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A calculational procedure based on the Huizenga-Vandenbosch formalism for the determina-
tion of isomer ratios has been developed which is applicable also at low primary excitation
energies of the residual nuclei, in contrast to earlier methods. This has been accomplished
by introducing level densities which are based on the shell-model level calculations of Hill-
man and Grover rather than a level-density formula. Furthermore, the assumption that all
the neutrons are emitted with the average energy 2 T (where T is the nuclear temperature)
has been replaced by a more realistic neutron spectrum. In order to test this procedure, the
isomer ratio of Y 7 from the photonuclear reaction Y 9(y, 2n), which has its reaction thresh-
old at 20.8 MeV, was measured for bremsstrahlung of end-point energies 23, 25.6, 28.6, and
50 MeV. The results of our method are in much better agreement with the experiment than
the original Huizenga-Vandenbosch approach. The analysis indicates that a relatively large
fraction of the product nuclei is formed directly in the ground state and that quadrupole trans-
itions are an important decay mode near the threshold.

I. INTRODUCTION

Isomer ratios yield useful information in regard
to reaction mechanisms and the spin dependence
of nuclear level densities. In these investigations
the formalism developed by Huizenga and Vanden-
bosch, "has proven particularly successful.
Whereas in many circumstances the simplifying
assumptions of this method may lead to quite
satisfactory results, there are also many in-
stances where it is necessary to refine the orig-
inal formalism in various respects.

The Huizenga-Vandenbosch approach presup-
poses that after the emission of the nucleons the
product nuclei are initially formed, if not ex-
clusively then at least predominantly, in relative-
ly highly excited states, such that the level den-
sity of the final nucleus is large enough to justify
a general statistical treatment. In many circum-
stances this condition of sufficient primary ex-
citation energy of the product nucleus is easily
satisfied, but there also exist types of reactions

where this is not necessarily the case. In (n, 2n)
reactions with 14-MeV neutrons'4 for example,
the residual nucleus is usually formed in states
of relatively low excitation energy. Other exam-
ples are the bremsstrahlung-induced photonuclear
reactions involving the emission of two nucleons.
For this type of reaction, even if the end-point
energy of the bremsstrahlung is appreciably high-
er than the threshold energy, most of the integrat-
ed yield will stem from the relatively narrow en-
ergy range of the photonuclear giant resonance.

In this paper, we will focus on (y, 2n) reactions.
These reactions may be visualized as falling into
three different classes, depending on the amount
of primary excitation energy originally given to
the final nucleus: The first class consists of the
reactions in which after the emission of the two
neutrons the ground state is reached directly.
The second class comprises the reactions in
which after the emission of the two neutrons the
residual nucleus is reached in a state of small or
moderate primary excitation energy up to 3 or 4
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MeV. Finally, the third class is constituted by
the reactions in which the residual nucleus is
highly excited. The domain of validity for the
usual Huizenga-Vandenbosch approach is restrict-
ed to this third class.

We have investigated the reaction Y"(y, 2n)YB~,

which leaves the final nucleus either in its ground
state or in the isomeric state of 0.381 MeV. The
angular momenta and parities of these two states
are —,'- and —,'+, respectively. The ground state
of Y" is —,'-, and the threshold for the (y, 2n)
reaction is 20.8 MeV. According to Berman
et al. , ' whose data reach up to an energy of 28
MeV, and which are corroborated by measure-
ments of Lepretre et al. ,

' the giant resonance in
yttrium has its maximum at 16.8 MeV, and its
width at half maximum extends roughly from 15
to 19 MeV. The Lorentz fit through the giant
resonance practically reaches zero at an energy
of approximately 35 MeV. We assumed that like-
wise the Y"(y, 2n) cross section tails off to that
energy. This assumption is particularly justified
because competition from the (y, 3n) reaction sets
in at 33.8 MeV. In our experiment, the reactions
were induced by thin-target bremsstrahlung with
four different end-point energies between 23 and
50 MeV.

