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Experimental determination of the proton escape width
in the giant dipole resonance of Y
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The Y(y,p) Sr reaction was studied at various bremsstrahlung end point energies in

the giant dipole resonance region. Using an artificially constructed pseudomonoenergetic
photon spectrum, it was possible to determine the absolute cross sections for various pho-
toproton reaction channels. From the direct decay cross sections the proton escape width

I ~ of the T& giant dipole resonance was derived; its value amounts to 0.30—0.35 MeV.
The nondirect contribution equals about 25/o of the total energy-integrated photoproton
cross section.

NUCLEAR REACTIONS Y(y,p), E = 14—24 MeV; measured

0(E) absolutely. Deduced I ~. Natural target. J

I. INTRODUCTION

The decay of the electric giant dipole resonance
(GDR) was originally assumed to be of a statistical
nature. However, it was shown by Lane and
Lynn' that this statistical mechanism accounts for
a cross section in the (y,pz~ and (y, no) channels
which is several orders of magnitude lower than
the observed one, at least for medium and heavy
nuclei. In order to obtain a better agreement be-
tween theory and experiment, these same authors
assumed a direct knockout photonuclear process to
be important. The fact now that this direct part
alone was not sufficient led Brown and Clement
et al. to the conclusion that a semidirect two-step
mechanism should essentially contribute to the
(y,po) and (y, no) reactions; in this mechanism the
nucleus decays by direct nucleon emission from the
intermediate collective dipole state. Subsequently
this so-called direct-semidirect (DSD) reaction
model was successfully applied for the description

of the magnitude of the ground state photonuclear
cross sections .

However, the photonuclear disintegration of the
nucleus in the GDR region is not due to this DSD
mechanism alone. Therefore it is important to
gain some knowledge about the decay properties of
the GDR as it may lead to a -better understanding
of the coupling of this simple collective mode to

other degrees of freedom of the excited nucleus. At
present, very few experimental data on the decay
widths of the GDR are available. It was the aim
of the present experiment to determine the cross
sections of various fragmentation modes in the

Y(y,p) channel; this nucleus has a simple struc-
ture and the general features of its GDR are well

known .

II. PHOTONUCLEAR REACTION MECHANISM

In the region of the electric dipole resonance, the
photonuclear reaction process proceeds through
two fundamental mechanisms. The most simple
one is the direct knockout of a nucleon by a pho-
ton; such a process does not yield information
about the existence of high-lying collective states in
the target nucleus. The cross section for this pro-
cess then shows a nonresonant behavior since it
does not proceed via the excitation of such an in-

termediate state. In the second mechanism a sim-

ple collective 1p-1h doorway state is built up by
the absorption of a photon, which is possible due
to the one-body nature of the electromagnetic in-
teraction operator. In the case of dipole photon
absorption the intermediate state is the well-known
Goldhaber-Teller vibration

~

D) which generates a
giant resonance in the photon absorption channel
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at E 78 A ' MeV. This resonance has a width
of several MeV and consequently the lifetime of the
intermediate dipole state is of the order of 10 s.
The damping of this state is due to friction caused

by the mutual interaction between nucleons so that
particles can be emitted into the continuum. The
decay mechanism of this collective doorway state
can be divided into three parts corresponding to
the number of times the residual interaction has to
be applied in the time evolution of the nuclear sys-
tem before a particle can escape to the continuum.
These are the direct, the prestatistical, and the sta-
tistical decay mechanisms. Once the collective
motion is set up it can directly decay to the contin-
uum, consisting of a free nucleon and a hole state
in the residual nucleus, due to the two-body residu-
al interaction acting in the final state channel. The
probability for this mechanism gives rise to the es-

cape width I' of the dipole state. On the other
hand, the coherent 1p-1h vibrational state can also
couple to the more complicated 2p-2h states
through this residual force (internal decay). Suc-
cessive interaction couples these 2p-2h states to
more and more complicated np-nh states, leading
to the dissipation of the GDR energy over all de-

