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Resonant photon scattering from Fe has been measured from 5 to 10 MeV using Ge(Li) detec-
tors and bremsstrahlung beams with end-point energies of 7.6 and 10.3 MeV. Energies and values
of gr 0/I were obtained for more than 40 levels, most of which have not been observed in previous

2

photon experiments. Spins of 13 levels were determined from angular distribution measurements.
In complementary lower-resolution (hE-100 keV) tagged photon measurements, average elastic
and i~elastic (to the first excited state) photon scattering cross sections were measured from 5.8 to
11.5 MeV (i.e., to above the neutron threshold). The combination of these measurements provides
the most detailed account of bound-state dipole strength available in this mass region.

I. INTRODUCTION

The f pshell nucl-ei have attracted considerable interest
in recent years because they comprise one of the most
favorable regions for observing a collective spin-Hip M 1

giant resonance. In the independent particle model, both
the proton and neutron 1f7/p subshells are filled at ' Ni
(X=Z=28), while both lf5&2 subshells are empty. The
(unperturbed) energy gap between the spin-orbit pairs is
about 8 MeV. Theoretical calculations have predicted
substantial M1 strength in this energy region, ' and a
number of nuclei have been investigated experimentally.

Ni is itself unstable, and most experiments have focused
on the other iV=28 isotones Ca, Ti, Cr, and Fe, or
on the heavier isotopes of iron. or nickel. Photoneutron
production, polarized photon scattering, back angle elec-
tron scattering, ' and charge exchange reactions have
provided a picture of an M 1 resonance strength severely
quenched by ground-state correlations and possibly by
non-nucleonic effects such as 5-hole polarization. ' The
measurements are made difficult by the weakness of the
resonance, and by the fragmentation of its strength amid
dense backgrounds of E 1 and M2 transitions.

Substantial concentrations of E1 strength are, in fact,
expected in the same energy region. The distribution of
the strength is ultimately related to the microscopic struc-
ture of the giant dipole resonance (GDR), which peaks
near 20 MeV of excitation in these nuclei. The GDR has
been thoroughly investigated in this region. , most recently
with both elastic and inelastic photon scattering'
(Er ) 14 MeV) from Fe and Ni. In contrast, however,
almost nothing is known about the distribution of E1
strength below the particle thresholds. The few discrete
E1 transitions which are known are largely the by-
products of attempts to identify the M1 strength with po-
larized photon scattering.

Resonant photon scattering is an effective method for
mapping out the distribution of dipole strength among
bound levels. Photons in this energy region excite only
E1, Ml, and, to a lesser extent, E2 transitions. The E2
transitions are easily identified through angular distribu-
tion measurements, while M2 transitions are not excited

at all. The selectivity of the reaction combined with the
high resolution available with Ge(Li) detectors allows
measurements of model-independent decay widths for
discrete levels up to the particle thresholds, even for nu-
clei several particles removed from closed shells. The ma-
jor limitation of such experiments in the past was the lack
of intense sources of bremsstrahlung photons with ener-
gies above S MeV. This problem has been overcome in re-
cent years with the development of high duty-cycle elec-
tron accelerators, which have permitted photon scattering
measurements to be made with a much higher accuracy
and sensitivity than had earlier been practical.

This paper reports on resonant photon scattering from
bound states in Fe. There are several reasons why Fe
was chosen for study. First, due to the large number of
available spin-flip transitions, this nucleus is expected to
exhibit one of the strongest M1 resonances in the region.
Since the isobaric analog state (T=3) lies above the neu-
tron threshold, only states with isospin equal to that of
the ground state (To ——2) will be observed in photon
scattering. While the M1 strength is spHt into isospin
components T& ——To and T& ——To+1, more than two-
thirds of the strength should be concentrated into T & lev-
els in this neutron-excess nucleus. Since the neutron
threshold is rather high (11.2 MeV), most of the Ml
strength shouM be accessible to photon scattering, while
the isospin of any states observed is unambiguously
known. Second, the El giant resonance has been e'xten-

sively studied in Fe, thus facilitating the interpretation
of the electric dipole strength below the neutron thresh-
oM. Finally, as an experimental consideration, iron is the
only element in this region which is approximately
monoisotopic () 90%%uo) in an even-even isotope.

When the present work was begun, no decay widths
were published for any dipole states above 5 MeV in Fe.
Widths for the seven states most strongly excited have
since been reported by Kumagai et al. , using a low duty-
cycle bremsstrahlung beam. " Very recently one addition-
al level in this region has been measured by Smith and
Segeth, using resonance absorption and resonance fluores-
cence of monoenergetic photons produced in the
' C(p, y)' N reaction. ' With our beams from the 100%

30 54 1984 The American Physical Society



SOUND-STATE DIPOI.E SmZNGTH IN "Fe 55

duty-cycle MUSL-2 accelerator, ' the decay widths of
more than 40 individual levels from 3 to 10 MeV in exci-
tation have been measured. In. addition, the elastic and in-
elastic (E„=847 keV, J =2+) photon scattering cross
sections were measured with an energy resolutio~ of
50—1SO keV from 5.8 to 11.5 MeV, using tagged photons.
The tagged photon data include contributions from weak
transitions not visible above the backgrounds of conven-
tional resonance fluorescence experiments, whi. le the
higher resolution data provide a more detailed account of
the distribution of strength among the strongest levels.
The combination of these two measurements provides the
most detailed account of bound-state dipole strength in
this mass region, and should provide a foundation for the
future polarized photon scattering or electron scattering
IDeasurements which are still needed to distinguish the
Ml and El contributions from each other.

II. EXPERIMENTAL PROCEDURE

A. Resonance Auorescence measurements

The bremsstrahlung photons used in the high resolution
measurements were produced by 100% duty cycle electron
beams of 7.6 and 10.3 MeV from the University of Illinois
MUSL-2 accelerator. ' The experimental arrangement
has previously been described in detail. ' Briefiy, the
bremsstrahlung converter was a 75 mg/cm gold foil fol-
lowed by a 14.8 g/cm carbon beam stop, mounted inside
an insulated Faraday cup. Photons scattered by a 2.4
g/cm target of natural iron (92% Fe) were observed
with a 55 cm3 Ge(Li) detector at an angle of 127' relative
to the incident beam. Additional data were taken at 90'
with the 7.6 MeV beam. The scattered photon beam was
hardened with absorbers of copper and lead. In this ex-
periment, the stainless steel (ss) end cap of the Faraday
cup (1.25 g/cm of ss 304, 62% Fe) acted as a resonant
absorber in the incident photon beam. This effect was
taken into account in extracting decay widths from the
measured yields (see Sec. III), and amounted to a correc-
tion of & 12% for the strongest transitions.