II. EXPERIMENTAL PROCEDURE

The isomer ratio in Y'7 was determined by mea-
suring the decay rates of the 381-keV isomeric
transition and of the 485-keV y ray which is emit-
ted in the decay of the Y" ground state (see Fig.
1). The half-lives of the isomeric transition and
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FIG. 1. Decay schemes of 13.2-h Y ~, 80-h Y 7, and
2.83-h Srs™.

of the ground-state decay have recently been re-
measured by Zoller, Walters, and Coryell' and
were found to be 13.2 and 80.3 h, respectively.
Twenty years ago, the conversion coefficient for
the M4 isomeric transition was determined by
Mann and Axel' as 0.28, a value which agrees rea-
sonably well with the theoretical one of 0.24 given

by Hager and Seltzer. ' We assumed in our calcu-
lation a conversion coefficient of 0.26. 92.6% of
the decays of the Y" ground state proceed by way

of a practically unconverted y ray of 485 keV.
Samples of approximately 4 g each of Y,O, were

irradiated at the Rensselaer electron linac with
bremsstrahlung of end-point energies of 23, 25.6,
28.6, and 50 MeV. The bremsstrahlung was pro-
duced in a 10-mil-thick tungsten target. The en-
ergy spread of the electrons was approximately
3% (full width at half maximum), and the energy
calibration was known to +0.8 MeV. Each irradia-
tion lasted for 1 h, with the exception of the 50-
MeV run, which was of 20-min duration. Follow-
ing this, the induced activity was measured with
a Princeton-y-Tech 25-cm' Ge(Li) detector. Its
efficiency was determined with standard calibra-
tion sources in the relevant energy range. The
resolution of the detector was sufficiently high to
completely separate the 381-keV y line from the
388-keV y line which is emitted in the isomeric
transition of Sr". This nuclide is the decay prod-
uct of the Y" decay, but it is also the product nu-
cleus of the (y, pn) reaction on Y '.

Using the standard equations for radioactive de-
cay and taking account of the finite irradiation
time, the branching in the decay of the ground
state, and the conversion coefficients, we arrived
at the isomer yield ratios (Yield „„„»„„„/
Yield„„,) given in Table I.

III. ISOMER RATIO CALCULATIONS

A. Analytical Modifications of the

Standard Procedure

Statistical calculations as they apply to the de-
termination of isomer ratios have been discussed
in detail by a number of authors. """ In our
calculations, however, we do not use two of the
limiting approximations usually made in calcula-
ting the broadening of the spin distribution in the
course of the deexcitation:
(I) The level-density formulas usually employed
in such calculations are replaced by discrete lev-
els whose energies and angular momenta have
been calculated by Hillman and Grover" with a
shell-model combinatorial method.
(2) The simplifying assumption that neutrons of
average energy 2T (where T is the nuclear tem-
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TABLE I. Experimental isomer ratios:
Y89(~ 2g) Y87™,Y87g

Brems strahlung
end-point energy (Me V)

Measured isomer ratio
Metastable state/total

23.0+ 1.5
25.6 + 1.5
28.6 + 1.6
50.0+ 2;3

0.2 +0.02
0.26 ~ 0.025
0.30 ~ 0.03
0.35*0.03

perature)" will represent the effect of the actual
emitted neutron spectrum has been dropped. In-
stead, energy spectra are computed for the emit-
ted neutrons using evaporation theory. The level
densities required for these calculations are de-
rived from Hillman and Grover's calculations.
Although these refinements are especially impor-
tant at low excitation energies, comparisons by
Hillman and Grover" between the usual level-den-
sity formulas and their shell-model calculations
indicate that misleading trends in the algebraic
formulation for the spin distribution may persist
up to relatively high excitations (-ll MeV). It
should be noted, however, that the deviations at
higher energy become pronounced particularly
for higher angular momenta. Therefore, they are
of less significant influence in photonuclear reac-
tions which have characteristically narrow spin
distributions.

