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Absolute (y,p,) and (y,p,) differential cross sections for Y were measured at seven angles in the energy interval
between 13 and 24.6 MeV, from which the angular distribution coefficients were deduced by fitting a sum of
Legendre polynomials. In these cross sections we observe a number of isolated resonances which can be identified as
the isobaric analogs of known 1/2% and 3/2% excited states in the *Sr parent nucleus. The appearance of a
maximum around 21 MeV excitation energy in both total cross sections may indicate the existence of the 7
coherent dipole state. From the angular distribution coefficients in the (¥,p) channel, an upper and lower limit for
the E2 photon absorption were estimated as being equal to 22% and 6%, respectively, of the total E2 energy-

weighted sum rule.

measured o(E;0) absolutely. Deduced o(E;p,), o(E;py); EL, E2 strengths,

l:NUCLEAR REACTIONS ®Y(y,p,), (v,p;), E=13.0-24.6 MeV, 9=37_143°;]

isobaric analog states, isospin splitting, Natural target.

I. INTRODUCTION

The features of the giant dipole resonance (GDR)
in Y have been reasonably well investigated ex-
perimentally,! although direct measurements in
the photoproton channel are scarce. Since this
nucleus has a closed N=50 neutron shell structure
and one proton in the 2 py,, subshell,® the char-
acteristics of the GDR and of the isobaric analog
states could be calculated theoretically within the
framework of the particle-hole model.>* Be-
cause the isospin of the ground state of 5°Y equals
. both T =% and T,=% dipole states can be ex-
cited by photon absorption. Since the low-lying
T, states in %°Y are the analogs of the low-lying
excited states in the ®°Sr parent nucleus, they are
well separated in energy but they are found in the
continuum due to the high Coulomb displacement
energy which has been experimentally determined®
to be 10.63 MeV. The ground state of 83r con-
tains one neutron outside the closed 1gy,; shell
so that some of the excited states contain an im-
portant single neutron component6 and as a con-
sequence their analogs have one proton compon-
ents; as such they can act as doorway states in
the photon absorption channel. Due to isospin
conservation the neutron emission from these
states is strongly inhibited while the decay
through the proton channel is not; consequently
the lifetime of these states is increased so that
they can be observed as narrow resonances super-
imposed on the much broader giant dipole res-
onance, especially in the (y, p) channel.

Although the low-lying isobaric analog states
(IAS) were studied in detail in (p, p’) reactions,’

some of the higher-lying 3" and 3* IAS have been
observed in (p, y) and (e, e’p) photonuclear ex-
periments.®?? Besides these single-particle
resonances, an indication of the existence of the
theoretically predicted coherent T'y dipole vibra-
tional state was found in the (e, e’p) experiment of
Shoda et al.,' while this isospin splitting was
also suggested by the (v, y’) measurement of
Arenhdvel and Maison!; the observed T's strength
seems to be in agreement with the theoretical
estimation of Fallieros and Goulard. '?

Information about multipole states other than
the well-known giant dipole state in ®’Y has been
derived from inelastic electron scattering data'®
and from hadron scattering. '*'® Although no
multipole resonances other than E1 can be ob-
served directly in the cross sections of the reac-
tions induced by real photons (monopole transi-
tions evidently cannot occur) due to the low angu-
lar momentum transfer, indications of the quadru-
pole absorption can be derived from the detailed
analysis of the angular distributions of the emitted
particles wherein the interference of states with
different multipolarity is reflected.

Since direct investigations of the Y nucleus by
the (y,p) reaction have very seldom been per-
formed,‘s'” it was the aim of the present study to
determine the absolute photoproton cross sections
and angular distributions, especially for the
ground state and for the first-excited state chan-
nel. Some of the structure observed in the cross
section will be related to known IAS while an at-
tempt to estimate the quadrupole contribution to
the (y,py) channel will be made using the measured
angular distributions.
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II. EXPERIMENTAL PROCEDURE AND DATA
ANALYSIS

