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Photoneutron cross sections, including cr[(y,n) + (y,pn)], o.(y,2n), and cT(y, 3n), were measured for' Mn and ' Co from threshold to 36.5 MeV, with a photon energy resolution which varied from 80 keV at
the lowest to 170 keV at the highest energies measured. The source of radiation was the monoenergetic
photon beam obtained from the annihilation in flight of fast positrons. The partial photoneutron cross
sections were determined by neutron multiplicity counting, and the average neutron energies for (y, ln) and

(y,2n) events were determined simultaneously with the cross-section data by the ring-ratio technique. The
cross sections exhibit considerable but weak structure. Other nuclear information extracted from the data
includes parameters of the giant dipole resonance, integrated cross sections and their moments, and nuclear
symmetry energies. A comparison is made with previous experimental data for these nuclei as well as with
theoretical predictions based upon hydrodynamic, vibrational, and dynamic collective models, None of these
models fits the data for these odd-even nuclei satisfactorily; more theoretical work is needed for this nuclear
mass region.

NUCLEAR REACTIONS Mn, 5 Co (y, n, 2n, 3n), E =10—36.5 MeV; mea-
sured 47t neutron yield, multiplicities, average energies for monoenergetic
photons; o(E&, |n), ~(E&, 2n), o(E&, 3n), GDR parameters, integrated cross

sections and moments, nuclear symmetry energies.

I. INTRODUCTION

The hydrodynamic model has had considerable
success in explaining the general features of the
giant dipole resonance (GDR) in medium-heavy
and heavy nuclei, including its splitting into two
resonances for statically deformed nuclei. ' In
particular, values for the intrinsic quadrupole
moment Q, inferred from this splitting have been
in good agreement with values obtained by Coulomb
excitation and other methods. For lighter deformed
nuclei, particularly those in the s-d shell, even
moderate-resolution photonuclear measurements
have revealed such a rich intermediate structure
that attempts to apply the hydrodynamic model to
obtain nuclear deformation parameters have been
unsuccessful. For intermediate nuclei, such as
those in the f-p shell however, previous low-
resolution measurements appear to yield reason-
able values for Q, . One of the goa!s of this high-
resolution experiment (AF/Z& 1%) was to test
whether this simple analyst. s holds up under close
scrutiny.

A corollary goal was to test the predictions of
more sophisticated models, such as the vibration-
al model and the dynamic collective model (DCM).
Indeed, it was the availability of theoretical pre-
dictions for the features of the GDR for "Mn and
"Co (Ref. 2), together with the ready availability
of pure monoisotopic samples, that determined the
particular choice of these nuclei for the present

measur ement.
A third goal was suggested by two unusual fea-

tures of the photoneutron cross sections for the
nearby isotopes of nickel, "¹and "Ni, which
were reported in an earlier paper from this Lab-
oratory 'These. are (a) the small size of the photo-
neutron cross sections for "Ni (but not for "Ni),
and (b) the appearance of unexpectedly sharp struc-
ture in the cross sections at relatively high excita-
tion energies (as high as 25 MeV). To observe the
latter, the high resolution of the present measure-
ment was required, and we therefore looked for
similar structure in '"'Mn and "Co.

There has been a good deal of experimental work
on the photoneutron reactions for these nuclei re-
ported previously, but these measurements (ex-
cept for earlier results from this Laboratory4 for
"Co) were performed with continuous bremsstrah-
lung radiation sources, with their inherent diffi-
culties, and none of them was performed with en-
ergy resolution comparable to the present work.
Also, only Ref. 4. employed neutron multiplicity
counting to determine the (y, 1n) and (y, 2n) cross
sections independently. Photoneutron cross-sec-
tion measurements in the giant-resonance region
since 1959 have been reported for "Mn by Par-
sons, ' Flournoy et al. ,

' Ishkhanov t.t al. ,' and
Carchon et al. ,' and for "Co by Flournoy et al. ,
Bazhanov et al. ,

' Baciu et al. ,
' Goryachev et al. ,

"
and Baciu et al." A low-energy point for &r(y, n)
for "Co has been reported by Hurst and Donahue. "
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In addition, photoproton cross-section measure-
ments have been reported for "Mn by Shoda et al."
and for "Co by Cameron et al." [the latter obtained
by detailed balance from 58Fe(p, y) data], and total
photon-absorption cross sections have been re-
ported for "Mn by Dolbilkin et al."and for "Co
by Wyekoff et al." Finally, a measurement of the
average neutron energy E„ in the giant-resonance
region for "Mn has been reported by Barrett et al."
These earlier data will be discussed or compa. red
with the present data below.

