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Angular distributions of some alpha-particle groups from the
(He, n) reaction on Fee, FeM, Fe', and Fe have been obtained
experimentally. The He' beam energy was about 14,3 MeV except
that data were also obtained for the Fe" target with a beam energy
of 24.9 MeV. Angular distributions were also obtained for He' and
alpha particles elastically scattered from Fe". For the (He', 0,)
reaction, groups corresponding to l=3 neutron transfers were
peaked strongly forward, while groups corresponding to l = 1 neu-
tron transfers were not but showed much more diffraction struc-
ture. The cross sections for the strong l =3 groups were very much
larger than those for the strongest of the l = 1 groups. This ratio is
in distinct contrast to the results of (d, t) and (p,d) experiments on
the same isotopes. In addition, the Fe"(He', a) reaction to the
ground and first-excited states of Fe" proceeded with a cross
section lower by more than an order of magnitude than

that expected on the basis of data from the (d, t) and (p,d)
reactions.

The (He', o.) reaction cannot be satisfactorily analyzed with the
plane-wave Butler-Born calculation. In contrast, the distorted-
wave Born-approximation calculation predicts curves which are
usually in good agreement with the experimental angular distribu-
tions, and yields ratios of spectroscopic factors which are in fair
to good agreement with the results of a plane-wave analysis of the
(d, i) data and in fair agreement with the results of a distorted-
wave analysis of the (p,d) data. The parameter values used in the
distorted-wave calculation for the (He', n) reaction on Fe~, Fe",
and Fe" were very nearly those which yielded the best optical-
model fits to the Fe5 elastic scattering data. The distorted-wave
calculation for the Fe~'(He', o.)Fe" reaction required somewhat
different parameter values.

I. INTRODUCTION and the results generally show angular distributions
characteristic of direct-interaction processes. However,
PW analyses of the (He', n) reaction are in general less
fruitful than those of (d, t) or (p,d) reactions, owing to
the following characteristics:

' 'N the past several years a large number of (d, t) re-
~ ~ action experiments and several (p,d) experiments
have been reported in the literature. ' The angular dis-
tributions obtained in these experiments usually show
typical direct-interaction stripping patterns for inci-
dent-particle energies in the region from 5 to 20 MeV.
A great amount of spectroscopic and nuclear informa-
tion has been obtained by the technique of fitting
plane-wave Butler-Born approximation (PW) curves
to the angular distributions and extracting angular-
rnomentum /-transfer values and reduced widths. ' More
recently, digital computer codes which perform dis-
torted-wave Born-approximation (DW) calculations
have become available, ' 4 and the calculations have
been applied to (d,p) stripping distributions with con-
siderable success. ' ' No application of D% calculations
to (d, t) reaction distributions has yet appeared in the
literature, although some (p,d) distributions have been
fitted. 7

A reaction which should in many ways be analogous
to the (d, t) or (p, d) pickup reactions is the (He', n) re-
action. Many experiments on the (He', n) reaction have
been reported at He' energies of 10 MeV and below,

(1) As in (d, t) analyses, a reduced width 0' cannot be
directly extracted from PW fits to the (He', n) reaction
data; only a number 0', given by

0"=C'cN'

can be determined. ' In Eq. (1), C' is an isotopic-spin
coupling factor, and A is a number related, in part, to
the overlap between the incoming- and outgoing-
particle internal wave functions. In practice, A is de-
termiried empirically. The reduced width 8' can be
written as

O'= S9p',

where g is the spectroscopic (nuclear overlap) factor,
and ep' is the single-particle reduced width, the value
of which can be determined empirically from (d,p) and

