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Low-lying states in ~spe have been studied via the reaction Cr{e,ny)53Fe. A Ge(Li) y spec-
trum was measured in coincidence with neutrons to identify low-lying states and their y tran-
sitions. A threshold study with a Ge(Li) detector was made at bombarding energies between
5.6 to 10.0 MeV. The n-y and the threshold studies together with y-y coincidences suggest the
existence of states at 741+1-, 1328+1-, 1423+1-, and 1697+1-keV excitation energies. An
n-y delayed-coincidence measurement has been done for the 741-keV y ray. The resulting
mean life is 7=92+2 nsec.

I. INTRODUCTION

Relatively little experimental information exists
regarding the excited states of the "Fe nucleus.
The only available information on the levels of "Fe
is the neutron-pickup studies ~Fe(p, d)"Fe' and
'4Fe(SHe, o.)53Fe,m 3 and the y decays of the 2.5-
min isomer in '3Fe.+' Sherr eI; a/. ' identified four
excited states in "Fe below 8.2 MeV and made
spin and parity assignments to two of them. Trier
et a/. ' reported three additional levels in "Fe and

suggested tentative spin-parity —,
' for the 757-keV

state. The estimated uncex'tainty for the energy
levels in the neutron-pickup studies is +15 keV.
Eskola reported additional energy levels obtained
thxough the decay of the 2.5-min isomer at 8.04
MeV.

Properties of the "Fe nucleus are interesting
with respect to shell-model theory, since it has
two proton holes and one neutron hole in the doubly
closed shell of 56¹i. Several theoretical calcula-
tions have been made for the energy levels Qf

Fe arising from the (%f712) (vf~~m) configuration.
Calculations of energy levels in "Fe arising from
configurations other than 1f„,have not been report-
ed.

The purpose of the pxesent experiment is to
study low-lying states in "Fe and their- electxomag-
netic transitions via the reaction "Cr(a, ny)' Fe.
This work presents: (1) a y-ray spectrum in coin-
cidence with neutrons which isolates y transitions
in '3Fe; (2) a study of the reaction 'OCr(n, sy)'~Fe
thresholds in sirigles and a y-y coincidence mea-
surements; and (3) an n-y delayed-coincidence
measurement.

II. EXPERIMENTAL METHOD
AND RESULTS

A. Cr(o„ny); Singles and Neutron-
COHlclclence p Spectra

The low-lying states of "Fe as found by various
studies are shown in Fig. 1. In, order to determine

which states are significantly populated in the re-
action MCr(n, Ny), a preliminary investigation was
made of singles spectra with a Ge(Li) y-ray detec-
tor. The y xays were produced by bombarding a
thick layer of 50Cr&O, (which stopped the beam) on
Bi or Ta backing, with 10.0-MeV eparticles. y
rays were detected with a 15-cm' Ge(Li) detector
placed at 90 to the beam direction. The detector
energy resolution was approximately 2.6 keV for

e 1 882 MeV eoCo y ray. Figure 2 shows the re-
sulting y-ray spectrum. For the y-energy mea-
surement a run was taken with the beam on togeth-
er with standard sources.

Figure 2 shows y-rays singles spectrum -taken

at S =10.0 MeV. The energies of the prominent
y rays are listed in Table I together with the cor-
xesponding nuclei and the levels involved in the
transitions. Most of the prominent y rays corre-
spond to y tx'ansitions in "Mn and they have been
observed previously by means of the 52Cr(p, y) '
and "Cr(P, ny) "reactions with the use of Ge(Li)
detectors. The 788-keV y ray corresyonds to the

y decay of the first excited state in, 'OCr; it is pop-
ulated strongly via the 'OCr(n, ct') reaction. The
1011-and 1828-keV y rays were observed pre-
viously in the decay of the 3.04-MeV isomer in
53Fe