grees of freedom. Consequently in the internal de-

cay the initial coherent motion passes into an in-

coherent motion of many nucleons of which the
lifetime is much longer. The thermalization goes
on until a nucleon with sufficiently low angular
momentum can escape from the nucleus in a sta-
tistical way. However, at each stage of this ther-
malization process nucleons may also escape from
the nucleus giving rise to prestatistical decay of the
giant resonance. The probability for this internal

decay mechanism leads to the spreading width I';
it evidently is a function of the density of 2p-2h
states in the first stage of the decay. The forma-
tion and decay of the GDR is schematically shown
in Fig. 1.
The contribution of the various reaction mechan-

isms to the total photoabsorption cross section
changes from nucleus to nucleus. However, it is
well known that the direct knockout photonuclear
process is responsible for only a fraction of the
cross section, while the main part originates from
the excitation of the dipole vibration. On the other
hand, the contribution of each decay mechanism to
the total damping width of this dipole state strong-
ly depends on the mass number of the nucleus in-
volved. For medium and heavy nuclei, the damp-

ing of the GDR mainly proceeds through spread-
ing of the dipole strength and further dissipation
of the energy followed by evaporation of neu-
trons. 6 This is due to the fact that the density of
2p-2h and. of more complicated states is high in
the GDR region of such nuclei while, on the other
hand, the high Coulomb and momentum barriers
prevent the direct escape of nucleons. For light
nuclei the escape width I' is the most important
quantity, as was indicated by 1p-1h continuum cal-
culations of the GDR, ' without absorptive part
in the potential. Using this formalism dipole
widths equal to about 3, 1, and 0.7 MeV were
found for ' C, Ca, and Pb, respectively. Not-
withstanding the above arguments both spreading
and escape contribute to the decay of the giant res-
onance.

Strictly speaking, the experimental separation of
the direct decay from the statistical and prestatisti-
cal decay is not possible; however, if the emission
of nucleons from the dipole state to the different
states in the residual nucleus can be identified, it is
feasible to estimate the various partial spreading I'
and escape I ' widths. The determination of the
cross sections for these photonuclear processes in
which the residual nucleus is left in a hole state
leads to the partial nucleon escape widths, while
the cross sections for the channels where the resi-
dual nucleus remains in more complicated states
originate from processes with a statistical or pres-
tatistical nature and thus give rise to the spreading
width.

As for most nuclei the giant resonance is built

up by more than one dipole state, slightly differing
in energy, the resonance width is further increased
by an amount At which does not depend on the
spreading or on the nucleon escape of the dipole
states involved. Thus the observed width I can in
general be written as

direct emission of
nucleons

spreading of the dipole
strength over 2p-2h states

g. s.

A
Z N

FIG. 1. Schematic representation of the fundamental
decay modes of the giant dipole resonance.

The medium-heavy spherical nucleus Y, which
is reported on in the present paper, has a ground
state configuration with a closed X =50 neutron
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shell structure and one proton in the 2pi~2 sub-

shell. "A shell model calculation by Vergados and
Kuo' shows that the T& giant resonance of Y
essentially consists of one dipole state, so that the
additional component AI vanishes. On the other
hand, in the Y(y,p) reaction, the residual nucleus

Sr also has a closed N =50 shell so that the low-

lying excited states in this nucleus consist of pro-
ton configurations; most of these are proton-hole
states"' ' and as such, this will make the deter-
mination of the direct proton escape from the di-

pole state possible.
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III. EXPERIMENTAL PROCEDURE
AND DATA ANALYSIS

For the study of the (y,p) reaction, a natural 9Y

foil with a thickness of 13.3 mg/cm was irradiated
with a bremsstrahlung photon beam; photoprotons
were detected at seven difFerent angles 0 by means
of uncooled Si (Li) detectors. The experimental
setup was described in detail in a previous paper. "
Photoproton spectra were measured at several
bremsstrahlung end point energies between 14 and
25 MeV, going up in 1 MeV steps. The proton en-

ergy calibration procedure and the correction for
energy loss were also discussed in a former article,
together with an evaluation of the suitability of the
use of the Schiff bremsstrahlung spectrum near the
end point energy. An example of a typical pho-
toproton spectrum (without background subtrac-
tion), for 0=90' and at an end point energy of 23
MeV, is shown in Fig. 2; the dashed line represents
an extrapolation of the background spectrum.