(p,d) reactions on appropriate nuclei. The factor eo'

includes a simulation of the distortion effects neglected
by the PW theory in the (d,p) or (p,d) reactions, and
therefore depends not only on l transfer, but to some
extent on two other parameters, energy and target. ' '
For other reactions, such as (d, t) and (He', n), the dis-
tortion effects will be diRerent; if values of Op' deter-
mined from (d,p) and (p,d) reactions are used in the
analysis of these other reactions, A will contain the
eRect of these differences in distortion in addition to the
particle overlap. For the (d, t) reaction, A is known
fairly well for nuclei in the mass region of 3&60, and
reliable reduced-width information may therefore be
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obtained from the data. In the case of the (He', n) re-
action, however, A is completely undetermined, and
reduced widths cannot be obtained from the data. It is
possible, in fact, that the parameter dependence of A
for the two reactions is so diferent that not even ratios
of the factor AO' obtained from the PW analysis of
(He', n) reaction data can be compared to ratios from the
(d, f) data for the same nuclear transitions, except under
certain restricted conditions.

(2) The Q of a (He', n) reaction to the ground state
of the final nucleus is, with exceptions particularly at
closed-shell nuclei, about 9 MeV or greater. The kine-
matics of the reaction are then such that, for He'
energies of approximately 15 MeV and higher, the usual
first maximum of angular distributions for l(2 does
not appear, and even /=3 distributions typically peak
at 8=10'. It is not possible to extract reliable values of
reduced widths from PW fits to angular distributions
that lack the usual first maximum.

(3) Both the incoming and emerging particles are
doubly charged in a (He', n) reaction. Hence, at a higher
energy and for a lower target atomic number than for a
comparable (d, t) or (p,d) reaction, the Coulomb po-
tential experienced by these particles becomes a domi-
nant factor in the reaction.

A DW analysis should correct for the PW limitations
mentioned above and, hence, should be a valid de-
scription of the (He,n) reaction. It is important to note,
however, that the DW calculations cannot at present
predict absolute cross sections for this reaction. This
limitation is in part due to approximations made in the
calculations. Furthermore, the overlap integral between
the He' and the alpha particle internal wave functions
is not known. Therefore, only ratios of spectroscopic
factors can be calculated.

In order to apply DW calculations to a particular
reaction, parameter values obtained from optical model
fits to the appropriate elastic scattering data are re-
quired. In the present experiment, the choice of 14.5
MeV as the He' beam energy was thus partly dictated
by the fact that the reaction alpha particles would
then have energies within the operating range of the
Los Alamos variable-energy cyclotron.

The choice of the Fe isotopes as targets was prompted
by the publication of the results of (d, t) experiments by
Zeidman et ul. ' and Macfarlane et al. ' on some 2 =60
nuclides, including the Fe isotopes. In addition,
Goodman et al." have recently performed a (p,d) ex-
periment on the Fe isotopes. Strong /=1 and l=3
transitions occur in these reactions, and many of the
final levels are separated sufficiently to permit resolution
with our equipment.

The main objectives of the present experiment were,
first, to compare the systematics of the angular distri-
butions from the (He', u) reaction on Fe" and Fe" with

'B. Zeidman, J. L. Yntema, and B. J. Raz, Phys. Rev. 120,
1723 (1960).

the (d, t) and (p, d) distributions from these isotopes and,
second, to examine the applicability of DW calculations
in the fitting of the (He', n) angular distributions and
prediction of ratios of spectroscopic factors. Angular
distributions from the (He', n) reaction on the isotopes
Fe" and Fe" were also obtained, but no effort was made
to determine the appropriate parameter values re-
quired for DW calculations. During the course of the
experiment, some of the (d,t) measurements made by
the Argonne group' ' were repeated at a deuteron energy
of 14 MeV.