For our experiment the relevant range of the
excitation energy of the target nucleus is repre-
sented by the energies 22, 23, 24, 25, 26, 2&,
and 30 MeV. Associated with each of these ener-
gies are angular momenta of —,

' and —,
' correspon-

ding to dipole transitions by the photonuclear ab-
sorption process since the angular momentum of
the ground state of the target nucleus is —,'. The
subsequent deexcitation and broadening of the spin
distribution is shown schematically in Fig. 2 and
is discussed below.

There are many different decay paths between
a pair of distinct levels in the excited target nu-
cleus and in the final nucleus in its primary ex-

cited state, i.e., the state from which the y-deex-
citation cascade begins, because a great number
of intermediate states in Y" can be reached by the
emission of the first neutron. Hillman furnished
us with a listing of levels by spin in 0.5-MeV en-
ergy bins in Y" and 0.3-MeV bins in Y". Our
computer program was set up to evaluate the rel-
ative probabilities of all energetically possible
decay paths between a level of given energy and
spin in Y'9 and a level of specific spin at the cen-
ter of an energy bin in Y'7. For transitions start-
ing from the relatively low excitation energies of
23, 24, and 25 MeV in Y" the energy bins in Y"
were subdivided further by linear interpolation
into 0.1- or 0.25-MeV intervals to obtain a better
representation of the neutron spectrum. Such cal-
culations were done for each spin in a bin of Y'7

and for each energy bin. Hereafter the procedure
was repeated for the second possible angular mo-
mentum value of the dipole state in Y". In the
same manner all transitions to the bins in Y"
which originate from the seven representative ex-
cited levels in Y" were processed by the comput-
er program.

In the neutron-emission stages, the relative
populations of various possible final spin states
depend on the neutron energy, the barriers for
the various orbital angular momenta, and the spin
dependence of the level density. In our calcula-
tions we used Auerbach and Percy's" optical-
model transmission coefficients. Isospin effects
were neglected in our calculation.

The shell-model level densities for Y" and V"
were introduced as two-dimensional data arrays
in spin and energy. For each deexcitation phase
the appropriate level-density information was
selected from the table taking into account the
residual energy of the particular reaction channel
and the range of spins allowed by the relevant an-
gular momentum selection rules.

The combinatorial technique employed by Hill-
man and Grover" defines a set of level densities
dependent upon a pairing-force parameter G. In
our case, since neutron-resonance data for Y"

TABLE II. Y 7 level-density table. Lowest 23 levels.

Energy (MeV) /Spin

Before modification
No. of levels

Energy (Me V) /Spin

A fter modification
No. of levels

0.0-0.3
0.3-0.6
0.6-0.9
0.9-1.2
1.2-1.5

0 0 0 1
0 0 0 0 0

0 0 0 0
Q 0 0 0 0
2 3 4 5 5

0.0-0.380
0.381-0.6

0.6-0.9
0.9-1.2
1.2-1,5

0 0 0 0
0 0 0 0 1
2 0 0 0 0
0 0 0 0 0
2 3 4 5 5
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and Y'7 were not available, this parameter was
varied so as to obtain agreement with the level
densities determined from experimental neutron-
resonance data of neighboring nuclides. This
procedure yields G =11/A for Y ' and G = 10.3/A
for jL 7. To further assure consistency with ex-
isting experimental data, the Y" level-density
data were rearranged in the lowest four levels to
explicitly represent the lowest known experimen-
tal levels in Y". This is shown in Table II.

Hillman and Grover have noted that near closed
neutron shells an anomalous variation occurs in
the pairing-force parameter G which is required
to fit the resonance data. However, closer exami-
nation of their data indicates that this effect is
quite weak in the neighborhood of the N = 50 neu-
tron shell which is filled in Y'9.

After the emission of the second neutron the
subsequent y cascade is assumed to consist of
dipole transitions with exception of the last step.
The energy of the cascade y rays was estimated
from the empirical formula of Vonach, Vanden-
bosch, and Huizenga' to be

E „=4(E/a- 5/a')»2

where E is the y energy in MeV, E is the excita-
tion energy in MeV, and a is the level-density pa-
rameter as determined by Gilbert and Cameron. "

The average number of cascade y rays in a parti-
cular reaction channel thus depends on the avail-
able energy. When the excitation energy finally
became so low that another dipole y ray of the
prescribed energy would lead to an energy below
that of the isomeric level, a transition was instead
assumed that would lead either to the isomeric or
to the ground state, whichever required the small-
er change in angular momentum. Thus, the num-
ber of y rays varied with the individual reaction
channel and was not a model parameter as in some
of the previous work on isomer ratios.

