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(Received 9 March 1970)

In spite of ingenious investigations of the isomeric decay of 253-day Ag by several groupsiiom

of authors, the missing low-energy first excited (2-) state in Ag has so far escaped detec-
tion. High-precision studies of the p rays from the Ag (n, y)Ag 0 reaction, as well as coin-
cidence studies, now provide conclusive evidence for this level at an energy of 1.28+ 0.10 keV.

The 253-day isomer of Ag", although it has
been the subject of many investigations, still
poses an unresolved problem. Namely, while the
spins and parities of the isomeric state and the
ground state of Ag'" are known to be 6+ and 1+,
respectively, the only transition observed in the
decay of Ag" is an M4 transition. It is thus
necessary to postulate the existence of a "hidden"
E1 transition from an intermediate 2- level, for
which no conclusive evidence has yet been ob-
tained.

The existing experimental evidence is as fol-
lows: A spin 6 for the 253-day isomer has been de-
termined in an atomic-beam experiment. ' Even
parity for this level is inferred from its allowed P
decay to an even-parity level in Cd" . The 1+
spin and parity of the ground state of Ag ' are in-
ferred from its allowed P decay to 0+ and 2+
levels in Cd'".' These assignments are in
accordance with the shell-model configurations
[(g„, ')„,«(d», ')„],, expected for this nucleus.
The nuclear magnetic moments for both states,
computed on the j-j coupling model, also support

this assumption. ' The M4 multipole order of the
116.41-keV isomeric transition has been deter-
mined unambiguously by Geiger4 in measurements
of its K/L and L,/LH /L~ internal-conversion co-
efficient ratios. Searches for the dipole transi-
tion have been carried out by several groups.
Katoh and Yoshizawa' were able to deduce an up-
per limit of 25 keV fr'om the absence of conver-
sion-electron lines in the singles spectrum.
Pasternak and Nardi' searched in vain for y rays
coincident with Ag E x rays from the internal con-
version of the isomeric transition and thus re-
duced the upper limit to 5 keV, unless ~», & 2
psec. Thus a low-energy E1 transition with a typ-
ical hindrance factor might have escaped detec-
tion. Hamilton, Jansen, Goudsmit, and Sattler'
searched for low-energy conversion lines from
Ag" with an iron-free double-focusing spec-
trometer. They did not find any conversion lines
of a transition with E ~ 4 keV. Recently, positive
evidence for a low-energy transition in the decay
of Ag'" has been reported by Rivier and Gizon':
Since a 3.18+ 0.15-keV level had been deduced
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from neutron capture y-ray studies by Elze et al. ,'
Rivier and Gizon searched for conversion elec-
trons, also with an iron-free double-focusing spec-
trometer, and reported that they had observed an
internal-conversion-electron peak corresponding
to the I-shell conversion of a 3.7-keV transition
in Ag" . However, the peak is superimposed on a
P background -3 times higher, and the statistical
uncertainties are large; thus this evidence seems
unconvincing. Finally, unpublished results' on
preaccelerated conversion electrons in coinci-
dence with the K-conversion line of the 116-keV
transition, studied with a double-lens Gerholm
spectrometer, led to a lower limit of 7 = 10 ' sec

for a transition with E & 0.9 keV.
Thus the 2- - 1+ transition appears to elude de-

tection. An alternative method of determining the
2- level in Ag'" may be based on the study of the
y-ray spectrum from the Ag"'(n, y)Ag'" reaction.
The capturing state in Ag'" is known to be either
0- or 1-." The Ag'" level scheme arrived at
from previous studies of the Ag"'(n, . y)Ag'" reac-
tion ' ' is quite complex, as is typical for odd-
odd product nuclei in the medium-mass region. '
In such a nucleus a substantial number of cascades
would be expected to populate a 2- first excited
state. One attempt to identify a low-lying state
with the 2- level was mentioned above, ' A more
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FIG. 1. Partial level schemes of Ag showing evidence for the 2 —first excited state of Ag obtained in studies of
the Ag (yg, y)Ag reaction. (a) Evidence presented in Ref. 12. (b) Evidence obtained in the present work. Relative in-
tensities of transitions in thermal-neutron capture are shown in parentheses. Because of the large number of available
levels, the primary transitions shown represent only a small fraction of the total transition intensity. A large black dot
indicates a coincidence relationship. For clarity the splittings of close level multiplets are not to scale. The energies
for levels populated by primary transitions now agree with energies obtained from low-energy singles and coincidence
measurements on the average within 0.5 keV. Discrepancies nowhere exceed 1 keV. The situation with respect to the
first excited state is now as follows: (1) The positions of the 118.65- and 236.75-keV levels are now fixed by the new