In order to isolate the electromagnetic transi-
tions in "Fe, the y spectrum in coincidence with
neutrons was also measured. The neutron de-
tector was a 2x 2-in NE 218 liquid scintillator
coupled to an RCA 8575 photomultiplier tube. Its
axis was placed at 0 to the beam direction. An
appropriate absorber was placed in front of the
neutron detector to attenuate low-energy y rays.
Neutron-y pulse-shape discrimination was used to
select the neutrons. -" The neutron-induced proton
recoils produce a larger amount of long-lived com-
ponents than do y-induced Comyton electrons. The
time difference between the initial fast component
as observed at the anode and the biyolar cxossover
of the time-integrated linear pulse from a dynode
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FIG. 1. States in 3Fe excited by the reaction Fe(p, d)5 Fe (Ref. 1), the reaction 5 Fe(38e, o.)53Fe (Ref.2), and the

y decay from the 2.5-min-3. 04-MeV isomeric state (Refs. 4 and 5) compared with the present Cr(a, gy) 3Fe data.

is thus different for neutrons and y rays. A mea-
surement of this time difference for each pulse
with a time-to-amplitude converter (TAC) allows
the selection of only neutrons. The neutron-y
pulse-she, pe discriminator is shown in the right
part of Fig. 3. The time-difference spectrum,
taken for ' Cr+ a at E = 10 MeV, is displayed in

Fig. 4.
The Ge(Li) y spectrum taken in coincidence with

neutrons for the reaction ecCr(n, ny)'eFe is shown
in the lower part of Fig. 5. A singles y-ray spec-
trum for "Cr+a is shown for comparison purposes

in the upper portion of Fig. 5 with identical gain
and dispersion. For this neutron coincidence mea-
surement, the random events were measured and
subtracted from the spectrum. A coincidence re-
solution time of -70 nsec was used in this mea-
surement. The lower part of Fig. 5 shows five
prominent peaks in the energy region up to 2000
keV; their energies are 351, 682, 741, 956, and
1328 kev.

B. Threshold Study of Cr(e, ny)
and 7 Spectrum in Coincidence

with the 741-keV y Ray
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FIG. 2. y-ray singles spectrum obtained at bombarding
energy E~ =10.0 MeV. The Ge(Li) detector was placed at
90' to the beam direction. The y ener'gies in keV units
are written above the peaks.

Five prominent y rays have been observed in
coincidence with neutrons. In order to check if
these y rays correspond to levels in "Fe a thresh-
old study has been carried out. The 351-keV y-
ray peak appears also at a bombarding energy of
E = 5.60 MeV which is below the threshold to a
351-keV excited state in "Fe; therefore, the 351-
keV y ray is not likely to correspond to a y transi-
tion in "Fe. It is populated with a relatively large
yield at the low bombarding energy of E = 5,6 MeV;
thus, because of the Coulomb barrier, it probably
corresponds to a y transition of a medium or light
contaminant (A & 70).

Figure 6 shows nine y spectra of ' Cr+ a at bom-
barding energies of 5.84 to 10.0 MeV. The V41-
keV y ray appears in the y spectrum taken at 6.90
MeV, while none of the 682-, 956-, and %328-keV

y rays are seen. At higher bombarding energies
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the 682-, 956-, and 1328-keV y rays are also ob-
served as shown in Fig. 6. The V41-keV y ray has
a large yield at E = 9.5 MeV as shown in Fig. 6;
a y spectrum gated by the V41-keV y ray was mea-
sured at this energy using Ge(Li) detectors. The
contribution of Compton events below the V41-keV
peak has been measured by gating with a slightly
higher y window and has been subtracted from the
spectrum. Figure V shows the resulting y spec-
trum which shows that the 682- and 956-keV y
rays are in coincidence with the V41-keV y ray.
A coincidence resolution time of -80 nsec was
used in this measurement.