II. EXPERMENT AND DATA REDUCTION

The experimental techniques and data-reduction
procedures have been presented in detail elsewhere,
the former in Refs. 1 and 3, the latter in Refs. 19
and 20; therefore, only those details pertinent to
the present data will be given here.

The measurements were carried out with the
monoenergetic photon beam obtained from the
annihilation in flight of fast positrons from the
Lawrence Livermbre Laboratory Electron-Posi-
tron Linear Accelerator facility. The photoneu-
trons were detected with an efficient paraffin-and-
BF,-tube 4m neutron detector. The partial photo-
neutron cross sections were determined by neutron
multiplicity counting and the average neutron en-
ergies, and hence the neutron-detector efficiencies,
were obta, ined for each multiplicity and for each
data point by the ring-ratio technique. Two differ-
ent positron converters were employed in the pres-
ent experiment; one after the first accelerator sec-
tion was used for taking the higher-energy (but
poorer statistics) data, and one after the fourth
section for the lower-energy (better statistics)
data (see Ref. 3 for further details).

The nuclear samples were in the form of pure
metal powder, contained in thin-walled cylindrical
lucite containers 3.81 cm in diameter. The ma, ss
of the "Mn sample was 220 g and that of the "Co
sample was 236 g (each was 4.0 moles). The sam-
ples were cycled alternatively into position along
the photon beam line at the center of the 4m neutron
detector by means of an eight-position sample
changer, along with an empty lucite container and
a standard sample for which the cross section is
smooth, so that beam-tuning conditions were the
same for all samples at ea, ch energy. In a high-
resolution experiment like the one reported here,
this technique is very valuable in that it eliminates
extraneous peaks caused by short-term experimen-
tal drifts of any kind, and thus gives one confidence
that any structure seen in the cross sections is
real, and not an experimental artifact. The atten-
uation of the photon beam in the samples necessi-
tated a correction to the data ranging from 30 to

TABLE I. Photoneutron threshold energies (in MeV).
Values taken from Ref. 21.

Nucleus Etb, (&, n) Et~(p, pn} Eth, (&, 2n) Eth, (&, 3n)

"Mn
"Co

10.227
10.454

17.787
17.408

19.166
. 19.027

31..220
30.404
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FIG. 1. Average single- and double-photoneutron
energies plotted as functions of photon energy: (a) for
~~Mn; (b) for +Co.

40%%uo, but introduced negligible uncertainty into the
cross-section analysis.

The photon energy resolution varied from -80
keV at 10 MeV to -170 keV at 35 MeV, correspond-
ing to the use of a 0.25-mm thick beryllium anni-
hilation target and an incident positron beam anal-
yzed to hp/p =0.4%. The absolute energy scale
was set with respect to the 17.3-MeV peak in the
"O(y, n) cross section and to many (y, 2n) thresh-
olds. The threshold energies for the photonue'tron
reactions for "Mn and "Co are given in Table I
(taken from Ref. 21), and are shown in the data
plots by arrows. The threshold energies deter-
mined in the present measurements all agree,
within the experimental limits, with these values.

Backgrounds from all sources, including those
from empty Lucite containers, were measured
and found to be small compared to the true counting
rates (because of the massive samples and large
cross sections) and thus introduced negligible un-
certainties. Subtraction of the photoneutron yields
resulting from positron bremsstrahlung was ac-
complished with the use of experimental runs taken
with electron (instead of positron) beams. This
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procedure introduced only small statisitcal un-
certainties but did introduce a 2-to-4% systematic
uncertainty in the electron-to-positron normaliza-
tion factor.