II. EXPERIMENTAL PROCEDURE

He' particles, accelerated to 14.5 MeV in the Los
Alamos variable-energy cyclotron, were focussed as a

)(3 2 in. vertical beam spot on a target in a remote,
10-in.-diam scattering chamber. The details of the
scattering chamber, counter support, and scattering
geometry have been described previously. "For a 14.5-
MeV He' beam energy, alpha particles from the (He', n)
reaction on Fe isotopes have energies up to approxi-
mately 27 MeV. At these energies, He' and alpha par-
ticles can be detected with commercially available
semiconductor detectors, which have the property of
providing energy resolution superior to that obtained
with NaI crystal-photomultiplier systems. The measure-
ments were made with p njunction detec-tors, "and with
Au surface barrier detectors. "

It is important that the depletion depth of the semi-
conductor detector be thick enough that the most
energetic alpha particles will stop within it; otherwise
the spectra will be distorted. The depletion depth was
tested with the aid of the Be'(He', n) Be' reaction, whose
ground-state Q is 18.9 MeV. Observation of the Be'
ground-state alpha particles at different forward angles
showed the depletion depth to be adequate for the
measurements on the Fe isotopes.

At small scattering angles (8(30'), the He' particles
elastically scattered from the Fe targets produce a
pulse pileup in the electronic system unless the beam
current is kept extremely low. For these angles, ab-
sorber foils which were thick enough to stop the elasti-
cally scattered He' particles, but which allowed the
higher energy alpha particles from the (He', n) reaction
to penetrate, were placed in front of the detectors.
However, a small fraction of the absorbed He' particles
reacts with the absorber material to produce protons,
deuterons, and tritons that may penetrate the rest of
the absorber and be detected. At some small angle
(8=5'), therefore, the technique fails; the number of
secondary particles is so large as to again produce an
electronic pileup. Platinum foil was used for the ab-

' H. E. Wegner and W. S. Hall, Phys. Rev. 119, 1654 (1960).
"Guard ring-type detector, P-e junction, 4000 O-cm, Solid

State Radiations, Inc. , 2261 So. Carmelina, Los Angeles 64,
California."Gold surface barrier detector, 32000-cm, Oak Ridge Technical
Enterprises Corp. , P. O. Box 524, Oak Ridge, Tennessee.
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FIG. 1. Energy-level structure of Fe", Fe", and Fe".

sorber to minimize this effect, since the Coulomb
barrier suppresses the He'-induced reactions.

When the (He', o.) reaction Q was low, or when the
reaction was observed at back angles, the alpha-particle
energy from the reaction on the targets was small. For
such cases, a mass-discrimination detector system was
used to discriminate against reaction protons and deu-
terons of comparable energies. A parallel-plate ioniza-
tion chamber measured hE, the energy lost by the de-
tected particle in passing through the chamber. One of
the semiconductor detectors described previously was
used to detect the residual energy of the particle, E,
after its penetration of the AE chamber. The details of
the mass-discrimination detector system are described
elsewhere. "

Because we observed an unusually low cross section
for the Fe"(He', rr)Fess reaction, as compared to the
previously reported Fe'r(d, t)Fe" reaction at 20 Mev, '
we investigated the (d,t) reaction on Fe", Fe", and
Fe" for 14-MeV deuterons. These measurements were
made with the mass-discrimination detector system de-
scribed in the previous paragraph, in which a Au surface
barrier detector" was employed as the E detector. This
unit was constructed of 3200-0-cm n.-type silicon and
was operated at a bias of 380 V. Under these conditions,
the depth of the depletion region of the detector was
greater than the maximum range of the detected
tritons. '

The over-all energy resolution of the detector systems
was approximately 1.5% or less (full width at half-
maximum), but cyclotron energy fluctuations, beam
energy spread, and occasional electronic instabilities
resulted in an operational energy resolution of 2 to 3%.

The energies of the detected particles were recorded
on a multi-channel analyzer. The resulting spectra were
analyzed with a computer code which 6ts a Gaussian
curve to each of the peaks corresponding to an observed
level or group of levels, determines the area under the
curve, and computes the corresponding cross section.
The code is capable of unfolding partially resolved

"H. E. Wegner (to be published).

peaks superimposed on various types of backgrounds.
The data reduction method is described in detail
elsewhere. '4

Thin, self-supporting target foils of Fe", Fe", and
Fe" were produced by electroplating, " and the Fe'4
target by rolling methods. The areal densities ranged
from 1 to 3 mg/cm'; the isotopic purity varied from 78
to 99%, depending on the particular isotope.