A natural ¥Y foil with a thickness of 13.3 mg/cm?
was irradiated with a beam of bremsstrahlung
photons produced at the 70 MeV linear electron
accelerator of the Ghent State University. The 8y
target was centered in a vacuum reaction chamber
in which seven uncooled 3 mm thick Si(Li) detec-
tors were placed circumferentially at different
angles between 37° and 143°, After shaping and
amplification, the signals from the various detec-
tors were multiplexed into a 512-channel analog-
to-digital converter (ADC) and subsequently routed
into the memory of a DEC PDP 11/10 computer.
The further details of the experimental setup are
described extensively in a previous paper.‘8

The individual photoproton spectra measured at
various bremsstrahlung end point energies were
corrected for energy loss in the ®°Y target itself
as well as for counting losses due to the dead time

of the ADC (which amounted to a maximum of about

5%). In order to minimize this energy loss in the
yttrium foil (which is a function of the detection
angle) runs were performed at each bremsstrah-
lung end point energy wherein the target was placed
at +30°and -30°, respectively, with respect to the
incident photon beam and only those photoproton
spectra, registered in the 5 most-favorably posi-
tioned detectors, were accepted for further analy-
sis, Consequently the effective energy resolution,
mainly determined by this energy loss, equals
about 450 keV for 10 MeV protons. The energy-
scale calibration of the detectors was performed
with a mixed o source (***Pu, **!Am, and **/Cm).
As a check of this procedure, we also measured
the structure in the '%O(y,p)'*N cross section;
however, our results showed a discrepancy with
the energy values of the resonances known from
the literature.! In order to make our data consis-
tent with the adopted '°O(y,p) peak energies we had
to shift the energy scale of our detectors upwards
by 115 keV. This same effect whose origin could
not be understood has already been observed by
Frederick et al.'’ :

As shown in Fig. 1 the first and second excited
states in the residual nucleus ®Sr are located
1.84 and 2.73 MeV, respectively, above the
ground state; as a consequence the (7, py) and
(v, p1) cross sections could be determined by
measuring photoproton spectra at various brems-
strahlung endpoint energies going up in 1 MeV
steps, from 13 up to 25 MeV. Since the upper-
most 1.8 MeV interval of each proton spectrum
only contains ground state photoprotons, it is
essential to know exactly the bremsstrahlung
spectrum shape in this energy range in order to
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also the low-lying levels in the residual nucleus %Sr are
shown,

convert this ground state proton spectrum cor-
rectly into a ground state cross section. This
bremsstrahlung photon spectrum was determined
by studying the *°C(y, p)!!B reaction and using the
experimentally well-known cross section for this
process? which was derived by the method of
detailed balance from the !'B(p, )!*C reaction
data, i.e., without the use of a bremsstrahlung
photon spectrum, The result for an incident elec-
tron energy of 23.5 MeV is shown in Fig, 2,
where the points represent the experimentally de-
termined number of photons per unit energy,
while the dashed curves show the photon spectra,
slightly differing in end point energy, calculated

. with the use of the Schiff integrated-over-angles

formula?! and normalized using our copy of the
NBS-P2/4 ionization chamber. From this figure
it is clear that the experimental photon spectral
shape does not correspond accurately to the
Schiff bremsstrahlung spectrum with an end point
taken at the kinetic energy of the incident elec-
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FIG. 2. Absolute number of bremsstrahlung photons
per unit energy: the experimental points are derived
from a 12C(y, p)“B photoproton measurement, at an elec-
tron energy of 23.5 MeV, using the cross section for the
inverse reaction; the lines show theoretically calcu-
lated bremsstrahlung shapes, at various end point ener-
gies, using the Schiff formula (Ref. 21).