TABLE I. Prominent y rays from 5 Cr+e
at E„=10.0 MeV.

at

— (keV) Nucleus J~; J~~
Eg

(keV) (keV}

C. Neutron-y Timing Measurement
with the 741-keV y Ray

The lifetime associated with the V41-keV y ray
was measured by an n-y delayed-coincidence tech-
nique. The measurement was carried out at E
= 10.0 MeV using a 2x 2-in. NaI scintillator placed
at 90' for detection of the y rays. Neutrons were
detected by the NE 213 scintillator placed at 0'.
Fast-timing signals from the NE 213 and NaI de-
tectors were obtained from the anodes. These tim-
ing signals start and stop the TAC 2 as indicated
in Fig. 3. Time calibration was made with air-
dielectric trombone delay lines.

Slow-coincidence requirements were used in con-
junction with the fast timing to isolate the excited
state of interest and to minimize the time resolu-
tion. For the neutron detector single-channel an-
alyzer (SCA) 1 was adjusted to accept pulses in the
neutron energy region 1-3 MeV, and SCA 2 of the
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FIG. 3. A schematic diagram of the experimental elec-
tronics for the n-y delayed-coincidence measurement.

neutron discriminator. was set to accept from TAC
1 a narrow pulse-height region appropriate to neu-
trons, as shown in Fig. 4. For the y detector,
SCA 2 and 4 were both fed by its amplifier (AMP
2); SCA 2 accepted only the photopeak of the V41-
keV y ray in its pulse-height window, and SCA 4
accepted only a region above the V41-keV photo-
peak and includes the 956-keV photopeak. The out-
puts of SCA 3 and 4 were also used to route the
corresponding time-delay spectra into different
halves of a multichannel analyzer. The resulting
time spectrum for the V41-keV region is shown in
Fig. 8. From several least-squares fits to differ-
ent portions of the logarithmic slope the extracted
mean life is v = 92 + 2 nsec. The time spectrum
which was associated with the higher window did
not show a long-lived component. Therefore, the
92-nsec mean lifetime is associated with the V41-
keV y ray. The prompt-resolution function is in-
dicated by the narrow peak at zero time; it was
produced by Compton events of higher-energy y
rays that enter the pulse-height window. The time
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spectrum for the higher y window gives an upper
limit of 7 & 2 nsec for the mean life associated with

the 956-keV y ray.

IH. DISCUSSION AND CONCLUSIONS

In this experiment, the mean life associated
with the V41-keV y ray of "Fe has been measured
to be 7 = 92+ 2 nsec. The n-y and y-y coincidence
study together with the threshold measurement
suggests the existence of states at V41~ 1-, 1328
+1-, 1423+1-, and 169V+1-keV excitation ener-
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FIG. 8. The experimental decay curve for the 741-keV
y in 53Fe is shown by the dots and the solid line. The
n-y time-delay spectrum was obtained relative to neu-
trons from the reaction Cr(o. ,n) Fe. The slope. on the
right side of the decay curve corresponds to a mean life
7'= g2 +2 nsec. The sharp peak which represents the
time-resolution function is a result of prompt events that
satisfy the energy requirements.

gies. The levels at 1328, 1423, and 169V keV have
mean lives of v. &0.4 p. sec as determined from the
resolving time for the neutron-y coincidence mea-
surement. The detailed discussion of the V41-,
1328-, 1423-, and 169V-keV states will be given
below.

A. 741-keV Level

This state was found to decay to the ground state
via a V41-keV y ray. A mean life of v = 92 + 2 nsec
was associated with this y ray. Black, McHarris,
and Kelly" did not observe any y transition to this
state from the (~& ) 3041-, (~sl ) 2340-, and (~ )
1328-keV states; therefore, it is likely to have a
spin j & am. A spin $ is excluded by the lifetime re-
sult, since the expected lifetime for an I.=3 tran-
sition is v ~ 50 p, sec. According to the calculation
of Scholz and Malik' one would expect in this nucle-
us a $ state in the energy region VOO-800 keV
which is the right energy for this state. The V41
+ 1-keV level can be associated with the (am ) 75V

~ 15-keV state observed in the neutron-pickup re-
actions by Sherr et al. ' with the "Fe(p, d) reaction
and by Trier et a/. ' with the "Fe('He, n) reaction.
However, for a I3. V41-keV state one would expect
a mean life of r & 0.1 nsec. In this case, the life-
time is hindered by a factor of &900; a large hin-
drance for the E2 transition was also observed in the
isotone "Cr in the $, V48-keV- &, ground-state
y transition. " It is thus feasible to assign the
present level as a $ state.