The systematic uncertainty in the photon flux
calibration was about 5% in the giant-resonance
region and somewhat larger at 35 MeV. The un-
certainty in the knowledge of the neutron detector
efficiency usually was much less than 5%, but for
single photoneutron events at energies above -24
MeV and for double-photoneutron events above -32
MeV, this latter uncertainty exceeds 10%. The
resulting overall systematic uncertainty from all
sources is no greater than 7% in the giant-reso-
nance region but could reach, 15% at the higher
energies. The error bars in the cross-section
plots represent statistical uncertainties only.
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+(y, pn)], shown in part (b) of the figures, remain
significantly greater than zero up to the highest
energies measured, like the nickel isotopes (Ref.
3) and unlike nearly all nuclei of mass 890 (see
Ref. 1). This shows either that there is a signifi-
cant nonstatistical decay fraction of the compound
system at energies just above the GDH or a sub-
stantial (y, pn) cross section at these energies [note
(Table I) that E,„,(y, pn) &E,„,(y, 2n) for both of these

III, RESULTS AND DISCUSSION

A. Average photoneutron energies

T (y, n) T(y, 2n) T(y,3n)

The average neutron energies for (y, In) and

(y, 2n) events derived from the ring-ratio data
are shown, as functions of photon energy, in Fig.
1(a) for "Mn and in Fig. 1(b) for "Co. These data
are in the form of solid lines, which represent the
actual data in the energy regions where they are
statistically best determined (see Ref. 19). One
sees, as is typical for medium and heavy nuclei,
a rapid rise from threshold followed by a much
more gradual rise centered about a value charac-
teristic of the excited compound nuclear system
[the target nucleus for (y, In) events and the target-
minus-one-neutron nucleus for (y, 2n) events] .
These "characteristic" values are about 2.3 and
2.6 MeV for (y, les) events for "Mn and "Co, re-
spectively, and about 1.6 and 1.7 MeV for (y, 2n)
events, respectively. A rise in E„(y, In) above
E,„,(y, 2n) is not unexpected, since the lower-
energy neutrons are easily bled off into the (y, 2n)
channel. Barrett et al."measured E„for "Mn
for various bremsstrahlung end-point energies;
their (bremsstrahlung-weighted integrated) re-
sults, e.g., about 2 MeV at a 20-MeV end-point
energy, are in good agreement with the present
data.
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B. Cross sections

The photoneutron cross sections for "Mn are
shown in Fig. 2 and for ' Co in Fig. 3, as func-
tions of photon energy. The total photoneutron
cross sections o (y, n, ) = o [(y, In) + (y, 2n) + (y, 3n)],
shown in part (a) of the figures, have been fitted
with two-component Lorentz curves, shown as
solid lines in the figures, the parameters for which
are given in Table'II (more on this later). The
single-photoneutron cross sections o (y, ln) = o[(y, n)

1&„I„tt
T (y,n) T (y,2n) "'&]'l]t

8 12 16 20 24 28 32
Photon Energy (MeV)

36

FIG. 2. Photoneutron cross sections for 5 Mn: (a)
total photoneutron cross section o'(y, n, ) = o'[(y, 1n)
+(y, 2n) +(y, 3n)], together with a two-component
Lorentz-curve fit to the data (solid line); (b) single-
photoneutron cross section o(y, 1n) =o I (y, n) +(y,p n)];
(c) double-photoneutron cross section o'(y, 2n); (d) triple-
photoneutron cross section o(y, 3n).
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used was 14 to 21 MeV (see Ref. 1 for a discussion
of the choice of fitting intervals)], and that both of
these phenomena [the excess cross section and a
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ence of a broad giant quadrupole resonance at these

40

20~
0

~(y, n) t(y 2n) 1'(y,3n)

energies (for further discussion of luadrupole ef-
fects in photoneutron cross sections, see Befs. 1,
19, 22, a,nd especially Ref. 3). The (y, 2n) cross
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remain appreciable above the (y, 3n) thresholds,
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FIG. 3. Photoneutron cross sections for +Co: (a)
0(y, nt }, with a two-component Lorentz-curve fit; (b)
ah'. ~&)' (c) o(7 2N)' (d) 0(7 3&)-

nuclei], or both. We note here that there is ap-
preciable "excess " cross section in g(y, n, ) [part
(a) of the figures] above the Lorentz-curve fits at
energies greater than 21 MeV [the fitting interval

which is rarely the case for heavy nuclei. The
(y, 3n) cross sections, shown in part (d) of the
figures, are very small —in fact, scarcely sig-
nificantly greater than zero —up to 36.5 MeV; this
behavior also would be unusual for heavy nuclei.