The signals from the detector were sorted into an 8192
channel spectrum in an on-line PDP-15 computer. The
average counting rate in the detector was normally about
30000 counts per second, and fast-logic pileup rejection
techniques were employed. Test pulses from a precision,
thermally stabilized pulser were used for a determination
of pileup losses and for digital gain stabilization. The en-
ergy resolution under these conditions was better than 7
keV FWHM at 7 MeV for data accumulated over a 24 h
period.

From the resulting spectra, peak centroids and areas
were extracted using the computer program sAMpo.
The centroids were converted to energies using a linear
calibration based on five levels (from 2.125 to 8.920 MeV)
strongly excited in photon scattering from "B. The
scattering yields were converted to cross sections using an
empirical determination of N;„,(E)e(E), the product of
the incident photon intensity with the detector efficiency.
This quantity was measured by observing the scattering
from nineteen levels (in six different nuclei) whose nuclear

level parameters are known. Details of these calibration
procedures, and the photon intensity curves used for the
7.6 and 10.3 MeV end point energy beams, have been
presented in an earlier publication. '

B. Average photon scattering cross sections

The bremsstrahlung photons used in these measure-
ments were produced by passing 40% duty cycle electron
beams from the University of Illinois MUSL-1 micro-
tron' through a thin (20 keV) aluminum foil. Electrons
which lost energy in creating bremsstrahlung photons
were momentum analyzed in a magneti. c spectrometer,
and detected in coincidence with photons scattered from
the target. The energies of the incident photons were
determined with a resolution of 50—150 keV using a focal
plane array of 12 plastic scintillators to detect the residual
electrons. The photons were collimated, scattered. from a
10 g/cm target of natural iron, and detected at an angle
of 135' relative to the incident beam by a NaI(T1) crystal,
1S.2 cm in diameter by 22.9 cm deep. The 12 scattered-
photon spectra (corresponding to the incident photons as-
sociated with each electron counter) were accumulated
simultaneously using an on-hne PDP- 15 computer.
Chance coincidence spectra were also accumulated, and
the "true" spectra were obtained by subtracting these
from the observed coincidences. The tagged photon sys-
tem has been described previously in Inore detail. '

Average photon scattering cross sections were measured
from 5.8 to 11.S MeV, using electron beam energies of 9.5,
12.5, and 15.5 MeV. At the beginning of each run. the tar-
get was removed and the NaI(T1) detector was placed
directly in the bremsstrahlung beam. In this way, the in-
cident photon flux and the response of the NaI(Tl) crystal
to the tagged photons associated with each electron
counter were determined. The resolution of the NaI(T1)
crystal was sufficiently good (about 8%) to allow resolu-
tion of the ground state from the first excited state in Fe
(E„=847 keV, J =2+). The yields to the ground state
and first excited state were extracted by fitting the true
spectra with the measured response functions. At energies
where the best chi-squared fit to the data required no in-
elastic scattering, the 2+ cross section was taken to be
zero (see Ref. 17 for a detailed description of the fitting
procedure).

III. RESONANCE FLUORESCENCE RESULTS

The number of scattered photons from a resonance at
energy E, detected at an angle 8 relative to the beam axis
is given by

Nz„N;„,(E„)e(E„)R'(8)A——'(g, l, I o, b/I ) .
In this formula, N;„,(E„) is the number of incident pho-
tons per unit energy at the resonance energy E„, e(E„) is
the detection efficiency (including the solid angle factor),
and 8'(0) is the angular distribution function for the
emitted radiation, which depends only on the spins of the
ground state (J'0) and the excited state (J, ), and on the
multipolarity of the transition. A' is an effective photon
scattering cross section, which depends on the target
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thickness, the nuclear level parameters I and I"0 (the total
decay width and the partial width for decay to the ground
state, respectively), the statistical factor

g =(2J.+1)/(2J0+1),
and the Doppler width A.

For each beam energy, the product N;„,(E)e(E) was
measured as a function of E, relative to the integrated
electron beam current, by scattering from a large number
of levels whose nuclear parameters were known. The
quantity A' was then determined for new levels by mea-
surements of the scattering yield and angular distribution.
For elastic scattering from a thin target, A' is directly
proportional to gI 0/I . Even for the thick targets used in
the present experiment, it is essentially this same com-
bination of parameters which is determined by a measure-
ment of A'. For each transition, the effects of Doppler
broadening and of atomic and nuclear resonant absorption
in the target were taken into account numerically as
described in Ref. 14. Typically, these effects produced
10% corrections to the magnitudes of gl 0/I calculated
from the thin-target formula (&23%%uo corrections for the
strongest transitions). These processes also introduce a
dependence of the scattering yield on the branching ratio
I 0/I (since the resonant absorption depends on I 0 but
not on I ), but this is a small effect for the target thickness
used in the present experiment. The thick-target correc-
tions were calculated assuming I o/I =1 for all levels;
however, using I 0/I =0.5 would have affected our re-
sults by less than 10%%uo even for the strongest transitions.
In the present experiment it was also necessary to account
for resonant absorption of the incident photon beam in
the stainless steel (62% Fe) end cap of the Faraday cup.
This was done in an iterative procedure, using the formal-
ism developed in Ref. 14 for the analysis of self-

absorption data. Initial values of I"0 were obtained from
the scattering measurements, neglecting the upstream ab-
sorber and setting I 0/I =1. For each level the resonant
absorption was then calculated from I o, giving a correc-
tion to the photon flux incident on the scattering target at
that energy. Using this slightly reduced photon flux, a
new value of A' was calculated, and a new value of I 0
was obtained. After two or three iterations, self-

consistent solutions for I o were obtained. The final
values typically differed from the initial results by a few

percent, and by (12% for the strongest transitions (for
which the effect is most important).