Another possible explanation is that the V41-keV
state has a spin ~3 which requires an M2 transition
to the ground state and is consistent with the mean
life ~=92+2 nsec for' the 741-keV state. A $' hole
state is riot expected to be populated directly with

large yield at low bombarding ci energies; the
yield could be explained by a cascade from the V5V-

keV (~~ ) state However. , the transition & - v' in
"Ca and 'Sc is preferred over the &'- &'E1
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transitions, while here a 757-keV —,
' - -', y transi-

tion is not observed. In any case, a spin assign-
ment of f (j) is suggested for the 741-keV level.

B. 1328-keV Level

As shomn in Fig. 1, 1328- and 1011-keV y rays
mere observed&' in the decay of the 2.5-min iso-
mer of "Fe. The order of these y rays mas not
established by these studies. +' The yield of the
1328+ 1-keV y ray is larger than that of the 1011-
keV y ray; therefore it is likely from the present
study to correspond to a transition from a 1328-
keV state, and thus it establishes the order of the
y rays in the cascade. This is in agreement mith
a recent study" mhieh has shown a weak y transi-
tion from the 3041-keV isomer to this level. The
tentative spin assignment of this state made by pre-
vious studies ' is ~, this is consistent with the
relatively weak yieM observed at lorn bombarding
e energies. The yield of the 1011-keV y ray is
smaller; this is in accord with the higher thresh-
old energy and the high spj,n, '2', of the 2339-keV
state.

C. 1423-keV Level

The y-y coincidence study and the threshold mea-
surement suggest that the 682-keV y ray corre-
sponds to a 1423-V41-keV y transition. Thus, the
n-y timing measurement mith the V41-keV y ray
gives some information on the lifetime of the 1423-
keV state, since the neutron windom includes neu-
trons populating this state. No long-lived compo-
rient besides 7.= 92 nsec is observed in the decay
curve shown in Fig. 6, which suggests r(1423) & 10
nsec. Black, MeHarris, and Kelly" did not ob-
serve y transitions from the (z ) 3041- and ('-,' )
2340-keV states to the 1423-keV state. In the pres-
ent study no y decay from this state to the ground
state has been observed [see Fig. 5(b)]. Therefore,
it is likely to have a spin J~ ~, which is consis-
tent with the fact that it decays to the -', (-,') 741-
keV state and has a lifetime limit of 7&10 nsec.

D. l697-keV Level

The y-y coincidence study together with the
threshold measurement suggests that the 956-keV
y ray corresponds to a 169V- 741-keV y transition.
The n-y timing measurement with the 956-keV y
ray gives an upper lifetime limit of g &2 nsee. No-

y transition from this state to the ground state has
been observed in the y spectrum in coincidence
mith neutrons. This together with the fact that this
state decays mainly to the ~3 (~5) 741-keV state and
the lifetime limit ~&2 nsee suggest a spin J& ~
for the 169V-keV state,

It should be noted that of the four excited states
at 741, 1328, 1423, and 1697 keV, only the (vo ) 1328-
keV state is associated with the (nf„,) '(vf71,) '
configuration according to shell-mode1 calculations
of McCullen, Bayman, and Zamiek, ' and Vervier. '
The -', (-,') V41-keV state can be associated with
the lom -', state predicted by the Coriolis-coupling-
model calculation of Scholz .and Malik. ' However,
the 1423- and 169V-keV states mith spins J ~ -', are
not predicted with this model, and probably corre-
spond to configurations including orbits other
than lf, i, .