transition energies and coincidence relationships, so that the 117.37- and 235.47-keV transitions must terminate at the
first excited state. (2) There is no evidence for the placement of the 338.6-keV transition as terminating at the first
excited state. If this transition is assigned as a ground-state transition, an observed 219.98-keV transition may be
placed between the 338.6- and the 118.65-keV level. (3) The placement of an -359-keV transition terminating at the
first excited state is in error; a 360.3-keV transition actually proceeds to the ground state. (4) The 380.5-keV transi-
tion, assigned earlier as terminating at the first excited state, is actually a doublet, with a splitting agreeing approxi-
mately with the 1.28-keV energy of the first excited state. (5) The 431.0-keV transition fits in energy between the 432.0-
keV level and the first excited state. No coincidence results were obtained in support of this assignment. Further sup-
port for the placement of the first excited state at 1.28 keV in Ag is obtained from three additional transitions, with

energies 484.1, 613.7, and 748.2 keV tnot shown in Fig. 1(b)], which fit in energy between the 1.28-keV state and well-
established levels at 485.2, 614.7, and 749.4 keV, respectively. Other modifications of the level scheme are self-evident.
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recent attempt, based on extensive additional mea-
surements, is that of Freund, "who found a num-
ber of inconsistencies in the "energy-sum" bal-
ance given in the previous work. Freund placed a
level at 1.6+ 1.0 keV and assigned it 1- or 2- spin
and parity. The part of his level scheme which is
relevant for the placement of the 1,6-keV state is
shown in Fig. 1(a). It includes all six levels from
which he thought this 1.6-keV state to be populat-
ed. The author assumed that this is the state at
which the 116.41-keV M4 transition terminates.
%Phile Freund'8 arguments suggested the existence
of the 1.6+ 1.0-keV 2- level, they had to be investi-
gated further on the following grounds:

(1) Three transitions, with energies of 359,
380.5, and 431.5 keV are placed only on the basis
of the energy combination principle. In view of
the number of transitions observed, and the un-
certainties in level and transition energies, it is
possible thRt these tl Rnsltions RctuRlly R118e else
where in the level scheme.

(3) The 338-keV transition is placed solely on

the basis of the existence of a level at -341 keV
established in studies of the Ag"'(d, p)Ag'" reac-
tion. '4 Since the error in the level energy is sev-

eral keV, this assignment is also questionable.
(3) While intensity considerations and coinci-

dence results require that: the strong 117.5- and
235.8-keV transitions populate either the ground
state or first excited state, the evidence in Fig.
l(a) is not sufficient, in either case, to distinguish
between these two possibilities. However, Freund
reasoned that since a 234-keV level is populated
by the Ag"'(d, p)Ag'" reaction, "which is expected
to populate only odd-parity levels, and the 235.8-
keV transition is thought to have M1 multipole or-
de1 ~

the 235.8-keV trRnslt1on must popuIRte R Iow-
lying odd-parity level, almost certainly the "hid-
den" first excited state. However, this argument,
while plausible, is too indirect to give definite
proof for the existence of the 2- level.