Considerable weak structure appears in all the
cross sections. Several weak peaks appear to be
superposed on the leading edge of the GDB for both
nuclei; the GDB itself is made up of two major
peaks, but possibly with further fine structure
superposed; and the cross section above the GDB
appears to contain several broad structures, par-
ticularly for "Mn. For "Mn, there are low-energy
peaks at 10.4, (11.0), 11.4, 13.3, 13.9, and 15.0
MeV; for "Co, at 11.0, 11.6, 12.4, (12.9), (13.8),
(14.4), and (14.7) MeV (the parentheses indicate
assignments that are questionable on statistical
grounds). The main GDB peaks for "Mn are at
17.0 and 19.2 MeV, with possible smaller peaks
at 18.7, 20.3, 21.1, and 22 MeV; for. "Co, the
main GDR peaks are at 17.1 and 18.7 MeV, with
possible smaller peaks at 16.1 and 17.6 MeV.
Above the GDB for "Mn, broad peaks appear to
be located at about 24.5, 29.5, and 34.5 MeV; for
"Co, no such suggestive structures appear, al-
though there is plenty of "excess" cross section.

The average value of g(y, n) near the peak of the
GDR is about 65 mb for "Mn and about 70 mb for
"Co. These values can be compared with the re-
sults of other measurements in the literature:
Average GDB values obtained for "Mn are about
VOmb (Ref. 5), V5 mb (Ref. 6), 65 mb (Ref. 7), and
V5mb(Ref. 8); for "Co, about 90mb(Ref. 6), VO

mb (Bef. 4), 80 mb (Ref. 9), VO mb (Ref. 10), 75
mb (Ref. 11), and 95mb (Ref. 12). We conclude
that there is reasonable general agreement among
the reported values of the cross section; the pres-
ent results are slightly lower than average, and

TABLE II. Parameters of two-component Lorentz-curve fits to the GDR. The fitting inter-
val used is 14 to 21 MeV.

Nucleus E~{1)(MeV) a. (1)~ (mb) p(1) (MeV) E (2) (MeV) 0- (2) ~ (mb) p(2) (MeV)

"Mn
59CO

16.82 +0.10 51.4+4.1 4.33+0.63 20.09 +0.12 45.2+2.6 4.09+1.07 1.14
16.43 +0.08 28.3 +5.4 2.73 +1.08 18.66 +0.25 58.4 +4.4 7.38 +0.79 1.11

Uncertainties for 0~ given here are relative. The absolute uncertainti. es are 7%.
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the results of Refs. 6 and 12 are on the high side.
The value of 9.0+0.8 mb at 10.83 MeV for "Co
(y, n) given in Ref. 13 is in agreement with the
present result of 7.7+0.9 mb. The only other mea-
surement of o (y, 2n) was that of Fultz et al. ,

' who
obtained a peak value for this cross section for
"Co of -20 mb, in agreement with the present re-
sults. Comparison of the structure found in the
present measurements with that found in brems-
strahlung experiments (Refs. I, 6, 11, and 12)
will not be undertaken here; for the case of "Mn,
see Ref. 8.

In order to evaluate the relative sizes of the
(y, n, ) and (y, p) cross sections, one can refer to
measurements of the total photon absorption cross
section o (y, tot). For both "Mn (Ref. 16) and "Co
(Ref. 1'I), these measurements yield a(y, tot) - 90
mb in the GDR region. These values together with
the present photoneutron results yield o (y, p) j(y, n, )
—= —,

' or so, which agrees with the photoproton mea-
surement of Ref. 14 and with the case for "Ni (see
Ref. 3). Since other photoneutron measurements
in this mass region'" "have yielded similar re-
sults, we conclude that "Mn and "Co are typical
nuclei in this respect, and that "Ni (see Ref. 3) is
unusual —in fact, unique among stable nuclei in
this mass region. This conclusion enables us to
treat the total photoneutron cross section o'(y, n, )
as representative of and equal to about —,' of o (y, tot).
[This is modified slightly by the 2-MeV-or-so up-
ward displacement of o(y, p) relative tn o (y, n) dis-
cussed below (Refs. 14 and 15).] Thus, in the dis-
cussion of integrated cross sections and giant-
resonance parameters in the next four sections,
we are able to treat those subjects without major
uncertainties resulting from our imperfect know-
ledge of the photoproton cross sections, bearing
in mind that the theories discussed in Sec. IIID-F
apply to o (y, tot), while the o(y, n, ) data presented
in this paper constitute most, but not all, of
a (y, tot).