Since the energy difference between the ground
state and the first excited state in the residual nu-
cleus Sr equals 1.84 MeV, only the uppermost 1.8
MeV wide interval in each proton spectrum con-
tains pure ground state protons. As on the other
hand the second excited state is located about 0.9
MeV above the first one, we were able to extract
both the (y,po) and the (y,p& ) cross sections .

However, in order to use all the information con-
tained in the measured proton spectra, a nearly
monoenergetic photon spectrum was constructed
artificially by taking an algebraic sum of suitably
normalized bremsstrahlung spectra, with consecu-
tive end point energies, in the following way:

/sr(E&, T, )=$(E&,T, ) af(E&, T, —1 MeV—)

+bg(Er, T, —2 MeV) .
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FIG. 2. A 90' photoproton spectrum taken at a
bremsstrahlung end point energy of 23 MeV. The hor-
izontal scale represents the excitation energy for ground
state proton decay and is defined in the text. The
dashed line shows an extrapolation of the exponentially
decreasing background.

The function P(Er, T, ) is the Schiff bremsstrahlung
spectrum with end point energy T„ the parameters
a and b are both positive and are chosen in such a
way that the function PM(Er, T, ) represents to a
good approximation a monochromatic spectrum.
An example is shown in Fig. 3: its maximum is
located at T, —1 MeV and the FWHM of this pho-
ton spectrum nearly equals 0.9 MeV. If one now
takes the algebraic sum of the corresponding
photoproton spectra, normalized in the same way, a
differential proton spectrum is then obtained that
corresponds to the above generated monoenergetic
photon flux. Consequently, a total integrated-
over-angles proton spectrum can be produced by
fitting a sum of Legendre polynomials to these dif-
ferential proton spectra in the usual way:

dX
(E,H) = gA;(E)P;(cos8) .

de 0

It is clear that the magnitude of such a proton
spectrum can easily be converted to an absolute
cross section scale. In Fig. 4, two examples of
integrated-over-angles photoproton spectra are de-



2502 E. VAN CAMP et al.

IK

IL
I

IQ 3

o 2
I
O
Z
IL 1
IL
O
IL

Cl
III 6
E

-1

FW

I I I I I I I I I I I I

13 14 15 16 11 18 19 20 21 22 23 24 25
PHOTON ENERGY IIIIleV)

1.0

0.9—
l

'
l

'
I

'
I

'
I

0.8—

07—
Te -18MeV

0.5—

0.4—

j 0.3—
E~ 0.2—

O 0.1—

6

13

IX3
04

X
g 03—

0.2—

t t I ~

r

I I I ( I I I I I

8 10 14 16

Te =23 MeV

I I I I

II

18

FIG. 3. An example of the pseudomonoenergetic
photon spectrum ItIM(E„, T, ) for T, =24.7 MeV, with

parameter values a =1.37 and b=—0.329.

picted for T, equal to 18 and 23 MeV, respectively.
The energy scale at the bottom of each spectrum
represents the excitation energy in Y as defined

by

E Tp+Sp,

where T~ is the proton kinetic energy and S&

denotes the ground state separation energy (=7.07
MeV). However, it should be pointed out here that
all protons originate from an excitation energy in-