trons. Evidently, this effect is due to the en-
ergy loss of the electrons in the 182 mg/cm® thick
Au-bremsstrahlung converter target. However,
if the kinematic end point is shifted downwards by
100 keV in the theoretical spectrum, then both
the magnitude and the shape of the Schiff photon
spectrum agree very well with the experimental
points derived from the *C(y, p) experiment.
Since, on the other hand, for every experimental
89Y(y, p) run performed at a certain end point
energy, the true electron energy may deviate
slightly (within+0.3%, determined by the energy-
defining slits) from the preset one due to varying
linac operating conditions, it became necessary
to determine this energy shift of the Schiff photon
spectrum experimentally at each incident elec-
tron energy. Now, as the end point energy value
of our measurements was stepped in 1 MeV in-
crements and as the corresponding pure ground
state part of the photoproton spectrum for each
run is 1.8 MeV wide, this energy shift can be de-
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FIG. 3. The absolute differential cross sections for
the Y (y, p,) reaction.

termined by requiring that the deduced (v, p,)
cross sections must be the same in the overlap-
ping 0.8 MeV wide energy regions.

Using this procedure the absolute differential
(v, py) cross sections, shown in Fig. 3, were ob-
tained for the 7 angles 6 in the energy interval
ranging from 13 to 25 MeV. After subtraction of
the (v, py) spectra from the originally measured
(v, p) spectra, it was also possible to determine
the differential (y, p;) cross sections, since the
energy difference between the first and second
excited state in %Sr is about 0.9 MeV; these cross
sections are plotted in Fig. 4. To these differ-
ential cross sections a sum of Legendre poly-
nomials was fitted in the usual way:

d 7 k
E?z(e’ E)=Ay(E) [1 + ; a,(E)P,(cose)],

where q,(E)=A,(E)/A)(E). For the (v, py) cross
sections this fitting was performed to fourth or-
der in the Legendre polynomials, i.e, k=4,
while for the (y, p;) data k=2, due to the much
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FIG. 4. The absolute differential cross sections for
the ¥Y(y, py) reaction.

’

poorer statistics involved, caused by the subtrac-
tion technique.

III. RESULTS AND DISCUSSION
A. The 89Y(y,p,) cross section

The total integrated-over-angles ground state
cross section, equal to 414y(E), is presented in
Fig. 5 together with the results of Paul et al. 8
obtained by detailed balance from his (p, 7,) data;
the (¥, py) cross section resulting from the (e, e'p)
experiment of Shoda et al. ® is shown in the bot-
tom half of the figure. Only the statistical er-
rors on our experimental points are plotted,
while the systematic uncertainty is estimated to
be of the order of 5%, mainly due to the inac-
curate knowledge of the photon spectrum shape.
The overall cross section curve peaks at 16.8
MeV, i.e., the energy at which the T, dipole res-
onance is found in the (v, n) experimentszz'23 In
the energy region between 15.5 and 17.5 MeV

- our absolute cross section has the mean value
of 0.376 +0.003 fm? which is slightly larger than
the value obtained by Paul et al.® (0.334 fm?) or
Shoda et al.? (0.323 +0.007 fm?).

As illustrated in Fig. 5 the (7, py) cross sec-
tion shows an appreciable amount of detailed
structure at energies of 14.0, 15.8, 16.8 and 17.4
MeV, which can be identified as being due to
known 3* and 3* isobaric analog states® in %Y in
agreement with previous experimental results.?®
Only a fraction of the single-particle dipole
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FIG. 5. The points with error bars in the upper half
of the figure show our experimentally determined total
89Y(‘y,po) cross section, while the full line represents
the results deduced from the 8sr(p,v,) data of Paul
et al. (Ref, 8); the bottom half of the figure shows the
(v, py) cross section resulting from the (e, e’p) experi-
ment of Shoda et al. (Ref. 9).