This explicitly defined spectrum of reaction
channels is then sequentially processed through
the spin-broadening computations, each resulting
in a spin redistribution unique to that channel.

All the possible decay paths which start from
levels of the previously mentioned seven excita-
tion energies in the region in which the (y, 3n)
cross section is important were treated in this
same way. This yielded for each excitation ener-
gy of Y an isomer ratio in V". In order to com-
pare the calculated results with our experimental
ones, each decay path was weighted with the shape
of the bremsstrahlung spectrum and the energy
dependence of the (y, 3n) cross section.

B. Computational Details

First Neutron
out

Second Neutron
out

tBin Ndth

For each channel, a reaction-rate weighting
factor is computed in the following way: For an
initial state of spin J~, the relative probability
R for emitting a particle of energy ~ and leading
to another state of spin Jz and residual energy
E„is assumed to be, analogous to Ref. 15,

A —n

A —2n

iPrINaf y
Excitation
Energy of
Residual

'~Nucleus

R(e, E„,Jp)q ~ ep(Jy, Es) 5 Q Z", , (E),

where s ' is the intrinsic spin of the emitted parti-
cle, S is the channel spin, T,', (~) is the transmis-
sion coefficient of the emitted particle with angu-
lar momentum f' and energy e, and p(J&, E„) is
the level density. By summing this quantity over
all final spin states, one obtains a relative mea-
sure of the reaction rate I' for this particular
emission energy, i.e.,

Incident

y Ray

FIG. 2. Representative decay paths leading from a lev-
el in the target nucleus to a level of primary excitation
energy in the residual nucleus.

P(e, Es)m Q R(e, E~, Jy),
where the sum is to be taken in the case of J~
—l -s'-0 from Jz Jfg to Jz JQ+l' +s', and
in the case of Jc- -s'&0 from Jf c-S to Jf =J~+ l' +s '. J&l is the initial value
of the index J~. If the maximum value of Jz
is integer then J&~ =0, and if half integer then

1
~gr =-.~

For the multiple-particle emission of our anal-
ysis, the product P(e„Es,)&&P(e„E~)was formed
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and served as the reaction-rate weighting factor
for individual-channel isomeric yield fractions.

The cascading of dipole y rays was considered
terminated when the next y transition would drop
the residual energy below the isomeric level
(0.881 MeV), as described previously. At this
point the fraction of the yield to the isomeric
state for the channel under consideration was
computed directly from the accumulated yield
fractions. For those channels where some of the
yield was stranded at the —,'-spin state and only
—,
' and & levels remained which are unattainable
by dipole emission, the —,'-state yield fraction
was equally divided between ~- and —,'-spin
states.

The isomer ratio was calculated for monoener-
getic photons at representative energies and the
effects of the bremsstrahlung spectrum were
folded into the isomer-ratio calculations by com-
puting the relative intensity of the (y, 2n) reactions
resulting from various bremsstrahlung energies.
This was directly possible using the experimental
(y, 2n) cross section a,„(E„)determined for V'9 by
Berman et al.' Appropriate weighting factors
normalized to the experimental yield were de-
rived for the ith bin as

f y(E„,E,)o,„(E„)dE„
P

where y(E, E,) is represented by a Schiff brems-
strahlung spectrum for the thin-target irradiations
of this experiment.

IV. RESULTS

The isomer yield fraction occupying the high-
spin (-,') state was calculated for monoenergetic
photons of 22, 23, 24, 25, 26, 28, and 30 MeV.

These results are presented in Fig. 3. Inclusion
of the bremsstrahlung spectral shape resulted in
a theoretical yield fraction which together with
our experimental data is shown in Fig. 4. The ex-
perimental results are also presented in Table I.
Above 28 MeV agreement is quite good, although
the calculated values are low by 10 to 15'. Below
28 MeV down to threshold (20.8 MeV) there is an
increasing discrepancy on the same side.