terval (0.9 MeV wide) centered around 17 and 22
MeV, respectively. The bottom part of the figure
shows the excitation energy scale in the residual
nucleus Sr for which the proton-hole states are
indicated. It is important to know to what extent
such photoproton spectra, corresponding to a
specific excitation energy region, contain all pro-
tons that are emitted by the Y nucleus. Now,
since the penetrability of 4 MeV protons is at Inost
6%, as calculated by Mani et al. ' using an optical
model potential, almost no protons with a lower
energy can escape from Y. As is indicated by
Fig, 2, the background contribution to the original
proton spectra, which has a nearly exponentially
decreasing and structureless behavior, dominates at
the low energy end. From Tz 4 MeV upwards
this background becomes less important so that
one can expect to observe real protons from an ex-
citation energy (as defined by the above expression)
equal to 11 MeV onwards; as a consequence this
means that the artificial proton spectra (Fig. 4)
should only show protoprotons from this excitation
energy on and, as this is the case, it indicates that
to a good approximation these spectra contain the
total number of protons originating from the
pseudomonoenergetic photon peak.
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3 $2 2' 0
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F&G. 4. Normalized Y photoproton energy distribu-
tions corresponding to a monoenergetic photon spectrum
for T, =18 MeV (upper spectrum) and T, =23 MeV
(lower spectrum); the energy scale for both spectra
represents excitation energy for ground state proton de-

cay and is defined in the text. The bottom part of the
figure shows the level scheme of the residual nucleus
"Sr where only the proton-hole states are indicated.

As has been mentioned before, the nature of the
residual nuclear state determines to a large extent
the decay mechanism by which this state can be
reached. Below 4 MeV, the excited levels in Sr
are expected mainly to consist of proton configura-
tions since the energy separation between the
closed 1V =50 neutron shell and the next unfilled

2d5&2 single particle level has about this value.
The excited states of Sr have been well studied,
both experimentally' and theoretically. By
means of the Y(d, He) Sr pickup reaction only
five proton-hole states have been identified, all lo-
cated below 4 MeV. These are listed in Table I,
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together with their single particle configurations.

The low-lying levels in Sr are depicted in Fig.
5 in which the proton-hole states are shown
separately. The lowest two 2+ states, located at
1.836 and 3.218 MeV consist of the indicated con-
figurations for 80% and 60%, respectively (Table
I). The first one also has a collective behavior as
indicated by the enhanced transition strengths mea-
sured in (a,a'), (p,p'), and (e,e'} experiments. '

The 3 level at 2.734 MeV has a collective charac-
ter and is not excited in the (d, He} reaction. The
positive parity states below 4 MeV, not excited by
proton pickup, may have a complicated proton-
configuration relative to the 1p-1h character of the

Y GDR. Above 4 MeV a large number of states
are excited by the Sr(d,p) Sr and Sr(t,p)' Sr
neutron stripping reactions, ' ' which means that
these states have 1p-1h and 2p-2h neutron confi-
gurations; they are complicated states with respect
to the proton decay of the dipole state of Y.

As explained earlier, direct decay of the GDR
leads to hole states in the residual nucleus. How-
ever, in the ground state channel, about 10% of
the observed cross section is expected to originate
from a direct knockout process ' while, on the
other hand, at the lower energy edge of the GDR
in this channel a statistical contribution may be
important ' due to the fact that, in this energy
region, very few decay channels are open. Al-
though we can expect these same mechanisms to
contribute to the cross section for all residual states
with a large hole component, it is assumed that the
statistical and the direct knockout processes are
negligible in the proton-hole channels. Regardless
of the fact that this causes the result to be in-
correct by about 10', this assumption enables us
to determine the proton escape width I"z of the Y
GDR.

As is evident from Fig. 4, proton channels can
be separated which correspond to the 0+ ground

I

MANY
LEVELS

89Y (d sHp}ssS

( j—
(1,2).-

2'-
0'

3.634
3.504:3.523
3.486
3.218
3.1S1

(3 3—
CL
LLI

].U 3 2.734

O
P

X~2—
2'

— 1.836

0'
0.0

88gr

FIG. 5. Level scheme of the low-lying levels in Sr;
the proton-hole states identified in the ' Y (d, 'He) "Sr
reaction are indicated on the right.