The angular distributions reported here were meas-
ured several times with different detector systems in
order to test the reproducibility of the data and obtain
cross checks on the various absolute and relative cross
sections. Under some conditions, the detector solid
angle could not be accurately calculated because of
multiple Coulomb scattering, but all data measured
under such conditions were normalized to data meas-
ured under known solid-angle conditions.

III. RESULTS

A partial compilation of the energy levels of Fe",
Fe'6, and Fe" and their known spins and parities is
shown in Fig. 1.' For Fe' and Fe", only the 0+ ground
states are involved in the reactions to be discussed, and
hence the level diagrams for these isotopes are not
shown. Although gross structure groups observed for
the levels of Fe" will be discussed, the energy resolution
was inadequate to determine the exact nature of the
groups of levels, and a level diagram is not included.
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Fre. 2. Energy spectrum of alpha particles from the Fe"
(He', n)Fe" reaction at Hq,b=33'. The curve through the datum
points is the best fit computed by the data analysis code.
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A. Fe"(He', n) Fe" Reaction

The ground state Q for the Fe"(Hes,n)Fe" reaction
is 9.3'I MeV." A typical energy spectrum for alpha
particles from this reaction at a laboratory scattering
angle of 33' is shown in Fig. 2. The peaks are labeled in
accordance with the level diagram shown in Fig. 1. The
levels that comprise the 1.4-MeV and 3.0-MeV groups
are not resolved, and each group is analyzed as though
it were a single level. The peaks corresponding to these
two groups maintained a Gaussian-like shape through-
out the entire angular distribution and could be ana-
lyzed in a reasonably consistent fashion.

Although the peaks corresponding to the ground-,
first-excited, and second-excited states and the 1.4-MeV
group were analyzed separately, the resulting angular
distributions sometimes showed considerable scattering
of datum points. This eGect rejects the difhculty in ob-
taining a consistent analysis of the spectra with the
available statistics and energy stability during the meas-
urements. The beam energy and spread underwent small
changes during a measurement at a particular scattering
angle; these changes distorted the spectrum slightly,
which in turn resulted in less reliable individual peak
analyses. An example of the angular distributions ob-

. tained is shown in Fig. 3. The two distributions shown
have approximately the same shapes, but the details
of the distribution of the relatively weakly excited
0.93-MeV state are not so clear as those of the 1.4-MeV
group. The ground- and first-excited state distributions
behave similarly.

Owing to the difhculty in unfolding the ground-state
distribution from the first-excited state distribution,
and the second-excited state distribution from the 1.4-
MeV group distribution, the distributions were added

' All Q values are taken from V. J. Ashby and H. C. Catron,
University of California Radiation Laboratory Report-5419,
1959 (unpublished).

together in pairs as shown in Fig. 4. The reliability of
the datum points is increased considerably by this
pairing. Also shown in the figure is the angular distri-
bution of the 3.0-MeV group.

Because the ground state of Fe" has a spin and parity
of —,'and the first-excited state is ~ or —,

'—,' and since
the Fe' ground-state spin and parity is 0+, the angular
momentum transfer to both levels must be /=1. The
angular distribution of this group shows considerable
oscillatory structure with a modest increase in cross
section in the forward angle region.

The 1.4-MeV group transition was observed to be a
mixture of l=1 and l=3 in the (d, t) experiment of
Zeidman et ul. ' but was predominantly /=3 in terms of
the reduced widths. As will be discussed below, /=3
transitions are enhanced over l=1 transitions in the
(Hes, n) reaction, so that to a good approximation the
(He', n) transitions to the 1.4-MeV group of Fe" show
a pure l =3 character. The transition to any single Fe"
level can involve only a single / value, and it is clear
from inspection of Fig. 3 that the transition to the
0.93-MeV state of Fe" is l=3. The spin and parity of
the 0.93-MeV state is thus —,

' or —,
' .