The experimental results from the resonance fluores-
cence experiments are summarized in Table I. Spins of 13
levels were determined from measurements at 90' and 127'
using a 7.6 MeV electron beam. Values of I o/I for 46
levels were extracted from the 127 data taken with '7.6
and 10.3 MeV beams. As noted in Table I, five of these
levels appear to be unresolved multiplets, and two others
are given tentative assignments because of insufficient
statistics or resolution. A portion of the 7.6 MeV spec-
trum at 127 is shown in Fig. 1, to indicate the quality of
the data. The overall sensitivity of the measurements can
be gauged by the clean observation of the weak transitions
at 5.227 and 7.066 MeV (I o/I =0.037 and 0.11 eV,
respectively). The spectrum taken with a 10.3 MeV beam

is shown in Fig. 2, where only the more prominent peaks
are labeled. A comparison of the overlapping energy re-
gion in Figs. 1 and 2 (from 5.8 to 7.6 MeV) demonstrates
the marked improvement in peak-to-background ratios
obtainable by choosing the photon end point energy just
above the region of interest. The transition labeled 7.918
MeV in Fig. 2 is probably produced by neutron capture'
on copper in the detector shielding. The higher energy
portion of Fig. 2 shows the rapidly increasing complexity
of the spectrum above 8 MeV as the level density in-
creases.

The spins of 13 levels were determined from measure-
ments at 90 and 127' with a 7.6 MeV beam. Table II
gives the ratios of the cross sections at 90' and 127'; the
predicted values for dipole and quadrupole scattering
from a spin-zero nucleus are 0.73 and 2.20 (taking ac-
count of our finite angular acceptance). The listed uncer-
tainties are statistical only. The 5.257 MeV transition is
the only case consistent with quadrupole scattering, and
this state must have J =2+ (since photons do not readily
excite M2 transitions). Twelve dipole transitions were
also identified, including the previously known' M 1

transition at 3.449 MeV, and the 6.926 and 7.211 MeV
transitions previously assigned as dipoles by Kumagai
et al. " The measured ratios for the 3.449 and 5.227 MeV
transitions are somewhat higher than expected, possibly
due to feeding of these levels from higher-lying states, as
will be discussed below. The weighted average of the
measured ratios for the remaining ten dipole transitions is
0.78+0.04 (statistical errors only), in substantial agree-
ment with the predicted value of 0.73. Measurements
made for four additional transitions (at 5.404, 5.853,
6.078, and 6.219 MeV) showed angular distribution ratios
intermediate between the elastic scattering pure dipole and
quadrupole predictions. These transitions are most likely
due to branching of known higher-lying states to the first
excited state in Fe, as will be discussed below.

The values of I o/I listed in Table I were extracted
from the 127' scattering measurements assuming dipole
angular distributions for levels whose spins were not mea-
sured. (The strong transitions at 8.128, 8.239, and 8.536
MeV are also known to be dipole from the results of Ref.
11.) The listed uncertainties include both statistical errors
and a 15% uncertainty in the absolute normalization for
levels distant from the end point energy of the photon
beam. (See Ref. 14 for a discussion of the calibration pro-
cedures and associated uncertainties. ) Twenty of the lev-

els listed in Table I were excited with both the 7.6 and
10.3 MeV beams. The values of I 0/I extracted from
these two measurements generally were in good agree-
ment, and were combined to produce the values listed in
Table I. Several of the low-energy transitions (at 3.449,
3.602, 4.847, 5.227, and 5.853 MeV) and the tentative
7.283 MeV transition showed significantly higher yields
with the 10.3 MeV beam, which indicates feeding from
higher-lying levels. For these transitions, only the 7.6
MeV results were used. Of course, such effects are most
likely to be serious for weakly excited levels far from the
end point energy.

All of the widths listed in Table I were extracted as-
suming the photons were scattered from levels in Fe.
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TABLE I. Comparison of measured level widths for ' Fe, Values of I o/I were extracted from the
present experiment assuming J= 1 where not measured (except J=2 for the level at 3.602 MeV); quot-
ed uncertainties include statistical and calibration errors. Parentheses indicate tentative assignments,
while levels in curly braces are probably unresolved multiplets. All results were calculated assuming
elastic scattering from Fe. (See the text for discussion. )

Energy'
(keV)

I o/I"
(eV)

r', yr"
(eV)

I
(eV)

3448.8+1.5
{3602 +3I
4847 +3
5227 +2
5257 +3
5404 +3'
5853 +2'
6078 +3'
6219 j3'
6250 +3
6698 a3
6926 +2
7066 +3
7135 +3
7167 +3
7211 +2~
7248 Z2

(7283 +3)
7446 +2
7468 +2
7886 +4

{8128 22]
8219 +4
8239 +2
8307 +4'
8536 +2
8767 +3
8879 z4
8908 X4

{8961 +4I
8989 +4

{9107 +4j
9138 z4
9154 +5
9287 +3
9311 +4
9322 a4
9402 +3
9558 +4

(9666 +5)
{9737 aS)
9768 x4'
9895 +5
9948 +5
9969 +5'

10060 +5

0.077
0.011
0.007
0.037
0.023
0.027
0.024
0.028
0.034
0.056
0.044
0.70
0.11
0.056
0.089
0.50
0.20
0.29
0.17
0.18
0.28
1.94
0.26
2.63
0.24
2.04
0.41
0.30
0.47
0.38
0.31
0.86
0.57
0.95
0.75
0.64
0.65
0.65
0.39
0,67
0.95
0.48
0.41
0.75
0.31
0.56

+0.012
+0.002

1+0.0030
+0.006
+0.004
+0.006
+0.006
+0.005
+0.008
+0.013
+0.010
+0. 11
20.02
+0.010
+0.015
+0.08
+0.03
+0.12
+0.05
+0.03
+0.05
+0.30
+0.05
+0.42
+0.08
+0.31
+0.08
+0.08
+0. 10
+0.07
+0,07
+0.18
+0.12
+0.31
+0. 17
+0. 13
+0, 14
a0. 15
+0. 14
+0.22
+0.25
+0, 13
+0.12
+0.20
e0. 10
+0. 16

1.10+0.29

0.77+0.22

3.55+0.74

5.75+0.92

4.92+0.95

I )0.035'
1"=0.004+0.002'

r„=1.28+0. 17"

'This work.
bReference 11.
't&z& &13 fs; Ref. 19.

t~i~ ——0. 12+& ps; Ref. 19.
'May be an inelastic transition; see the text and Table IB.
May include contribution from an unidentified level.