In order to verify the existence Rnd determine
the energy of the 2- level we have carried out new
measurements on the Ag"'(n, y)Ag'" reaction.
This work was performed in two principal stages.
First, precision measurements of both high- and
low-energy y rays, "and coincidence measure-
ments employing two Ge(Li) detectors were car-
ried out. The y-ray energy measurements were
performed both with a thermal-neutron beam and

(O)
104.53/105.39 keV GATE

(b3
195.16 keV GATE

(c)
93.27 keV GATE

198.39
198.39

235.47
I

266.86

266.86

FIG. 2. Singles and coineidenee results showing the structure of the 235.47-236.75 and 265.50-266.86-keV transition
doublets [(b) and (c)]. For comparison, corresponding results for the 198.39-keV transition (a single peak) (a) are
shown. Since one channel in the coincidence results corresponds to eight channels in the singles spectra, histograms
have been constructed by summing over eight-channel segments of the singles peaks to indicate the coincidence results
expected from the structure of the singles peaks. The transition used as a coincidence gate is indicated. The individual
sections are not drawn to a common. scale. In part (b) the structure of the 235.47-236.75-keV doublet is seen to appear
clearly in the coincidence results. In part (c) because of the limited statistical accuracy of the coincidence results and
the low intensity of the 265.60-keV satellite peak, the results are consistent with the presence of either one or two peaks
in coincidence with the 93.27-keV transition.
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on the 5.19-eV resonance of Ag"9, with the use of
a crystal diffraction neutron monochromator, "
since some transitions which were weak in the
thermal spectrum had higher intensities in the res-
onance spectrum and their energies could thus be
determined more accurately. By this means a re-
liable and detailed level scheme was established
in which transitions to the first excited state could
be identified with confidence [see Fig. 1(b)]. Then,
in order to demonstrate conclusively the existence
of the first excited state, a resolved 235.47-
236.75-keV y-ray doublet observed in a high-reso-
lution spectrum and believed to correspond to
transitions from the 236.75-keV initial state to the
first excited state and ground state was shown to
be indeed in coincidence with a 195.16-keV transi-
tion known to populate the 236.75-keV initial state
[Fig. 2(b)]. This doublet (not previously thought to
originate from the same state) already existed in
the conversion-electron data. s An additional doub-
let at 265.60-266.86 keV [Fig. 2(c)] was found,
and coincidences with the 93,27-keV transition
measured. In this case, since the 265.60-keV
transition is weak, it was only possible to show
that the coincidence results are consistent with
the assumption that also the weaker line coincides
with the 93.27-keV y ray. In Fig. 2, these two
doublets are shown, both in the singles spectra
and in the coincidence results, along with the
198.39-keV line, a single peak, for comparison.
Histograms of the singles spectra are superim-
posed upon the coincidence results to indicate the
expected peak shapes. Further, a third previous-
ly unresolved doublet of -379.7- -380.8 keV was
found. No strong low-ener gy transitions populate
its initial state.

The most accurate value for the energy of the
first excited state, obtained from the splitting of
the 235.47-236.75-keV doublet, is 1.28+ 0.10 keV,
in fairly satisfactory agreement with the internal-
conversion results of Elze et al. ,

' which give a
separation of 1.14 keV between these two transi-

tions.
The arguments for the odd parity of the 1.28-

keV level are based on the multipole order assign-
ments for the 235.47-, 236.47-, and 266.86-keV
transitions (Table I, last column) deduced from
the conversion coefficients. (No internal-conver-
sion peak for the 265.60-keV member of the sec-
ond doublet was observed. ) Since the odd proton
in Ag' is in aP,&2 orbital and there are no low-
lying odd-parity neutron orbitals, the population
of the 236.75-keV level in the (d, P) reaction
requires that it have odd parity; the M1 multi-
pole order assignment to the 235.47-keV transi-
tion from this level to the 1.28-keV level there-
fore leads to an odd-parity assignment for the lat-
ter. Hence it appears beyond doubt that the 1.28-
keV state is indeed the missing 2- state (The.
266.86-keV level is not populated by the (d, p) re-
action (Ref. 14) and may therefore be expected to
have even parity, in agreement with the M1 assign-
ment to the ground-state transition. )

The energy of the 253-day isomeric state is then
117.69 keV. Since P-spectrum end-point measure-
ments previously indicated an energy of -135 keV
for the isomeric state, the cumulative error of
these measurements must be -20 keV, somewhat
greater than the estimated errors. '

It, is of interest to estimate the probable half-life
of the 1.28-keV level. The Neisskopf estimate for
the half-life of a 1.28-keV E1 transition in Ag'",
using the estimated total-internal-conversion co-
effjcient 770 7 js, -2p 10 sec Assuming a
hindrance factor2o ranging from 103 to 107, a prob
able half-life in the range 10 ' to 10 3 sec follows.