strength is found in these resonances due to their
rather small single-particle ground state spectro-
scopic factors.® Such small strength may never-
theless be observed experimentally if it is con-
centrated in a sufficiently narrow resonance. The
fact now that the IAS appear as such narrow peaks
is due to the approximate conservation of isospin,
In what follows we will briefly explain the underly-
ing arguments. Forheavyand medium-heavy nuclei
such as ¥Y, the decay of the T giant dipole res-
onance mainly proceeds through thermalization
followed by the statistical emission of low energy
neutrons with low angular momentum. This ther-
malization starts through coupling of the simple
coherent one-particle—one-hole dipole state with
the dense 2p-2h states via the two-body residual
nuclear interaction. Successive interactions lead
to more and more T, complicated states which
have a high density in the energy region of the
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GDR. This mechanism goes on until a state is
formed that contains a neutron of sufficiently low
angular momentum so that it can escape from the
nucleus, giving rise to a typical evaporation spec-
trum. On the other hand, coupling of the well-
separated 7', isobaric analog states with the 7'
complicated states is only possible via the weak
isospin-symmetry breaking electromagnetic in-
teraction and as such, the statistical decay of
these IAS by neutron emission is strongly inhib-
ited; consequently, the lifetime of the states is
increased leading to the appearance of narrow
resonances. The nindrance of neutron emission
favors the decay via proton emission through di-
rect coupling of the IAS with the T, continuum,

in one of those proton channels that correspond
to the proton-hole ground state and low-lying
proton-hole excited states in 883y, Nevertheless,
although this direct proton decay is favored, in-
dications of the isospin—forbidden statistical de-
cay of the IAS have been observed in the (y, )
cross section.?

Apart from the pronounced structure around
18.8 MeV, Paul ef ql.% and Shoda et al.® observed
two additional resonances at about 20 and 22 MeV,
respectively; these latter two peaks correspond
to only one broad bump in our cross section. For
the sake of completeness we should add here that
Weller ef al.?* in their recent (p,y) measurements
did not observe these two maxima either, while, h
in general, there exists a good agreement with
our results. However, regardless the details of
this minor structure, it can be interpreted as
originating from the expected T, coherent dipole
state!? in ¥Y, placed around 21.2 MeV. 810,11
The decay of this coherent 7', state is different
from that of the IAS discussed above as the coup-
ling of this coherent 1p-1h 7'y state to more comp-
licated T', is now possible due to the fact that the
density of these latter states may be high in the
relevant energy region, while the isolated T', IAS
are only embedded in a region of high 7' state
density. Thus the decay of the simple T’y door-
way can now proceed by thermalization, without
the weak isospin-nonconserving interactions.
Consequently, the existence of the coherent T,
state may appear as a broad resonance in the
cross section since the decay mechanism is es-
sentially the same as for the T dipole state.

This means that statistical emission of photo-
protons will be possible (statistical neutron de-
cay caused by isospin mixing in the thermaliza-
tion process is inhibited), although only the more
energetic particles can be emitted due to the high
Coulomb barrier. From this argument we can
understand that little 7'y coherent dipole strength
will be observed in the direct (v, py) and (v, py)
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FIG. 6. The angular distribution coefficients ¢;(E), [

=1,...,4, as a function of excitation energy for the
8y ¢y, by) reaction.

channels and no definite conclusions about the
isospin splitting can be drawn. Information about
the total T’y strength should be derived from the
knowledge of the total (v, p) cross section and of
the T part contained in the (y,n) cross section.
Experimental estimates of this strength have al-
ready been obtained from the (y,y’) measurements
by Arenhdvel ef ql.'' and from the (e, e’p) data

of Shoda et al.'" which seem to be in agreement
with the theoretical predictions of Fallieros. t2

The energy-dependent angular distribution co-
efficients a,(E) (I=1,...,4) for the ®Y(y, p)
reaction are shown in Fig. 6; they are functions
of the electromagnetic multipole transition ma-
trix elements and as such they contain the dy-
namics of the reaction. The asymmetry para-
meter q,(E) is clearly positive and increases
gradually from about 0.2 at 13 MeV to about 0.7
at 25 MeV; there is a slight indication of the
presence of structure. Its nonzero value in-
dicates that interference exists between states
of different multipolarity. The other asymmetry
coefficient as(E) is nearly zero in the entire en-
ergy range. The anisotropy parameter a,(E)
always remains negative and has a mean value
of about —0.35; again there exists a tendancy to
show structure. Finally, the quadrupole inter-
action parameter q,(E) seems to be positive,
especially above 20 MeV, where it reaches a
value of 0.5.