The sum distribution of the 0.93-MeV state and 1.4-
MeV group, as shown in Fig. 4, thus shows a nearly
pure l=3 character. This distribution is strongly peaked
forward and shows less oscillatory structure than the
l=1 ground- and first-excited state distribution. The
cross section of the 0.93- and 1.4-MeV group of transi-
tions is greater than that of the ground group through-
out the entire angular distribution and more than ten
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and 3.0-. MeV group. The laboratory energy of the He3 beam was
14.40&0.15 MeV. The solid lines result from DW calculations
arbitrarily normalized to the data. The parameter values used in
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W= —12 MeV, 8=5.8 F, a=0.60 F; and for the neutron well,
A~=6.9 F.
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times greater in the forward-angle region. This result
is in distinct contrast to the results of the (d, t)' and

(p,d) experiments, and will be discussed in detail later.
The backward-angle region of the distributions was only
partially investigated because the cross section is only
a few microbarns; operational limitations prevented
further measurements.

The strength of the 3-MeV-group angular distribution
and its similarity to the 1.4-MeV-group distribution
indicates strong 1=3 transitions to a state or states
within the group.

For all angular distributions shown in this paper, the
representative error bars on the datum points indicate
the relative cross section errors, including statistics
and background. For the angular distributions for which
no error bars are shown, the errors are smaller than the
dimensions of the datum points. The absolute cross
sections (in the c.m. system) were determined to an
accuracy of &Is%%. This error was determined from a
consideration of the uniformity of the targets and the
over-all reproducibility of the data.

The incident-particle energy indicated in the caption
of each angular-distribution figure is the average energy
at the center of the target. The indicated variation is
the limit to which the energy was held through the
course of a complete angular-distribution measurement.

The angular acceptance of the detector systems
varied from 1' to 2', depending on the particular
geometry employed.
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B. Fe"(He', n) Fe" Reaction

The ground-state Q of the Fe' (He', n)Fe" reaction
is 12.94 MeV. The energy distribution for alpha par-
ticles from this reaction at a laboratory scattering
angle of 33' is shown in Fig. 5. The ground- and first-

Oo0002

O,OOOI
p4 204

I

404 6o4
I

8O i/0

ec.m.

Fro. 6. Angular distributions for the Fe"(He', o)Fe" reaction
to the ground, 0.85-MeV, and 2.09-MeV states. The laboratory
energy of the He3 beam was 14.30%0.15 MeV. The solid lines
result from DW calculations in which the parameter values were,
for the He' well, V= —32 MeV, W= —13 MeV, R=6.45 F,
a=0.58 F; for the alpha well, V= —85 MeV, W= —12 MeV,
R=5.85 F, a=0.60 F; and R~=6.9 F. The dashed lines result
from DW calculations in which U was changed to —94 MeV and
all other parameters were held the same. The calculated curves
are arbitrarily normalized to the data.

excited states are resolved. The second-excited state is
partially obscured by the alpha group from the
Fe"(He', n)Fe'r ground-state reaction, which appears
because of the Fe" contaminant in the target. The
second-excited state peak and the contaminant peak
were analyzed together because of the difhculty of un-
folding the two peaks with the himited statistics of the
data. The absolute cross section was corrected for the
contaminant contribution; the correction was approxi-
mately 10%%uo throughout the angular region investi-
gated. The higher excited states, as indicated from the
level diagram (Fig. 1), form a complex, multiple-peaked
group structure that could not be meaningfully analyzed.

The angular distributions for the ground-, first-excited,
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was partially investigated with 25-MeV He particles.
At the higher energy, the absolute cross section had
increased by approximately a factor of 5; however, the
relative /=1 to l=3 cross-section ratio was approxi-
mately the same as at the lower energy. The general
characteristics of the angular distributions at the higher
energy were also similar to those at the lower energy.
It was concluded that the difterences between the
(He', tr) and (d, t) measurements with regard to the l= 1

and l=3 transitions were not due to the particular
energy chosen for this work. Because no other isotopes
were investigated at the higher He' energy, no compari-
son of absolute cross-section behavior can be made for
different energies.