Quadrupole transitions in the y cascade have not
been considered in the above results, but it is
known, for example, from the work of Sperber and
Mandler, '4 that they can modify the isomer ratio.
Quadrupole transitions, in general, tend to equal-
ize the populations of the two states in question in
comparison to pure dipole transitions. In our
case they will therefore increase the high-spin
yield fraction. An upper limit to the magnitude of
this effect was estimated by assuming y cascades
consisting only of quadrupole transitions and by
using the same calculated spin distribution as be-
fore. As in the calculations for dipole cascades,
parity considerations have been neglected. The
results for this hypothetical case of quadrupole
transitions only are shown as a dashed line in
Fig. 4. It is noteworthy that agreement with the
experimental data will be markedly improved at
energies near threshold if quadrupole transitions
are included.

Another study concerned the influence of addi-
tional levels. It is clear that the levels calculated
by Hillman, although an improved approximation,
will only roughly represent the actual situation,
especially at the lowest energies. In order to ob-
tain an estimate of how much an additional level
might change the isomer ratio, a level of spin —,

'
situated in the energy band from 0.381 to 0.9 MeV
was added. The results of our calculation are
presented in Table ID. As would be expected, the
largest effects are seen near the reaction thres-
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FIG. 3. Calculated isomer ratio in Y from the reac-
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are assumed.

FIG. 4. Isomer ratio in Y 7 from the reaction Y89(y, 2n)-
Y vs end-point energy of thin-target bremsstrahlung.
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V. DISCUSSION

We consider first the case of a photonuclear
reaction which is induced by a monoenergetic
photon beam (for example from positron annihila-

TABLE III. Effect of an additional $-spin level in the
0.381- to 0.9-MeV band.

High-spin yield fraction
Photon energy (MeV) Without t7 state With $ state

23-0
25.6
28.6

0.018
0.125
0.225

0.039
0.152
0.248

hold, and they diminish at higher energies as neu-
tron emissions of higher angular momenta and
multiple y transitions become more probable.

In order to obtain some clues to how systematic
errors in the energy determination of the levels
by Hillman and Grover's method might influence
the calculated isomer ratio, we shifted the energy
of each bin containing a certain level density
downward by 0.2 MeV. This energy shift reduced
the isomer ratio for 23-MeV end-point brems-
strahlung by about 1N(I but had negligible effects
for higher energies.

In recent investigations Maher, Comfort, and
Morrison" have experimentally determined a
number of levels in Y" up to 3.6 MeV by single-
proton stripping from (He', d) reactions. A com-
parison of their findings with the shell-model cal-
culations of Hillman are shown in Table IV. The
selective nature of stripping reactions does not
give an account of all available levels, missing in
particular many with higher spins. On the other
hand, a few levels are indicated which were not
predicted at that energy location by the shell-
model calculations. Relatively important is an

f„, level at 0.793 MeV, which therefore falls into
the 0.6-0.9-MeV band. The introduction of this
level would influence our results in a manner
similar to that calculated with an additional —,

'
level, as discussed above.

Since the quoted experimental data do not in-
clude many levels of higher spin, use of these da-
ta alone would further enhance the ground-spin-
state population and increase the discrepancy
between the calculated and the experimental iso-
mer yield results. Clearly, for our purposes the
levels known from experiments give an insuffi-
cient description of the complete spin distribution.
The levels from shell-model calculations are
much more suitable, even though the energy dis-
tributions may be somewhat shifted depending on
the nuclear potentials assumed.

TABLE IV. Comparison of the shell-model calculations
with known experimental levels.