In general, photoproton cross sections, because
of the Coulomb barrier, are not only small com-
pared with photoneutron cross sections (for A ~50,
say), but are displaced upward in energy by a few
MeV, and the results of Refs. 14 and 15 bear out
this assertion for both "Mn and "Co. This dis-
placement has been related to the isospin splitting
of the GDR as well, since the (larger) T, com-

ponent lies lower in energy and will decay by neu-
tron emission, while the (smaller) T, component
lies higher in energy and neutron decay of T,
states can take place only through isospin mixing
or to high-lying (T, ) states in the residual nucleus.
The detailed discussion of isospin effects in Ref. 3
makes it clear, however, that the matter for these
medium-mass nuclei is far from being a simple
one, and therefore we refrain from further be-
laboring this topic here. In any case, the present
data alone in the absence of detailed (y, p) [not
(y, p, )] cross sections, throw little light on the
subject.

C. Integrated cross sections

The measured integrated cross sections for "Mn'
and "Co are given in Table III. Columns 3, 4, and
5 in this table list the integrated single-, double-,
and triple-photoneutron cross sections, respective-
ly; column 6 lists the ratio of the integrated double
to total photoneutron cross sections; column 7 lists
the measured integrated total photoneutron cross
section in TRK sum-rule units, and column 8 lists
the total area under the two-component Lorentz-
curve fits to o (y, n, ) in those units. The values
listed in columns 7 and 8, when multiplied by about

s (see preceding section), give an indication of the
amount of exchange-force enhancement of the di-
pole sum-rule values that might be needed to ac-
count for the GDR. The resulting values —about
1.2 TBK sum-rule units —are the same as the mean
of many measurements on other nuclei made with
monoenergetic photons. '"

The integrated moments of the measured photo-
neutron cross sections 0, and o, are given in
columns 2 and 4, respectively, of Table IV. Be-
cause of the missing photoproton strength and its
upward displacement in energy, the values for p. ,
should be multiplied by about 1.25 and those for
0, by about 1.15 before comparing them with val-
ues derived from a(y, tot) for other nuclei. The
values of the quantities listed in columns 5 and 6
of Table IV, insofar as they are near to unity,
can be thought of as figures of merit for the ap-
plicability of the Migda1. sum rule, "which relates
p, to the nuclear polarizability and to the nuclear
symmetry energy K. The last column gives values
for the nuclear symmetry energy computed from
this sum rule [which should be reduced somewhat

TABLE III. Integrated cross sections. o&„t(y,x)= fo(y, x)dE„, integrated from threshold to E„~.

Nucleus
Ey m
(MeV)

~anth, 1n)
(MeV-mb)

~...(y, 2n)
(MeV mb)

~,(y, 3n)
(MeV-mb)

~,-„,(y, 2n)

o„t(y, n, ) 60NZ/A
—,'~[~ (1)r(1)+~ (2)r(2)]

60NZ/A

"Mn
591 o

36.5
36.5

567
653

163
150

0.222
0.186

0.90
0.92

0.78
0.91
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TABLE IV. Integrated cross-section moments. o' i =f cr(&, n&)E„dE„snd o' t f=a(V', n&)E„dE„,
integrated from threshold to E„~.

(T g

Nucleus (mb) (mb)

0'
2

(mb-MeV )

0 2

0.002 25&si3
cr 2K

0.0517@AS/3

0.0517m'~'

(MeV)

"Mn
59Co

36.4
40.1

0.174
0.174

1.93
2.14

1.08
1.06

0.91 R

0.90
21.3
21.7

~The values used for the nuclear symmetry energy K are from Table VI.
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by taking into account the contribution of a (y, p) to
a-2] ~

The present experimental data on all the integrat-
ed cross sections and their moments are shown in
Fig. 4 for "Mn and in Fig. 5 for "Co, in the form
of running sums of the quantities plotted as func-
tions of the photon energy up to which they are
integrated. This form of displaying the integrated
cross-section data is useful for information-re-
trieval purposes, and also shows whethex and how
well the various plotted quantities approach asymp-
totic behavior at high photon energies. These fig-
ures show that in spite of the existence of nonzero
cross sections at the hxghest photon energies em-
ployed in this experiment, the integrated photo-
neutron cross sections (and of course, their mo-
ments) indeed appear to be approaching asymptotic
values at energies not too far in excess of 40 MeV
ox' so. This 18 lmpox'tant of coul se for the above
discussion of sum rules.