Figure 3 compares the information on the energy
levels of Aggro resulting from this work with the
present knowledge of the low-lying states in other
odd-odd Ag isotopes. " 2' In particular, the posi-
tion of the 2- and 6+ states relative to the 1+ state
as a function of neutron number is of interest.

The detailed Ag" level scheme results will be
reported elsewhere by one of us (W. R. K.).

TABLE I. Parity of 1.28-keV level.

o.E(exp)

Internal-conversion coefficients
o,'E(Theory)

@1 Ml g2 Assignment

117.37
235.47
236.75
266.86

11.6
10.5
4.3
4,7

1.02
0.293
0.091
0.130

(0.088 +0.010)~

0.028+ 0.004
0.020 +0.004
0.028 +0.005

(0.088)
0.0124
0.0123
0.0088

0 233 0 640
0 035 0 059 ~ ~ ~

0.036 0.058 0.173
0.026 0.039 ~ ~

RNo absolute measurements of the internal-conversion coefficients have been made. The y-ray intensities are ours,
while the conversion-electron line intensities are those of Elze et al. (Ref. 8). The 117.37-keV transition, which to
make the multipole order assignments consistent must be El, was chosen for normalization.
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FIG. 3. Present knowledge on low-lying states in odd-odd Ag isotopes. Level energies are indicated in keV. No 6+
state has as yet been observed in Ag . The configuration of the 1+ and 6+ states is probably p(lg+2) 3&j2+(2' 2)
and that for the 2- states p(2p&2) g(2d5&2)" .

The high-performance Ge(Li) detectors em-
ployed in this work were made at Brookhaven
under the direction of H. Kraner. We would like
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experiment and to express our thanks for valuable
aid and advice in their utilization.
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Fast-Neutron Spectroscopy of the Reaction 9Be(p, n)98 at 20 MeVf
J. D. Anderson, C. Wong, B. A. Pohl, and J. W. McClure

Lazoxence Radiation Labo~ato~y, University of California, Livexmo~e, California 94550
(Received 6 October 1969)

Recently a high-resolution proton recoil spectrometer was used to measure the neutron
spectrum from 20-MeV proton bombardment of SBe. Evidence for levels in ~B at 1.4- and
3.2-MeV excitation was presented. Using time-of-flight techniques, we have remeasured the
neutron spectrum and find no evidence for these levels.

A proton-recoil-neutron spectrometer has re-
cently been developed by Slobodrian et al,.' with an
energy resolution of about 1%. This detector has
been used to measure the neutron spectrum from
the 'Be(P, n)'B reaction for 20-MeV protons at
three angles (9, 12, and 17'). In addition to the
ground state and 2.33-MeV level, they report evi-
dence for broad levels at 1.4 and 1.7 MeV, a defi-
nite resolved level at 3.16~ 0.07 MeV, and their
spectra shows evidence for at least one more well-
defined level at 5.25 MeV. They also interpret our
previous measurements' as supporting their identi-
fication of a level at 3.16 MeV.

Using standard time-of-flight techniques, ' we
have measured the neutron spectrum from the
'Be (p, n)'B reaction at 20 MeV at a lab angle of
15'. Although it was possible to obtain 1% energy

resolution at the maximum available flight path
(25 m), at that distance y rays from the target and
a collimator (from the next beam pulse) overlapped
the neutron energy region of primary interest.
With a flight path of 21.4 m and a beam width of
2.4 nsec (full width at half maximum), our spec-
trometer resolution was 1.3% (240 keV) for 18-
MeV neutrons. The target thickness (10 mg/cm')
and cyclotron beam energy spread were each about
200 keV in width. This yielded a total width (at 18
MeV) of 400 keV. A measured time spectrum is
shown in Fig. 1(a).

After background subtraction, correcting for the
energy dependence of the detector efficiency, and
transforming to the center-of-mass system we ob-
tain the relative energy spectrum shown in Fig.
1(b). To verify the accuracy of our energy scale