Shell-model levels/experimental levels
Energy band (MeV)/Spin

0.0-0.3
0.3-0.6
0.6-0.9
0.9—1.2
1.2-1.5
1.5-1.8
1.8-2.1
2.1—2.4
2.4—2.7
2.7-3.0
3.0-3.3
3.3-3.6

1/1 0/0
0/0 0/0
2/0 0/0
0/0 0/1
2/0 3/0
2/0 1/0
2/0 1/0
2/0 1/0
2/0 1/0

18/0 32/0
6/1 5/0

26/0 47/0

0/0 0/0 1/0
0/0 0/0 0/1
0/1 0/0 0/0
0/1 0/0 0/0
4/0 5/0 5/0
2/0 2/0 3/1
2/0 2/0 3/1
3/2 3/0 5/1
1/1 3/0 4/0

43/0 54/0 59/0
7/3 8/0 9/0

68/2 86/0 100/0

tion in flight). Later we shall discuss the results
due to the continuous bremsstrahlung spectrum
which were actually obtained in our experiment.
The first phase of our reaction, the excitation of
the target nucleus, is quite simple since a dipole
absorption is assumed and the target angular mo-
mentum is —,. This results in a spin distribution
in the excited nucleus which is 0.333 in the spin-
—,
' state and 0.667 in the spin-& state. We can as-
sume that the reaction proceeds via a compound
nucleus. Direct photonuclear reactions of the
type (y, 2n) are rare and can be neglected F.rom
these dipole states, neutron spectra are emitted.
Figure 5 shows the resultant spin and energy dis-
tribution of the states in Y" which are reached
after emission of two neutron spectra assuming
an initial excitation of 26 and 23 MeV in Y, re-
spectively. Therefore, these initial excitation
energies are 5 and 2 MeV, respectively, above
the (y, 2n) reaction threshold. In the second case
a more complex situation can be expected which
is a consequence of the discrete level structure
near threshold energy. It is also seen that the
neutron emissions do not give rise to a strong
broadening of the spin distribution because the
centrifugal barriers impede the emission of neu-
trons of large angular momentum. This results
in a preferential population of the spin states
closest to the compound-nucleus spin states,
which in this case are the —,

' and —,
' states. Since

the ground state of Y'7 has spin —,', obviously it
will be populated more strongly than the isomeric
state with a spin of —,'. This is thus a fine example
of the old observation that the state with a spin
closer to the spin of the target nucleus will gen-
erally be the more populated one.

An additional factor favoring the population of
the ground state is the energy difference of 0.381
MeV between the ground state and the isomeric
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state, because the threshold to reach the latter is
higher. It also has to be considered that neutrons
need at least 1.1-MeV energy to overcome the
centrifugal barrier to reach the —,

' —isomeric level.
All this results in an effective threshold for the
population of this state which is approximately
1.5 MeV higher than the (y, 2n) reaction threshold
for the ground state.

It is obvious from the above that the distribution
of the states in Y" which are populated directly
after the emission of the second neutron depends
strongly on the energy of the absorbed photons.
As the photon energy increases, there is a shift
towards higher excitation energies of the residual
nucleus. This is clearly seen in Fig. 6 in which
are plotted the population fractions of the comput-
ed states in Y" assuming initial dipole absorption
in Y of 23-, 24-, 25-, and 26-MeV monochro-
matic photons. The conspicuous gap between 0.9
and 1.2 MeV is due to the fact that in Hillman's
table no energy levels are listed here. Since the
residual energy distributions are in the region
below 4 MeV, it is apparent that the usual statis-
tical-model assumptions are inappropriate for
these initial excitations. The calculated isomeric-
state yield fraction for increasing monoenergetic

photon energies shown in Fig. 3 reflects all the
points made in the previous discussion.

If bremsstrahlung is used to induce the reaction,
as is here the case, rather than the monochro-
matic photon beam discussed above, the lower
residual excitation energies are enhanced because
of the shape of the bremsstrahlung spectrum.
When the (y, 2n) reactions on Y ' are induced by
47-MeV bremsstrahlung, 15% of the reactions
lead directly to the ground state of Y'7, without
any y emission. This fraction comprises the first
class of reactions, as we mentioned in the Intro-
duction. In 8270 of the reactions, levels below 4.0-
MeV excitation energy are reached following the
emission of the second neutron. This is the second
class of reactions, leaving the final nucleus in an
energy region where the level structure cannot be
reproduced by a level-density formula. In only
about 2%%up of the reactions, which form the third
class, is the primary excitation high enough that
the usual Huizenga-Vandenbosch formalism could
be justified.