100

80

50

40

20

, 0E

0

100

O
80-

50-

20-

(b)

(y, 2n}
I

D. Giant-resonance parameters —the hydrodynamic model

The classic collective description of the GOB
predicts that a(y, tot) for deformed nuclei is char-
acterized as the sum of two Lorentz-shaped
eurvps 1,28

2 [~ 2 g 2(i )]2

a(y, tot)= g a„(i) 1+ '~,F2".
)i= I Zy

where a (i), E, „(i), and F(i) are the peak height,
resonance energy, and full width of the ith Lorentz
curve. Although this classic approach, which
works very well for statically deformed (rare-
earth and actinide) nuclei, '"'"has been applied
in the past to nuclei in the mass region near "Mn
and "Co """'"'"it is by no means clear tha
this procedure would stand the test of close experi-
mental scrutiny imposed by a high-resolution mea-
surement. In particular, since "Mn and "Co are
described better. as vibrational than as rotational
nuclei, one expects"'" a two-component Lorentz-
curve fit to be at best an approximation to the ac-
tual case. In order to test this idea, . the present
a(y, n, ) data were fitted with two-component Lor-
entz curves; the resulting parameters are given
in Table II. Although the y' values fox these fits
are good, one can see from the values for the
a „'s and I"s that the area ratios fi„=a„(1)I'(1)/
a „(2)1"(2) for these nuclei are far from the value
of 0.5 predicted by the hydrodynamic model. [Note
that if the (y, p) contribution to a (y, tot) were taken
into account the values for A„would be somewhat
smaller. However, the fact that one value for A~
is much larger than 0.5 and the other is much
smaller means that the relatively small correc-
tions which would result from the inclusion of

0-
y (y, n)

14 16 18
Photon Energy (MeV)

f' (y, 2n)
—.I

20 22 24

FIG. 6. Total photoneutron cross sections, with two-
component Lorentz-curve fits: (a) for 5~Mn; (b) for 5~Co.
Although the theoretical model is strictly valid only for
0.(y, tot), the curve shown here was scaled to fit the mea-
sured 0(y, n| ) data (see Sec. III 8 in the text and Table
III).

TABLE V. Parameters of one-component Lorentz-
curve fits to the GDR. The fitting interval used is 14 to
21 MeV.

Nucleus E (MeV) I (Mev)

"Mn
"Co

18.04 +0.09
17.68 + 0.56

68.5 + 1.3 6.59 +0.27 5.21
76.6 +1.2 6.07 +0.18 3.66

~Uncertainties for o. given here are relative. The
absolute uncertainties are 7%.

o'(y, p) are not important. ] Furthermore, it can
be seen from Fig. 6, in which the portions of
a (y, n, ) only up to 24 MeV are plotted [for "Mn
in part (a) and for "Co in part (b)] together with
these two-component Lorentz curves, that there
is a poor match between the curves and the data
in the critically important peak region of the GDB.
In particular, such fits cannot reproduce the sharp
minima that appear in the cross-section data at
18.0 MeV for "Mn and at 17.9 MeV for "Co. Thus,
despite the overall goodness of fit implied by the
low y' values, one cannot take these two-component
Lorentz-curve fits very seriously.

This being the case —that one cannot character-
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TABLE VI. Parameters for classical theories. All
quantities given in MeV.

Nucleus

100

80-

(a)

"MD
58C

68.6
68 ~ 8

35.2
34.9

19.5
19.5

60

40

~Hydrodynamic parameter, defined by E = O,'A

"Collective parameter, defined by E =PA
'Nuclear symmetry energy, computed from

E—9.935 x 10
( i )2

m

20

E 0
C0
O

100

O

f
ly, nl

I

(b)

f
(y, 2ni

I

59C

ize the GDR well with two-component Lorentz
curves —we have chosen, for purposes of deter-
mining an overall GDR energy, simply to use the
results of one-component Lorentz-curve fits to
a(y, n, ) in the GDR region; these parameters are
given in Table V. It is noted here that the values
for E -from these fits, namely, 18.0 and 17.7 MeV
for "Mn and "Co, respectively, are somewhat
lower than the harmonic mean energies Z„=o,.„,/