~Transition has no uncontaminated peak in the 10.3 MeV spectrum; the 6.698 MeV contribution. was
subtracted to obtain this result.
"Reference 12.
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FIG. 1. Part of the spectrum obtained with 7.6 MeV end point energy bremsstrahlung scattered from a 2.42 g/cm natural iron
target (92% ' Fe). The integrated beam current was 1050 mC. (F), (S), and (D) refer to the full energy, single- and double-escape
peaks, respectively. One channel corresponds to 1.41 keV.

The natural iron target contained 92% ' Fe, 6% Fe, and
2% Fe; the photoneutron thresholds for these isotopes
are 11.20, 13.38, and 7.65 MeV, respectively. Given the
low abundance and low neutron threshold of Fe, even
the strongest transitions in this nucleus should have been
below our experimental sensitivity. We have not observed
any of the known transitions in Fe, but it is possible
that a few of the weakest transitions listed above 5 MeV
might correspond to very strongly excited levels in Fe.
(A level in Fe with I p/I =3.1 eV would be required to
produce the same yield as a level in Fe with I p/I'=0. 2
eV.)

All values of I 0/I were calculated assuming elastic
scattering from levels with ground state branching ratios
1 p/I = 1 (although, as mentioned above, the results would
be only slightly different for other branching ratios, as
long as I p/1 )0.5). Since all of the states observed are

below the (y, n) and (y, p) thresholds, only electromagnet-
ic decays are possible. The cross section for inelastic
scattering (i.e., excitation of a resonance followed by pho-
ton decay to an excited state) is proportional to I pr, /r,
where I;/1 is the branching ratio to the final (excited)
state i. Direct observation of such branches is generally
difficult in bremsstrahlung experiments because the
inelastically scattered photons have lower energies, and
significantly worse peak-to-background ratios than their
elastically scattered counterparts. This also implies that
the elastic scattering should be observable along with any
inelastic scattering involving the same resonance, unless
I 0/I is significantly less than 0.5.

Most of the transitions listed in Table I are unambigu-
ously identified as resulting from elastic scattering due to
energy considerations alone. All of the transitions above
5.6 MeV were excited within 2 MeV of the end point ener-
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FIG. 2. Part of the spectrum obtained with 10.3 MeV end point energy bremsst;rahlung scattered from a natural iron target. Qne

channel corresponds to 1.36 keV.

gy of one of the bremsstrahlung beams (including a 9.5
MeV beam used in a prehminary run). Only the first ex-
cited state in Fe (E„=847 keV, J =2+) lies below 2
MeV in excitation. In fact, 25 of the 40 transitions above
5.6 MeV were excited within 847 keV of one of the end
point energies, and two more were only 50 keV farther
away. (The photon flux 50 keV below the end point is
sufficiently small to rule these out as well. ) Two addition-
al transitions at low energy are known to be elastic from
other experiments. These considerations do not rule out
an inelastic origin for the eight low-energy transitions be-
tween 4.8 and 6.3 MeV, the six transitions from 7.8 to 8.6
MeV (in the gap between the 7.6 and 9.5 MeV beams), or
the three transitions at 8.767, 8.908, and 8.989 MeV,
which were not cleanly observed with the 9.5 MeV beam
(possibly due to relatively poor resolution and statistics).

A search was made for evidence of branching of the ob-
served resonances to excited states, consistent with these
constraints. Five of the possible inelastic transitions have

energies corresponding to decay of higher-lying levels to
the 847 keV 2+ state; four of the five assumed parent res-
onances are known to be populated via elastic scattering.
These cases are listed in Table III, along with the branch-
ing ratios extracted for the parent states assuming no oth-
er decay channels are significant, and assuming a dipole
angular distribution. [Since Pz(cos9)=0 at 127', this
amounts to neglecting the I'4 term, whose coefficient is
undetermined. ] Since our data do not definitively identify
these transitions as inelastic, they have also been analyzed
as elastic resonances and included in Table I for complete-
ness. However, as shown in Table II, the angular distribu-
tion ratios for the four transitions measured fall far from
the predictions for pure dipole or quadrupole elastic
scattering (whereas their assumed parent resonances are
all in good agreement with the elastic dipole ratio). The
yields for two additional transitions, at 5.227 and 6.250
MeV, could be augmented by branching of higher levels
(at 7.886 and 8.908 MeV, respectively) to the 2+ state at
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TABLE II. Fe angular distribution measurements. Listed uncertainties are statistical only.

Energy (MeV)

3.449
5.227
5.257
5 404'
5.853
6.078b

6.219b
6.250
6.698
6.926
7.066
7.135
7.167
7.211
7.248
7.446
7.468

8'(90') /W(127')

0.86+0.07
0.98*0.18
2.22+0.31
1.21 +0.29
1.56+0.31
1.35+0.33
1.30+0.28
0.85+0.25
0.84+0.29
0.75 +0.07
0.61+0.11
0.56+0.31
0.71+0.18
0.86+0. 12
0.84+0. 11
1.04+0.23
0.93+0.16

Dipole
Quadrupole

1+0.500P2(cosO)
1+0.357P2(cosO)+ 1.143P4(cos0)

8'(90 )/8'(127')

0.73
2.28'

'Possible interference from unidentified levels.
bPossible inelastic transition; see the text and Table III.
'The experimental ratio is reduced to 2.20 by the finite angular acceptance of the detector.

TABLE III. Possible branching in Fe. See the text for dis-
cussion. The uncertainties include statistical errors and a 10%
uncertainty in the relative detector efficiencies.