If we limit ourselves to only E1 and E2 photon
absorption (which seems justified as the M1
resonance is expected to be located around 9
MeV), the relation between the angular distribu-
tion coetficients and the transition matrix ele-



ments can explicitly be written as follows®

1=s*+2d2+2p + 377,

ay=3.46spcos(p,~ ¢,) + 6.24df cos(¢, — ¢5)
+0.69dp cos(p,— ¢,) ,

ay=—d"+p*+1.12f* - 2sd cos(p,— ¢,)
+pfeos(¢,~ ¢,

ay==2.71df cos(¢,— ¢,) — 3.46sf cos(p,— ¢,)
-4.16dp cos(¢p,— ¢,) ,

ay=-1.72f* - 6.86pf cos(¢, ~ ¢,) .

This constitutes a set of five quadratic equations
with seven unknowns and wherein the Ay(E) co-
efficient has been normalized to unity. The
symbols s, d, p, f, ¢y ¢4 ¢, and ¢, stand for
the four moduli and corresponding phases of the
various transition matrix elements which connect
the %~ ground state in %Y with the 3*, $* (s- and
d-wave) dipole channels and the 3°, 2 (p- and
f-wave) quadrupole channels, respectively. Since
this set cannot be solved unambiguously, we have
tried to determine the minimum value of the E2
contribution to the absorption mechanism by min-
imizing the E2 part of the cross section in the
first equation, which is equal to 25° + 3f?, taking
into account the fifth equation as a binding condi-
tion between p and f. It turns out that this min-
imum E2 cross section is then proportional to the
as(E) coefficient which, as a matter of fact, only
contains E2 matrix elements. The following re-
sult is obtained:

[UEZ(Y7 pO) }m1n= ")\d4(E) . 0(77 pO)

with A=-0.88 when ¢, >0, and A=0.58 when a4
<0. Since a fitting to fourth order in the Legen-
dre polynomial expansion is not always justified,
depending on the statistical accuracy of the meas-
ured angular distributions, the deduced minimum
E2 contribution has to be interpreted carefully;
i.e., its meaning depends on the significance of
the ay(E) coefficient. Ourresult is depicted in
Fig. 7.; it shows that the E2 part relative to the
total (v, p,) cross section steadily rises from
about 6% at 14 MeV to about 40% at 23 MeV.

In order to extract more information from the
measuredangular distribution coefficients we tenta-
tively assume that the a4(E) together with the a,(E)

parameter equal zero over the entire energy range.

The last assumption may eventually only be justi-
fied in the energy region below 20 MeV and it leads
to a vanishing f-matrix element. Substituting this
result into q3(E) yields the condition that ¢, - ¢,
=(w/2) +nr. Consequently we are now left with
three equations with four unknowns s, d, p, and
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FIG. 7. Upper (open circles) and lower (dotted points)
limits of the E2 contribution to the Y (y,p,) photoab-
sorption.

¢4 which can be solved as a function of the un-
known phase ¢,. If we now select that phase for
which the p-matrix element reaches its maximum
value, it is possible to deduce at every energy

an upper limit for the E2 absorption. This max-
imum is also shown in Fig. 7 by the open dots

(no statistical uncertainties are indicated); it
fluctuates between about 30% and 50% of the total
(v, py) cross section. From this figure it is also
obvious that our estimates of the minimum and
maximum E2 contributions seem to converge
towards the same value of 35-40% at 23 MeV.
Integrated between 13 MeV and 23 MeV these upper
and lower limits correspond to 22% and 6%, re-
spectively, of the summed (AT =0+ AT =1) E2 en-
ergy weighted sum rule which for #Y has the value of
1.7x107 fm* MeV™!. It is well known that the

AT =0 and AT =1 giant quadrupole resonances
are expected to be located at the energies of 14
and 28 MeV, respectively.'®'4 This means that
the quadrupole photon absorption suggested by
our measurements must be mainly due to a direct
nonresonant process in most of the energy inter-
val under study.