which are 20.1 MeV for both nuclei, or the
average energies Z„=o,/v, , which are 18.9 MeV
for "Mn and 18.V MeV for "Co. Had we taken the
contribution of o (y, p) into account, the various
values for the GDR energy would move up a bit and
bunch together more closely. Table VI lists values
for the GDR parameters for classical theories
based on the Lorentz parameters of Table V. If
one in particular compares the values for the nu-
clear symmetry energy K given in the last column
of Table VI with those given in the last column of
Table 1V, one notes roughly a 10 /o discrepancy.
However, the preceding discussion makes it clear
that the former values are too low and the latter
too high, so that this discrepancy tends to disap-
pear (indeed, one even can generate a discrepancy
in the other direction); thus, it is quite reasonable
to conclude that the results of these two methods
for obtaining the nuclear symmetry energy con-
verge to yield values near 20 MeV for both of these
nuclei.

E. The vibrational. model of Kerman and Quang

Some time ago, Kerman and Quang33 outlined a
method for relating the parameters of the giant

80-

60

40

20

(~, n)

10 12 14
I

16

f
(v, 2.)

I I

18 20
I

22 24

Photon Energy (MeV)

FIG. 7. Total photoneutron cross sections, with
Kerman-Quang fits: (a) for ~5Mn; (b) for ~9Co. Although
the theoretical model is strictly valid only for 0(y, tot),
the curve shown here was scaled to fit the measured
0.(y, n&) data (see Sec. III B in the text and Table VII).

dipole resonance of a nucleus to its ground-state
vibrational character. Specifically, they depicted
the shape of the giant resonance for a spherical
vibrational nucleus (one whose ground-state equi-
librium deformation is zero, but whose rms de-
formation is nonzero) as a superposition of Lor-
entz curves, each having an intrinsic width which
corresponds to the case which would obtain if the
nucleus were infinitely stiff. The position of these
Lorentzians is modulated, however, by a probabil-
ity function (taken to be a Gaussian), centered at
the energy corresponding to the equilibrium shape,
thus resulting in a broadening of the giant reso-
nance.

For a spherical vibrational nucleus, this re-
duces the number of parameters necessary to fit

TABLE VII. Kerman-Quang parameters. The fitting interval used is 14 to 21 MeV.

Nucleus E (MeV) I,.„(Mev) Po

"Mn
"Co

18.89 + 0.38
17.74 + 0.05

3.23 +0.17
3.34 + 0.21

0.55 +0.07
0.37+ 0.02

0.87 + 0.10
0.70 + 0.01

2.07
1.81

~E is expressed in.TRK sum-rule units (60NZ/A MeV-mb). The uncertainties given are
relative; the absolute uncertainties are 7%.
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the giant resonance from sjx (E, I', and a „for
two Lorentz curves), as in the hydrodynamic the-
ory for rotational nuclei, to four: E, the in-
trinsic width 1",, the ground-state vibrational
parameter P, (as obtained from Coulomb-excitation
measurements„ for example), and F, an overall
normalization factor proportional to the dipole sum
rule. These parameters have been determined for
"Mn and "Co by fitting the present o(y, n, ) data, as
was done earlier' for the preliminary data avail-
able then. These fits are shown in Fig. 7 [part (a}
for "Mn and part (b) for '~Co], and correspond to
the parameters given in Table VII.

We see, from Table VII, that the y' values for
these four-parameter fits are better than the
three-parameter fits of Table V but not as good as
the six-parameter fits of Table II. In this sense,
the Kerman-Quang approach can be said to be mod-
erately successful. However, the values for P, of
Table VII are unrealistically large, and a glance
at Fig. 7 shows that even with these large values
for P, , this approach fails [as before (Ref. 84)]
to reproduce the sharp minima in the (y, n, ) cross
sec'tlons.