Energy (keV) I /IBranch

5404
5853
6078
6219
8307

6250(1)~847(2+ )

6698( 1)—+ 847(2+ )

6926(1)—+ 847(2+ )

7066( 1)—+ 847(2+ )

9154 —+847(2+ )

0.54+0.04
0.41+0.10
0.92+0.01
0.63+0.04
0.71+0.08

2.658 MeV. The transition at 7.283 MeV could also be
augmented by branching of the 8.128 MeV resonance to
the first excited state. Since all three transitions were ob-
served with the 7.6 MeV beam, they cannot arise entirely
from these channels. The 5.227 and 7.283 MeV yields did
increase significantly with the 10.3 MeV beam, and only
the 7.6 MeV data were used in extracting the decay widths
for these states. The 6.250 MeV yield, on the other hand,
was very consistent for the two beam energies. None of
the remaining inelastic candidates correspond in energy to
branching of observed resonances, and therefore these
transitions most likely arise from elastic scattering.

The decay widths extracted from the present experi-
ment are compared with results of earlier measurements
in Table I. Only one level below 5 MeV was strongly ex-
cited in our work, the known M1 transition at 3.449
MeV. Our result of I'0/I =77+12 meV, combined with
the adopted branching ratio ' I 0/I =0.50+0.06, yields
I =308+61 meV, consistent with the lower limit of 35

meV extracted from Doppler shift attenuation lifetime
measurements. ' However, our spectra indicate that the
branch to the first excited state (via the 2.602 MeV transi-
tion) is significantly weaker than the value I i/I'=0. 50
+0.06 reported in Ref. 21. Assuming no other decay
channels are important, we obtain I 0/I =0.79+0.02,
where the quoted error is purely statistical. This branch-
ing ratio leads to a value for the decay width I =123+20
meV. This should probably be interpreted as an upper
limit, since the level is so far below the 7.6 MeV photon
end point energy, and since the yield obtained with the
10.3 MeV beam was 50'Fo larger, indicating the likelihood
of substantial feeding from higher-lying levels. A much
weaker transition was also observed at 3.602 MeV which
appeared to be a doublet. The lifetime of one state at this
energy (J =2+) has been measured with the Doppler-
shift attenuation method, ' and accounts for only a small
fraction (I'0/I =1.7+0.8 meV) of our observed strength
if the branching ratio I o/I =0.65+0.10 reported in Ref.
21 applies to this same level. In any case, our result for
the combined strength of the doublet is itself an upper
limit, as the yield with the 10.3 MeV beam was almost
four times larger than with the 7.6 MeV beam, indicating
very strong feeding from above. Obviously the properties
of the states below 5 MeV could be much more appropri-
ately investigated with lower end point energy beams. We
report these results only for completeness, and to indicate
the discrepancy with the previously published branching
ratio.

Above 5 MeV in excitation, the previously available re-
sults are predominantly from the resonance fluorescence
experiment of Kumagai et al. ,

" which utilized brems-
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strahlung produced by a 14 MeV betatron beam. Widths
were reported in Ref. 11 for the seven most strongly excit-
ed levels above 5 MeV, including dipole states at 10.479
and 11.133 MeV (I o/I =3.44 and 2.08 eV, respectively" )

which were beyond the energy range of the present experi-
ment. Table I shows a systematic disagreement between
the two measurements of the strengths for the five
remaining transitions. The strengths reported by
Kumagai et al. are about 55% higher than the present
measurements indicated for the two levels near 7 MeV
(6.926 and 7.211 MeV), and are on the average more than
100% higher for the three transitions near 8 MeV (8.128,
8.239, and 8.536 MeV). The pattern suggests a serious
discrepancy in the calibration of the incident photon in-
tensity over this energy region. In both experiments, this
quantity was calibrated by scattering from levels whose
widths were known; however, our procedure (Ref. 14)
used many more states (nineteen rather than six) in a
greater variety of nuclei (six rather than two) than were
investigated in Ref. 11. In addition, the energy depen-
dence of the yield was measured for six different end
point energies in Ref. 14, which allowed a much more ac-
curate determination of the shape of these curves than can
be extracted from measurements with a single beam ener-
gy. An important check on the absolute normalization of
the two experiments is provided by the tagged photon
measurements discussed in Sec. IV, in which the product
of the incident photon intensity and the detector efficien-
cy was measured directly with the detector placed in the
incident beam. These low resolution (-100 keV) coin-
cidence measurements place upper limits on the widths of
individual levels, since the measured yields include contri-
butions from many weak levels not individually resolvable
above the backgrounds of the high-resolution experiments.
However, the width reported by Kumagai et al. for the
line at 8.536 MeV (I o/I =4.92+0.95 eV) is 4S% larger
than the total photon strength observed with tagged pho-
tons (I 0/I =3.40+0.4S eV) over a 100 keV interval about
this energy. The present experiment indicates that only
about 60% of this total strength (I o/I =2.04+0.31 eV)
is contained in the transition at 8.536 MeV.

Recently, Smith and Segeth' have reported a 1 level
at 9139.S+0.6 keV with a width I ro ——1.28+0. 17 eV (as-
suming I o/I = 1), based on resonance absorption and res-
onance fluorescence using NaI detectors and a monoener-
getic source of photons (produced by proton capture).
While we do observe a transition at 9138+4 keV, our
measurement gives a value I o/I =O.S7+0.12. There is
no evidence of branching in our spectrum, and although
the elastic peaks are not completely resolved from the
neighboring 9154 keV transition, errors in extracting the
areas could not account for the size of the discrepancy. It
should be noted that similar previous experiments by the
two groups on levels in Pb near 5 and 7 MeV (Refs. 14
and 24) have shown excellent agreement, and the cause of
the present discrepancy is not understood.

From the results in Table I it is clear that the sensitivity
of the present experiment was more than an order of mag-
nitude higher than the previous bremsstrahlung experi-
ment reported in Ref. 11. This was partly due to the
lower backgrounds obtainable with our lower end point

energy beams (7.6 and 10.3 MeV as opposed to 14 MeV),
and partly due to better statistics. The high average
currents available from our machine (up to 20 pA) also al-
lowed the use of a relatively thin target (2.4 g/cm as op-
posed to 13.6 g/cm in Ref. 11), which minimized the ab-
sorption corrections for the strong transitions, and the
resultant dependence of the scattering yields on I o/I .
The spectrum presented in Ref. 11 was collected over a
period of more than 800 h; the spectra shown in Figs. 1

and 2 were obtained in runs of 30 and 20 h, respectively,
with our 100% duty-cycle accelerator.