An increasing high-spin-state yield fraction may
be expected as the bremsstrahlung spectral distri-
bution shifts to higher average energies because
the average number of y rays in the cascades in-

O

C3

U

0.45—
spin

0. 35—
0. 30—
0. 25

J = I/2
0. 20
0. I 5.
O. I 0
0. 05.

0

23 MeV 26 MeV

0. 5

0.4—
0. 3

0
00. 4— I 2

23-MeV P hotons

O
l J=3/2

CL
O
IL

J=5/2
LLI

I-

IJI
+ J=7/2
K

O. I5-
O. I 0—
0. 05

0. 05$
0

0. 05

0. 3
0. 2

z O. l0
0

O Q

0
0. 3

O. 2—

24-MeV P hotons

25-M eV Photons

0. 20-
J=9/2

0. 15—
O. I 0
0. 05

0
0 I 2 0 I 2 3 4

RESIDUAL E XCITATION ENERGY (MeV)

0. I

0
0

0. 2—
0. I

26-MeV Photons

3 4

FIG. 5. Relative spin distributions in Y immediately
after the emission of two neutrons from Y89 which has
been excited by a 23- or 26-MeV y ray. The spin dis-
tributions are shown for different primary excitation
energies.

RESIDUAL ENERGY (MeV )

FIG. 6. Energy distribution of the residual Y ~ nucleus
in its primary excitation state following the emission of
the second neutron.



504 WATSON, MEDIC US, AND TURNE R

creases and therefore also the broadening of the

spin distribution towards the bottom of the cas-
cades. However, the negligible (y, 2n) cross sec-
tion above 35 MeV would indicate an asymptotic
isomer-yield-fraction behavior for higher end-

point energies because the spectral distribution
over the energy range of significant (y, 2n) cross
section, namely from 21 to 35 MeV, becomes
less and less dependent on the bremsstrahlung
end-point energy. Our data show this asymptotic
behavior and are consistent with identical Y'-
(y, 2n)Y" isomer ratios of 0.42 +0.03 measured
at both 150- and 280-MeV end-point energies by
Walters and Hummel. "

Isomer-ratio calculations with the original
Huizenga-Vandenbosch approach were also made

by Walters and Hummel, assuming an effective
average photon energy of approximately 30 MeV
which was determined from estimated (y, 2n)
cross sections and the bremsstrahlung spectrum
in their experiment. For reasonable values of the
spin-cutoff parameter their calculations are gen-
erally in satisfactory agreement with their experi-
mental data. Our results would indicate that the
statistical approach of Huizenga and Vandenbosch
becomes a useful approximation for average ini-
tial excitations greater than -6 Me V above thres-
hold (average photon energy greater than -27 MeV
for our reaction), but that this approach will fail
to an increasing degree below this level and re-
sults in a spin-cutoff parameter o between 1 and 2
which is much too low a value. Conversely, a
realistic spin-cutoff parameter for yttrium of o

=3.5 would produce a much too big isomer ratio
of 0.4 to 0.5. A similar difficulty of this nature
was reported by Slivinsky and Winter~ for the

(P, n) reaction on Sr" with protons between 3.45
and 6.05 MeV which gave rise to residual-nucleus
excitations between 0.75 and 3.35 MeV. It result-
ed in unreasonably small values for 0, which is
consistent with the considerations presented here.

We find the greatest disagreement between our
calculations and the experiment in the region of
lowest energy, that is, below approximately 30-
MeV bremsstrahlung end-point energy. It should
be kept in mind that for our main calculation only
deexcitations by dipole-radiation cascades were
assumed. However as discussed earlier, the in-
clusion of quadrupole transitions may improve
the agreement considerably. It is therefore sug-
gestive that quadrupole transitions play an impor-
tant role in the deexcitation process at lower en-
ergies. Sperber and Mandler'~ have found that
quadrupole admixtures of 10 to 2(P/p are required
for the interpretation of experimental (n, y) iso-
mer ratios. In another paper, Liggett and Sper-
ber ' found in an evaluation of isomer ratios in

Y" produced by (P, 2n) and (n, 2n) reactions opti-
mum agreement by assuming 28% quadrupole ra-
diation. This magnitude is consistent with the

10-15% deviation of our calculations for brems-
strahlung end-point energies above 30 MeV.