B. The 89Y(y,p 1) cross section

The total (7, p1) cross section, derived using
the procedure described before, is shown in
Fig. 8, together with its ¢;(E) and a,(E) angular
distribution coefficients. The absolute magni-
tude of the cross section is comparable to that
of the (7, py) reaction and originates from a direct
emission [compare with the (¥, p)) process] of
protons from the dipole state to the simple first
excited 2* proton-hole state at 1.836 MeV in®sr.
Although the statistical accuracy of the data is
limited, structure is indicated at 17.4, 18.7-19.3,
20.2, 21.4, and (22.3) MeV. Most of these res-
onances tend to coincide with peaks identified in
the (y,p,) cross section. Although the other
known.IAS cannot be observed in our (y, p;) re-
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FIG. 8. The upper half of the figure shows the total
By (y, py) cross section, while in the lower half the angu-
lar distribution coefficients a;(E) and ay(E) are repre-
sented.

sults, the $* isobaric analog resonance at 17.4
MeV seems to be present in both cross sections.
If this is the case this would mean that the cor-
responding 3* state, located at 5.36 MeV in the
8Sr parent nucleus, at least consists of a mix-
ture of three configurations: a first one wherein
a single 3s;,, neutron is-coupled to the ground
state of 38Sr, a second and a third configuration
in which a 2d;,, and a 2d,,, single neutron is coup-
led to the first 2* excited state in ®¥Sr. This con-
clusion is in agreement with the particle-core
model® for. the low-lying states in %*Sr and with
the results from the study of the proton decay of
the low-lying IAS in %Y induced by elastic and in-
elastic proton scattering.?"?® Since from our
data it is difficult to deduce the strength of this
isobaric resonance in both the ground state and
the first excited state (y, p) channel it is not pos-
sible to derive more specific spectroscopic in-
formation on the related parent state in %Sr.

The bump near 21 MeV may again be an in-

dication of the existence of the coherent T’y dipole
state located around this same energy. How-
ever, it is obvious that the (7, p;) cross section
is appreciably larger in this energy region than
the (v, py) cross section. The ;(E) angular dis-
tribution coefficient (see bottom half of Fig. 8)

is definitely positive and again illustrates the
interference between states of opposite parity;
around 21 MeV a maximum is observed. The
anisotropy coefficient a,(E) is nearly always
negative and displays some structure. Even if
one makes the assumption that only E1 and E2
photon absorption takes place, a detailed anal-
ysis of these coefficients is impossible as the re-
lations between the angular distribution coef-
ficients and the multipole matrix elements for
this proton channel are too complicated to allow
unambiguous conclusions.

IV. CONCLUSION

The photoproton cross sections and angular
distributions were measured in the energy inter-
val between 13 and 24.6 MeV for both the ground
state and first excited state channels using a
bremsstrahlung photon beam. The discussion
of the (y, py) process leads to the conclusion that
the observed cross section mainly originates
from direct proton emission from the dipole
state; it shows a number of narrow isolated res-
onances in the lower energy region which can be
interpreted as single particle isobaric analogs
of the £* and $* excited states in the 895y parent
nucleus. On the other hand, due to poor statist-
ics, these IAS appear much less pronounced in
the (v, p;) channel; the cross section for this lat-
ter process has the same origin (i.e., from
direct proton emission) as in the (y, p,) reaction
while its magnitude is about the same. In the
neighborhood of 21 MeV excitation energy an
indication of the existence of the T', coherent
dipole state is found in both the (7, py) and the
(v, p1) cross sections. However, in order to
draw more definite conclusions about this pre-
dicted isospin splitting of the giant dipole res-
onance, the total (y, p) cross section should
be determined. This is the aim of a currently
performed further analysis of our measured pho-
toproton spectra. From the determination of the
angular distribution coefficients of the ground
state photoprotons an estimate was made of the
upper and lower limits of the electric quadrupole
photon absorption. These amount to 22% and 6%,
respectively, of the summed isoscalar and iso-
vector E2 energy weighted sum rule. It is hoped
that the present results of the *Y(y, p) cross sec-
tions and angular distributions will stimulate fur-
ther theoretical calculations, especially within



the framework of the direct-semidirect reaction
model, allowing an accurate interpretation of the
experimental data.
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