IV. AVERAGE PHOTON SCATTERING
CROSS SECTIONS

The quantity directly measured in the tagged photon
experiment is N, /Nr, the ratio of the number of scattered
photons detected at 135 to the number of incident pho-
tons of energy E&, averaged over the resolution AE. This
ratio is related to the photon scattering differential cross
section at 135' through the equation:

Xy 6 AE

dO
fa& dO

1 —exp[ —(2o, +Po, )n j .dE .
2o, +Po,

20~
—2a ne1 —e

(3)

and if the atomic absorption o., does not vary strongly
over the energy interval AE, then Eq. (2) yields an expres-
sion for the energy-averaged differential cross section in
terms of measured quantities:

f dF. = GA
dO, )3q hE ~E dQ, 35. %y

(4)

The further assumption that only dipole transitions con-
tribute makes it possible to infer the average total elastic
cross section o.

~~ from these results:

(5)

where

(2)

In this equation, 6 is a geometrical factor involving the
solid angle of the collimated detector. The quantity
within the curly braces is an effective target thickness,
which includes the effects of atomic and nuclear photon
absorption in the target (with cross sections o., and o„
respectively). The quantity n is the target thickness per
unit area perpendicular to the beam, and P is the fraction-
al abundance of the isotope responsible for the nuclear ab-
sorption. ,

In energy regions where the level density is high, one
can assume that nuclear self-absorption is negligible be-
cause the linewidths of the individual levels contributing
to nuclear scattering are small. If one then defines the
atomic absorption correction as
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%'hen individual nuclear levels can be resolved, it is
possible to correct for nuclear self-absorption' by writing
the cross section o, in terms of the Doppler-broadened
line shape, and numerically evaluating the integral in
Eq. (2) for assumed values of the nuclear parameters g, I,
10, and 6/I (where b, is the Doppler width). As dis-
cussed in Sec. III, the elastic scattering measurement then
determines the product gI 0/I . If the average cross sec-
tion data contain contributions from several unresolved,
strongly excited levels, the proper self-absorption correc-
tions can be made only if the widths of the strong levels
are known from higher resolution measurements.

The average elastic differential cross section at 135' for
natural Fe is displayed graphically in Fig. 3. Also shown
is the 135' differential cross section for scattering to the
first excited state in Fe at 847 keV. Natural Fe contains
92% Fe, 6% Fe, and 2% Fe. Scattering from Fe is
a small fraction of the total due to the low abundance,
and above the neutron threshold at 7.6 MCV this isotope
should not contribute at all. The cross sections drop close
to zero above 11.2 MeV, where only the small contribu-
tion from 5 Fe remains. Therefore, the top part of Fig. 3
may be considered a good representation of the Fe elas-
tic scattering cross section.

The results presented in Fig. 3 do not include correc-
tions for nuclear self-absorption. Neglecting this correc-
tion is valid where the individual contributing levels have
widths that are less than a few tenths of an eV. Examina-
tion of the higher resolution resonance fluorescence re-
sults presented in Sec. III indicates that this is the case
over most of the energy region covered in the tagged pho-
ton experiment. Where there are strong levels, however,
the data displayed in Fig. 3 underestimate the scattering
cross sections. The error bars on the data points reflect
statistical uncertainties only. Systematic errors are es-
timated to be no larger than 8%, arising from uncertain-
ties in the photon flux (+5%), G (+5%), A (+3%), and
the photon energy E (+1%).

The elastic scattering cross section shown in Fig. 3 ex-
hibits pronounced structure as a function of photon ener-

gy. Only a few of the structures, all below 9 MeV, are
predominantly due to individual strongly excited levels,
and only a fraction of the total strength can be accounted
for by the discrete lines reported in Sec. III. (See Sec. V
for a detailed comparison of the low- and high-resolution
measurements. ) It is interesting to note that the inelastic
scattering cmss section is generally less than half as large
as the elastic strength. A comparable ratio of inelastic to
elastic scattering has been observed in the giant dipole re-
gion (14—22 MeV) by Bowles et al. ' Their results were
interpreted as reflecting the effects of coupling between
the dipole resonance and collective surface vibrations (as
predicted, e.g. , by the dynamic collective model ). For
individual bound levels, the inelastic (elastic) scattering
yield is proportional to I;/I (I'o/I ); thus the ground
state bIanch1Ilg Iatlos must typ1cally bc P 0.7. ThcI'c 1s

also very little correlation between the elastic and inelastic
excitation functions except in the region above 10 MeV.

t
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FIG. 3. Average 135 diffcrcntial cross section foi' clastic
photon scattering from natural iron, and for inelastic photon
scattering leaving Fe in its first excited state (E„=847 keV,
J"=2+). The different symbols plotted correspond to data tak-
en with five different field settings in the electron spectrometer.
No corrections have been made for nuclear' absorption in the
target.

The relationship between the resonance fluorescence de-
cay widths (Sec. III) and the average photon scattering
cross sections (Sec. IV) is most easily seen for the case of a
single isolated level. The integral of the elastic scattering

Of course, the discrete lines which dominate the scattering
in several of the lower energy regions are known not to
have strong branches to excited final states (see Sec. III).

The total photon absorption cross section o.
&T can be

extracted from the present work under the assumptions
that the scattering is dominated by dipole excitations (as
expected fmm consideration of the El, M 1, and E2 sum
rules), and that inelastic scattering to more highly excited
states can be neglected. The differential cross sections
were converted to total cross sections according to Eq. (6),
with S= 11.17 for the elastic dipole scattering and
S=12.41 for the (nearly isotropic) inelastic scattering to
the first excited state. These two cross sections were then
added to obtain o.&T. The results are shown in Fig. 4,
along w1th aIl extrapolation to thcsc cncI'g1cs of thc glallt
dipole resonance in Fe, using the Lorentz parameters
listed in Table IV and obtained from the photon scattering
Ineasurements of Bowles et al. '
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cross section orr(E) over an El(M1) resonance is related
to the ground state decay width and the reduced transition
probability as follows (for a thin target):

p2

f orr(E)dE=m (Pic)'
E2

I6w' I 09' I EB(E1,3f I ) t .