In summary, the present study suggests the ex-
istence of states at 741, 1328, 1423, and 169V keV.
A spin assignment of f (-,') was suggested for the
V41-keV level. Spins of J~ & are likely for the
1423- and 169V-keV states. A lifetime of v=92+2
nsec mas associated with the V41-keV y ray. How-
ever, more information is needed, such as: (a) a
measurement of the neutron energy spectrum by
the time-of-flight technique to check if there is
another state slightly above the 741-,keV level; and

(b) a conversion-electron measurement to obtain
more definite spin-parity parametexs for the V41-,
1423-, and 1697-keV states. I
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The magnetic excitation structures of +S and 40Ca have been studied by 180 inelastic elec-
tron scattering from natural targets of CaS and Ca at energies of 39 and 56 MeV. The signi-
ficant feature of the S spectrum is the fragmentation of the AT=1 magnetic dipole strength
into transitions to several levels in contrast to the strong concentration into a very few that
is observed in 2 Ne, 24Mg, and 288i. In the 328 spectra excitation peaks are observed at 8.13,
10.82, 11.14, 11,62, 13.37, and 13.85 MeV. Analyses of the peaks at 8.13, 11.14, and 11.62
MeV yield Ml ground-state transition widths I 0 of 2.8, 18.9, and 9.7 eV, respectively.
Peaks in the 40Ca spectra are observed at 5.94, 6.94, 8.43, and 10.34 MeV. The peaks at
8.43 and 10.34 MeV are found to be due to an M2 transition, I'0 =2.6X 10"2 eV, and a possible
M1 transition, I 0= 7.0 eV, respectively. The analyses of the remaining peaks in the 3 S and

Ca spectra are discussed. The S results are examined: in- terms of the theory of Kurath.

I. INTRODUCTION

At this laboratory a systematic study has been
made of the strong AT = 1 magnetic multipole tran-
sitions in the self-conjugate nuclei of the s-d shell.
Our studies of those nuclei thus far reported, ' 3

' Ne, '4Mg, and "Si, have revealed in each case
very strong magnetic dipole transitions to T = 1,
1' excited states in the 10-Me7 region. These
results have been generally consistent with the
theory of Kurath who indicated that such nuclei
should exhibit a strong concentration of the mag-
netic dipole strength into transitions to the lowest
few of these states. However, in marked contrast
with these three nuclei, the "S spectra show con-
siderable fragmentation of this strength. The mea-
surements of multipolarity L„radiation width I'0,
and transition radius g are discussed for those
transitions in 328 and 4'Ca corresponding to the
peaks that were observable. These results are
interpreted in terms of the theory of Kurath and
also from the point of view of analog resonances.

be again outlined here as an aid in understanding a
variation in the application of the theory used for
the first time in this paper and explained below.
The experimental results are analyzed using the
model-independent plane-wave Born-approxima-
tion (PWBA) results of Rosen, Raphael, and Uber-
all. ' A correction is made in the analysis for
distorted-wave Born-approximation (DWBA) ef-
fects using the ratios of DWBA to PVifBA cross
sections for M1 and M2 transitions reported by
Chertok, Johnson, and Sarkar. ' The dhfferential
cross section for 180' magnetic scattering is
given by [Ref. 7, Eq. (5)]

do va I, +1 q*~

dQ ~~on [(2I,+ 1)!!] I, k~

where I, is the multipolarity of the induced transi-
tion, q the momentum transfer, k, the incident
electron momentum, and B(MI., q) the reduced
transition matrix element. The latter can be ex-
pressed as

II. THEORETICAL CONSIDERATIONS a(MI. , q) = a(MI. , o)a'(z. , q, ft), (2)

A discussion of the relevant theory hag been
given in several earlier reports, ' ' ' ' but will

where the q dependence is in 6, and 8 is the tran-
sition radius. - Rosen, Raphael, and Uberallv evalu-


