e one.
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