With a resolution of typically 100 keV, each tagged pho-
ton measurement generally reflects contributions from
many discrete levels, including levels too weak to be indi-
vidually distinguished above the backgrounds inherent in
the resonance fluorescence measurements. On the other
hand, the high resolution data provide a more detailed ac-
count of the distribution of strength among the stronger
levels. Figure 5 shows a comparison of the values of
(1/E )X(gI o/I ) for discrete levels with the average
photon scattering cross section orr (which has not been
corrected for resonant absorption).

It is clear from Fig. 5 that several of the sharp struc-
tures in the scattering cross section are related to the pres-
ence of a few very strongly excited transitions. In other
cases (for example, from 9—10 MeV) there is much less

TABLE IV. Lorentz parameters for the giant dipole reso-
nance in ' Fe (Ref. 10).

~, (mb)
Eo (Mev)
r (MeV)

Line 1

52
16.8
4.33

Line 2

46
20. I
4.09

PHOTON ENERGY (MeVI

FIG. 4. Total photon absorption cross section for ' Fe, ob-
tained from the measured elastic and inelastic differential cross
sections (see the text for discussion). The solid curve is a low en-

ergy extrapolation of the Lorentz lines which fit the giant dipole
resonance.

FIG. 5. Comparison of the resonance fluorescence and
tagged photon results from the present work. Bars whose
heights represent the values of (1/E') X(gI 0/I ) for individual
levels (left vertical scale) are superimposed on the low resolution
average cross section data (right vertical scale). The five transi-
tions listed in Table III and five discrete transitions below the
energy range of the o.

~~ data have been omitted.

correlation between the cross section peaks and the
strength observed in discrete lines, reflecting the curnula-
tive effect of the weaker transitions. A quantitative corn-
parison of the strengths observed in the two types of mea-
surements can be made by integrating the photon scatter-
ing cross section over each of the structures, and assuming
all of the contributing transitions are dipole. A value of
I 0/I for each peak can then be extracted, given some as-
sumption about the extent of self-absorption in the target.
The absorption correction depends on the detailed distri-
bution of levels with large values of I o, as could, for ex-
ample, be determined from the high-resolution data.
More simply, a range of possible values can be established
using the extreme assumptions of no absorption [Eq.
(7)]—appropriate when there are many weak levels or of
maximum absorption (i.e., all the strength is in one transi-
tion). The maximum absorption calculation gives an
upper limit on the summed strengths of any discrete tran-
sitions within the corresponding energy interval. Al-
though an upper limit determined in this fashion will
often significantly exceed the strength of any individual
level (since the data usually contain significant contribu-
tions from weak levels for which the actual absorption is
much smaller than the calculation assumes), it has the ad-
van. tage of being completely independent from the nor-
malization of the high-resolution experiments, The re-
sults of this procedure are listed in Table V, and com-
pared with the decay widths determined for discrete tran-
sitions observed in the resonance fluorescence measure-
ments.

Two of the sharp peaks in the scattering cross section
excitation function, at 6.9 and 8.5 MeV, each correspond
to only one strong transition observed in the high resolu-
tion measurements. However, Table V shows that in each
case only about 60% of the strength is accounted for by
that discrete transition. As pointed out in Sec. III, the
upper limit of I 0/I =3.40+0.45 eV determined from the
tagged photon measurements for the total strength in the
energy interval 8.52—8.62 MeV is i~consistent with the
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TABLE V. Transition strength comparisons between the low- and high-resolution results for Fe.
The range of values for I 0/I extracted from the low resolution measurements corresponds to extreme
assumptions about the absorption corrections. See the text for discussion.

Energy
range

(MeV)

6.87—6.95
7.09—7.30
8.02—8.42
8.52—8.62
8.81—9.26

10.31—10.51

0.157
0.230
0.610
0.258
0.940
0.616

I,'yr
(eV)

0.66—I.24
1.04—2.40
3.55—10.2
1.64—3 ~ 40
6.63—18.2
5.82—13.2

Number of
resolved

levels g r,'/r
0.70
1.14
4.57
2.04
4.59

% resolved

& 56%
& 48%
& 45%
& 60%

25—70 %

value of I'o/I'=4. 92+0.95 eV reported by Kumagai
et al. "for the level at 8.536 MeV.

In general, below 9 MeV in excitation, over half of the
total bound state photon strength has clearly been
resolved in the new resonance fluorescence measurements.
At higher energies, although the strength is much more
fragmented, a substantial fraction has nevertheless been
resolved, remembering that the upper limits in Table V
are greatly overestimated when the strength is shared
among many levels. The present results clearly represent
the most complete and detailed account of bound-state
photon strength available in this mass region.

The photon scattering cross sections measured in the
present experiment are believed to predominantly
represent dipole strength, with significant contributions
from both electric and magnetic dipole excitations. (The
E2 strength, centered near 16 MeV according to
E„=633 ', should have only a minor effect compared
with the dipole strength below 11 MeV. See Ref. 17 for
the E2 sum rule strength and its relation to cr&T.) The in-
tegral of the total cross section o&T from 6 to 11.2 MeV is
8.9 MeVmb; since 0.

&T has been extracted neglecting ab-
sorption effects, the actual integrated cross section might
be somewhat ( & 50%) larger. If this were all E 1

strength, it would correspond to just 1.1% of the El sum
rule (836 MeV mb}, comparable with the amount expected
from a naive extrapolation of the giant resonance tail (see
Fig. 4).

For an estimate of what fraction of the observed
strength might be due to Ml excitations, we turn to exist-
ing calculations and experimental results for neighboring
nuclei. The shell model calculations of Lipparini et al. ,
covering a wide range of f pshell nuclei, are a us-eful

guide. [Note that the tabulated results in Ref. 2 are relat-
ed to the reduced transition probabilities by

A;(M 1 ) =(4'/3) XB(M1)1, .