TABLE I. Configuration of the proton-hole states in ' Sr; for the notation reference is
made to the closed 0+ shell model configuration of Zr.

Energy
yeeV)

Spin
J7T

Configuration

0.0
1.836

3.218

3.486

3.634

0+
2+

2+

l+
3+

v'0. 7(2p f/p ) +&0.2(2p3/p ) +V(). 1(1fs/z )

a [(2p3/p) '(2p)n) '] ++b[(1fsn) '(2p, n) '],+
c[(2ps/g) '(2pi/p) '],++d[(1fs/p) '(2p)/, ) '],+
[(2ps/2) '(2pl/2) '],+
[( if sn) '(2p in) '1,+
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state of Sr, to the first excited 2+ state located at
1.836 MeV and to the group consisting of the three
proton-hole states with energies of 3.218 (2+),
3.523 (1+), and 3.634 (3+) MeV. These latter
three levels cannot be separated in our experimen-
tal results due to the limited energy resolution,
which is mainly determined by the F%HM of the
artificially constructed monoenergetic photon spec-
trum. Nevertheless, due to the proton-hole nature
of the residual states, these protons must also ori-
ginate from a semidirect photonuclear process.
From the same figure it is also clear that nearly no
protons are observed leaving Sr in the second ex-
cited (3 ) state located at 2.734 MeV. The same

is assumed to be true for the channels correspond-
ing to the other non-proton-hole states below 4
MeV excitation energy. In the lower spectrum of
Fig. 4 (corresponding to a higher excitation energy
in Y) a lot of photoprotons is observed for chan-
nels in which Sr is left in excited states higher
than 4 MeV; from this energy onwards the density
of states in the residual nucleus is rather high. The
photoprotons observed here are emitted in a non-
direct decay process of the GDR. From the mea-
sured proton spectra cross sections can be derived
for each fragmentation mode that can be separated.
In the excitation energy interval from 14 to 24
MeV, the cross sections for the reactions wherein

Sr is left in the ground state, in the first excited
state and in the group consisting of the other three
proton-hole states near 3.4 MeV are shown in Fig.
6, together with the cross section for the processes
in which Sr remains in excited states higher than
4.5 MeV. The fact that the various cross sections
start from slightly difFerent energy values is due to
the difFerent separation energies and the Coulomb
barrier.

The absolute magnitude of the cross sections for
the (y,po)and(), p& ) channels agrees very well with

the directly determined one. The maxima of the
cross sections for the three direct-decay channels

are located around 16.8 MeV; this is the Y giant
dipole resonance energy as measured in the (y, n)
experiments of I.epretre et gI. ,

~' and Berman et
al. , and in the photon scattering work of
Arenhavel and Maison. On the other hand, the
maximum in the [y,p(E ~4.5 MeV) ] cross section
is situated near 21.5 MeV which corresponds to the
energy of the coherent T& dipole state, expected
around 21.2 MeV according to the relation of
Akyuz and Fallieros for isospin splitting. The
integrated cross sections for the different (y,p)
fragmentation modes are summarized in Table II
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FIG. 6. The absolute Y(y,p) cross sections for the
various proton channels which could be identified.

together with their relative contribution to the in-

tegrated total photoproton crass section, which was
obtained by summing the individual cross sections.

Although the giant resonance af Y mainly de-

cays following a statistical process (by the evapora-
tion of neutrons), only about 25% (see Table II) of
the (y,p) cross section between 14 and 24 MeV is
due to this mechanism. This can be explained by
the fact that statistical proton decay is strongly
hindered by the Coulomb barrier. From Fig. 6 it
is observed that the T& giant resonance nearly ex-
clusively decays in a direct way in the proton
channel, while the nondirect decay is mainly locat-
ed at an energy where the T& resonance is expect-
ed.