In our calculation we assumed a pure dipole
excitation of the Y" nucleus. A certain amount

of quadrupole contribution to the giant resonance
should not be ruled out, and it could be relatively
strong at the high-energy wing of the resonance,
the region in which most of the (y, 2n) cross sec-
tion falls. Because quadrupole transitions can
reach also the —,

' states in Y", one might surmise
that they enhance somewhat the population of the
isomeric —, state in Y". However, our calcula-
tions to this behalf showed that any reasonable
amount of quadrupole contribution has surprising-
ly little effect on the isomer ratio at the low ex-
citation energies where the discrepancy between
experiment and theory is considerable.

One might ask if a better agreement between
calculation and experiment might be obtained if
nonequilibrium contributions to the neutron spec-
tra were not neglected. It is known'4 that direct
(y, n) reactions will result in isomer ratios which

are different from those from evaporation reac-
tions. Presumably this will also be the case, al-
though to a lesser degree for other nonequilibrium

(y, n) reactions. There is, however, very little
reason to assume that nonequilibrium (y, 2n) reac-
tions have a noticeable effect on the isomer ratio,
since Herman et al. data (Fig. 3 of their paper) in-
dicate constancy or even a slight drop in the aver-
age neutron energy from the (y, 2n) threshold on.

It should not be too surprising that at very low
energies Hillman and Grover's calculated levels
will not yield a completely correct isomer ratio
because they predict only approximately the ener-
gy of the levels. At the low energies where only
a few levels are involved, a quite detailed know-
ledge of the energy, spin, and parity of the levels
is necessary for arriving at the correct ratio.
The (y, 2n) reaction on Y'9 of our experiment rep-
resents a severe test for isomer-ratio calcula-
tions because the shape and position of the giant
dipole resonance, the very high reaction thres-
hold, and the shape of the bremsstrahlung spec-
trum favor very low primary excitations in Y".

Our work bears some similarity to that of
Po*nitz'. and Liggett and Sperber, ' who also recog-
nized that low-lying discrete levels influence the
isomer ratio and therefore explicitly should be
taken into account. Both groups incorporated into
their computations the experimentally determined
levels. However, by proceeding in this way one
cannot be sure beforehand that the known levels
are a reasonably fair representation of all low-
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lying levels in that energy region and therefore.
will improve the calculation. Ponitz found in the
case of Dy"' that when 20 known low-lying levels
were taken into account, the agreement between
the experimental and calculated isomer ratio be-
came considerably worse in comparison with the
usual method of taking only the ground and iso-
meric state. This is perhaps similar to the situa-
tion in Y" where the experimental known levels,
as mentioned earlier, represent the spin distri-
bution of the levels in a very distorted fashion.
From the investigations of Liggett and Sperber it
appears that those levels with a spin value outside
the range between the isomeric and the ground-
state spin have a particular influence on the iso-
mer ratio. If such levels are missed in an experi-
mental determination, the inclusion of other lev-
els may not improve the calculated isomer ratio.
Our method which is based on calculated levels
(whose energy might be adjusted slightly whenever
possible) seems, therefore, to have a wider field
of practical application. In a situation like ours,
where nearly all of the y cascades start in the
region of discrete levels it is probably the only
useful one.

Another difference between our method and the
other two of Refs. 11 and 22 is in the treatment of
the continuum region where we still use calculated
levels instead of level-density formulas. This was
done by us only for convenience because it elimi-
nated automatically the problem of handling the
transition from the continuum region to the region
of discrete levels. Since the computer time in-
volved in calculating the enormous number of lev-
els at higher energy is considerable, a transition
to a level-density formula at high energy would

seem a valid and practical solution.
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