100;

80-

40

20

0
E
C0
g 100

Q)

O 80-

60

40

20
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(y, n)
I

t
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I
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h, 2n)

I I

(
(v, »l

I I

18 20

'geo

I

22 24

F. The dynamic collective model

The dynamic collective treatment of the giant
resonance" results in the sharing of the dipole
strength among several states which arise from
terms in the nuclear Hamiltonian which specifi-
cally describe the coupling between the dipole
vibrations on the one hand and the vibrational and
rotational degrees of freedom of the nucleus on
the other. These states appear as "satellites"
to the main giant-resonance state(s) for stiff
spherical and statically deformed nuclei, although.
they are more distinctive for the softer vibrational
nuclei. Like the elementary hydrodynamic theory,
how'ever, this model says nothing about the widths
(which characterize the damping of the giant-reso-
nance states into the nuclear continuum) of the var-
ious peaks. Consequently, the question of inter-

TABLE VIII. DCM input parameters from Ref. 2, cor-
responding to quadrupole energy E2 =1.3 MeV and defor-
mation parameter Po= 0.22, for ~Mn and Co.

Photon Energy {MeV)

FIG. 8. Total photoneutron cross sections, with DCM
fits: (a) for Mn; (b) for 9Co. Although the theoretical
model is strictly valid only for o(y, tot), the curve
shown here was scaled to fit the measured o(y, n&) data
(see Sec. III B in the text and Table IX).

mediate structure in the giant resonance of med-
ium and heavy vibrationally or statically deformed
nuclei is ambiguous theoretically, and has been
the subject of many experimental studies.

H~ber et al.' have calculated the distribution of
strength in the GDR for "Mn and "Co within the
framework of the DCM; their predictions for the
energies and relative strengths for the dipole states
which should constitute the GDH for these nuclei
are given in Table VIII. In order to best fit these
predictions to the data, the width of the lines was
allowed to vary, along with the absolute normali-
zation of the summed strength. (The data were
fitted with a constant width for every line for each
nucleus. ) The resulting fitted curves are shown,
together with the o (y, n, } data, in Fig. 8 [part (a)

E& {MeV) Z„b (Mev) (relative units)

16.60
18.47
19.45
20.06
21.54

16.70
18.57
19.55
20.16
21.64

0.52
0.24
0.03
0.14
0.06 Nucleus

Width
(Mev)

Normalization
constant

TABLE IX. Parameters of DCM fits to the GDR. The
fitting interval used is 14 to 21 MeV.

Values for Mn, corresponding to dipole energy E~
=18.2 MeV.

"Values for Co, corresponding to E~ = 18.3 MeV.

4.10
4.41

0.886
0.858

4.53
1.37
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for "Mn and part (b) for 59Co], and the param-
eters resulting from these two-parameter fits are
given in TaMe IX. The y' values, given in the last
column of the table, show that the fit to the "Co
data is quite good, but the fit to the '"'Mn data is
much worse.

Since the time that Ref. 2 was published, con-
siderable progress has been made in the DCM
treatment via its relation to the potential-energy-
surface concept. """One constructs such a sur-
face for a nucleus by fitting its low-energy spec-
trum and then uses this surface to deduce the col-
lective Hamiltonian for that nucleus, from which
one can compute, using the DCM, the energies
and strengths for the dipole absorption lines for
the nucleus. Greiner et a/. "have performed such
calculations for the even-even nuclei in the Mn-Co
region, from which one could interpolate to find the
GDR strength distributions for "Mn and "Co. It
turns out that by interpolating between "Co and
"Fe one produces a strength distribution for "Mn
not very much different from that of Ref. 2 (ex-
cept for an energy shift, which can be taken into
account). But for "Co, one is faced with a more
formidable problem: The potential-energy sur-
faces (and hence the dipole strength distributions)

for "Fe and 'Ni are strikingly different, the form-
er having a deep prolate minimum and the latter
being a spherical vibrator. This indicates that a
phase transition takes place as one removes a pair
of protons from the closed subshell nucleus "Ni,
and one does not know on which side of this phase
transition to place "Co (or whether it lies midway
between). This theoretical ambiguity can be re-
solved only by a detailed potential-energy-surface
calculation for "Co itself, which is a difficult un-
dertaking. It would be interesting to see the re-
sults of such a calculation, and thus to test, with
the present data, whether and where such a phase
transition takes place.

Preliminary accounts of this work have appeared
in Ref s. 26, 34, 39, and 40. The present data super-
cede those presented in all of these earlier accounts.
We thank Mr. D. I,.Qlsen for help with part of the
data analysis, and Professor Walter Greiner for
valuable discussions and suggestions. We also
wish to thank the late Dr. S. C. Fultz for suggest-
ing and participating in the planning for these mea-
surements. Work performed under the auspices of
the U. S. Department of Energy under Contract No.
W-7405-ENG-48.
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