In Fig. 7 the ratio of this nondirect part to the
total (y,p) cross section is illustrated. Above 21
MeV about 50% of the proton decay is due to sta-
tistical and prestatistical mechanisms. The large
contribution of the nondirect cross section around
21.5 MeV can be understood in terms of the pres-
ence of the T& collective state at this energy; the
approximate validity of isospin conservation
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TABLE II. Integrated cross sections for the various photoproton channels observed in the
Y(y,p) reactions.

Channel Integration limits

E~ (MeV) —E2 (MeV)

g

J o(E)dE
1

(MeVfm')

0(p;,E)dE
g100

o.(p, E)dE

(x po)
(x pi)
[y,p{E=3.4 MeV)]
[y,p {E& 4.5 MeV)]
(y p)t.t~

13.8—24.6
15.1 —24.4
15.8 —23.8
17.8—23.8
13.8 —24.6

2.45+0.02
2.77+0.03
6.59+0.18
3.86+0.57

15.67+0.60

15.6
17.7
42. 1

24.6
100.0

hinders the statistical decay of this state by neutron
emission, so that statistical proton emission will be
favored. Finally, let us point out that the cross
sections for the three proton-pole channels show a
bump centered around 21.5 MeV which is also an
indication of the existence of the T& dipole reso-
nance in Y.

As mentioned before, the total width I of the

T& GDR of Y, which is nearly equal to 4
MeV, ' consists of the spreading width r' and
the escape width I'. If one now assumes that the
total photoabsorption cross section approximates
the sum of the (y, n) and (y,p) cross sections, then
the proton escape width I ~ of the T & GDR can
be derived using the relation

where the symbol o. represents the maximum of the
Lorentz line fitted to the specific T& cross section.
It should be noted here that the semidirect (SD)
photoproton cross section 0 & equals the sum of
the cross sections for the decay processes of the

T& GDR leading to the proton-hole states and,
since the nondirect o & 0 (Fig. 7), we obtain
o &(y,p)=o'& (y,p), the former having a value of
about 1.8 fm . Consequently the proton escape
width rz amounts to 0.30 or 0.35 MeV, its value
depending on whether the (y, n) cross section of
Lepretre et al. ' or of Herman et al. , respective-
ly, has been used.

On the other hand, a value for the nonstatistical
neutron decay width of Y, containing the neutron
escape width I „' together with a fraction of the
spreading width I' due to the presence of the pre-
statistical decay, has recently been published. Its
magnitude amounts to about 0.8 MeV which
represents an upper limit for the neutron escape
width I „'. Taking into account our rz result, the
experimental total nucleon escape width is restrict-
ed to I' (1.1 MeV. As a consequence, a lower
limit for the spreading width is obtained resulting
in I' & 2.9 MeV. This latter value can be com-
pared with the theoretical estimate of 3 MeV that
was found for Zr, a nucleus which has nearly the
same GDR 'characteristics ' as Y and for
which the dipole strength is also almost entirely
concentrated in one state

NON DIRE C T / TOTAL

V. CONCLUSIONS

0

! I

13 14 15 16
I I

17 18 19 20 21

EXCITATION ENERGY (MeV)
22 23 24 25

FIG. 7. The ratio of the nondirect to the total cross
section for the ' Y (y,p) reaction, as a function of excita-
tion energy.

It can be concluded from our s9Y(y,p) experi-
rnents that, with the use of the artificially con-
structed pseudomonoenergetic photon spectrum, we
were able to determine with reasonable accuracy
the cross sections for the decay to the three
proton-hole channels together with the cross sec-
tion for the processes wherein the residual nucleus
is left in excited states above 4.5 MeV. These re-
sults show that the T & giant dipole resonance in
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Y mainly decays by a direct mechanism (i.e., a
semidirect photonuclear reaction process) in the
proton channel while the T& dipole state has a
large nondirect proton-decay contribution. The
T& proton escape width I z has a value of 0.30—
0.35 MeV, whereas the estimated total nucleon es-

cape width I' has an upper limit equal to 1.1
MeV; as such it represents at most 28% of the to-
tal damping width of the Y dipole state, confirm-
ing the dominance of the spreading width in this
mass region.
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