They have apparently been incorrectly equated to
(4m. /3) &&B(M1)t in Refs. 4 and 26.] No calculation for

Fe was performed, but a simple interpolation between
the results for "Fe (which has two fewer pz&2 neutrons)
and Ni (with two additional f7/2 protons) yields

g,.B(M1)t =28 pN. Two adjustments must be made to
this estimate, one to reflect the fact that only T& states

could be observed in the present work, and the other to
account for the known quenching of Ml strength in this
Inass regloI1.

The ratio of Ml strength in the isospin channels T&
( To~TO) and T& (Tp~TO+ 1) can be estimated on the
basis of Clebsch-Gordan coefficients. This suggests that
two-thirds of the strength will be in the T& channel for

Fe; the full calculations of Ref. 2 generally show a
slightly greater concentration into the T& channel than
such an estimate would predict. The calculations (without
quenching) would then suggest g,. B(M1)i =19 pN ac-
cessible to this experiment, centered somewhere in the re-
gion from 7 to 9 MeV.

However, it is well known by now that Ml strength in
this mass region is severely quenched relative to these esti-
mates. For example, the summed B(M1)t strength found
in back-angle (e,e') experiments at Darmstadt for

Ti(3 4+0 4.pN), . Cr(5.0+0.5 pN), and Fe(6.3+0.6 pN)
amounts to only 19%, 23%, and 25%, respectively, of
that predicted by Lipparini et al. Taking quenching into
account, one expects Q,.B(M1)1=3.5—4.5 pN in the T&
channel for Fe. This estimate can be related to an in-
tegrated cross section by rewriting Eq. (7) in terms of 0&z,
and in the appropriate units for M 1 transitions:

o&TdE =0.0443 MeV mb 2
EB(M1)f

PN
(8)

where E is in units of MeV. If all T& M 1 strength were
contained in a single excitation at 8 MeV, with
B(M1)t=4 pN (quenched estimate), the integrated pho-
ton cross section would be 1.4 MeVmb or about 16% of
the observed strength of 8.9 MeVmb. Thus one expects
that perhaps 10 to 20 percent of the total photon strength
observed in the present experiment would be likely 'to
come from M1 excitations, with the remainder predom-
inantly representing E 1 strength.

No experimental evidence exists, as yet, to determine
the parities of the discrete states resolved in the resonance
fluorescence measurements. Kumagai et al. " suggested
Ml assignments for all of the strong transitions they ob-
served in Cr and ' Fe (seven in each nucleus), based in
part on a comparison with the calculation of Lipparini
et al. This would mean that they had resolved 50% of
the (unquenched} prediction for T& strength in Cr and
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47%%uo in Fe. However, the polarized photon scattering
measurements of Berg et al. at Giessen later showed that
while three of the Cr transitions are M1 excitations,
three others are E1. Similarly, in Ni several of the
strongest transitions observed in photon scattering are
known to be El. Also, the electron scattering results
mentioned above show both a quenching and a fragmenta-
tion of the Ml strength among many levels (e.g. , more
than a dozen levels each in Cr and Fe). These observa-
tions make it extremely unlikely that all of the transitions
observed in Fein Ref. 11 are Ml. Even if such were the
case, the amount of Ml strength observed would be signi-
ficantly less than claimed in Ref. 11 because of the much
lower values for I'o/I obtained in the present experiment.
For the five transitions in Fe observed in both measure-
ments, the present work indicates that the earlier report of
Ml strength would have to be cut in half [i.e., QB(M1) t
would be 3.9 pN rather than 7.9 pN).

The present experiment also indirectly raises questions
about the amount of Ml strength reported from photon
scattering'" on Cr. The dominant part of the Ml
strength [QB(M1)t =2.5+0.7 pN] identified with polar-
ized photon scattering is contained in transitions first ob-
served by Kumagai et al. " The contribution of these lev-
els to QB(M1) ~ quoted in Ref. 4 is based on the decay
widths measured in Ref. 11. If the discrepancy between
the widths for Fe reported by Kumagai et al. " and
those reported in the present work is the result of an error
in the photon intensity calibration, then the reported
widths in Cr may also be in error (i.e., too large) by simi-
lar ainounts, since the same calibration was used for both
measurements in Ref. 11. Of course, other explanations
are conceivable (e.g. , an error in current integration)
which could have affected the two sets of results dif-
ferently. Nevertheless, until these absolute decay widths
have been carefully remeasured, the previous results
should be used with considerable caution.

Further experiments will be necessary to determine the
parity change associated with the dipole transitions ob-
served in the present work, and thus to separately map out
the distributions of El and Ml strength in Fe. Our
measurements are complementary in several important
respects to the standard techniques for measuring parity
changes. For example, the beautiful bremsstrahlung

(y, y') system at Giessen' lacks the sensitivity of the
present work, due to the use of a low duty-cycle accelera-
tor and the difficulty of generating a polarized beam.
High sensitivity in bremsstrahlung experiments is critical
for avoidance of systematic errors in extracting widths,
even for the strong transitions. Since the Ge(Li) escape
peaks for an 8 MeV transition can be much larger than
the full energy peak, significant errors can be produced by
weak transitions lying 511 or 1022 keV above the transi-
tion of interest. Runs with varying end point energies (to
reduce backgrounds for transitions of interest, to distin-
guish elastic from inelastic scattering, and to guard
against feeding from higher lying levels) are also impor-
tant in extracting reliable decay widths. These tasks are
much more easily performed with high duty-cycle unpo-
larized beams, and provide information important for the
interpretation of the necessarily more difficult measure-
ments with polarized beams. The photon scattering mea-
surements are also complementary to back-angle (e,e')
scattering because they are an independent source of
(model-independent) transition strengths (gI o/F), with a
significantly higher resolution (typically -7 keV vs -30
keV in Ref. 6), and are insensitive to the major source of
possible confusion (the dense background of M2 transi-
tions) in the electron measureinents. Hopefully the
present work can form the foundation for a detailed
understanding of the Ml and El strength distributions in

Fe. Preliminary accounts of portions of the present
work appeared in Refs. 28 and 29, which are superseded
by the present report.
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