C. Fe"(He', tr)Fe" Reaction
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FIG. 7. Energy spectrum of alpha particles from the
Fe"(He', a)Fe" reaction at 8] b =33'.

and second-excited states are shown in Fig. 6. The
ground-state distribution shows the characteristics of
an /= 1 angular-momentum transfer, while the first- and
second-excited states show the characteristics of an /=3
transfer.

The most striking feature of the Fesr(He', rr)Fess

angular distributions is their low cross section relative
to the Fe"(Hes, n)Fess distributions. The cross section
of the Fe"(He', n)Fess ground-state distribution is ap-
proximately 1/100 that of the Fe"(Hes,n)Fe" ground-
and first-excited state distribution. This ratio can be
compared to the results of the (d, t) experiment of
Zeidman et u/. , which yielded a ratio of 5 for the equiva-
lent transitions. Similarly, the (He,n) transition to the
first excited state of Fe" proceeds with a cross section
about —,', that to be expected on the basis of the (d, t)
experiment. Comparison of the (He', n) data to the

(p,d) data of Goodman eI a/. yields approximately the
same ratios for these sets of transitions as those ob-
tained in the comparison to the (d, t) data. The (Hes, tr)
transition to the second-excited state of Fe" cannot be
compared to the (d, i) results, since this transition could
not be analyzed by Zeidman ef al. , but it has a cross
section substantially lower than that expected on the
basis of the (p,d) experimental results.

In addition to the low cross sections observed, the
suppression of l=1 transitions relative to l=3 transi-
tions, when compared te the analogous (d, f) transitions,
again appears in the Fesr(Hes, n)Fess reaction. To de-
termine whether this feature might be due to the par-
ticular He' energy chosen, the Fe"(Hes,n)Fess reaction
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of the He' beam was 14.40&0.15 MeV. The solid lines result from
DW calculations using the same parameter values as in Fig. 4,
except that R=6.5 F and 5.9 F for the He' well and the alpha
wdl, respectively. Normalization to the data is arbitrary.

The ground-state Q of the Fess(He', n)Fesr reaction is
10.55 MeV. The energy distribution for alpha particles
from this reaction at a laboratory scattering angle of
33' is shown in Fig. 7. The ground and 2.2-MeV groups
did not maintain a Gaussian shape throughout the
angular region investigated and were analyzed for area
by adding up the counts under the peaks.

The angular distributions for the two strong groups
are shown in Fig. 8. The modest oscillatory structure
and forward peaking indicate that each corresponds
predominantly to an /=3 orbital angular momentum
transfer. The sharp break at 40' in the ground-group
angular distribution is probably due to the mixing of

IO.O
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1=1 with /=3, and an attempt to 6t this shape by
mixing the theoretical curves will be discussed later.
The group at approximately 1.2 MeV (see Fig. 7) was
too weak to be analyzed as dependably as the ground
and 2.2-MeV groups, and its angular distribution is not
included in Fig. 8.

D. Fe'4(He', n)Fe" Reaction

CHANNKL NUMBKR (KNKRGY)

FIG. 9. Energy spectrum of alpha particles from the Fes
(He', n)Fe" reaction at HjIIb 33'. The curve through the datum
points is the best fit to the ground group computed by the data
analysis code.
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(p,d) experiments has been noted. As a check on our
experimental techniques, detection equipment, and
target composition, we studied the (d, I) reaction at a
deuteron energy of 14 MeV, with Fe", Fe", and Fe"
targets. The 14-MeV results were generally similar to
those obtained at 20 MeU. Hence, we conclude that the
differences between the (He', n) pickup reaction and the

(d, t) and (p,d) pickup reactions are basic to the reaction
mechanisms.

The triton energy spectrum for the Fe's(d, t)Fe'r re-
action at a laboratory scattering angle of 35 is shown

in Fig. 11. The improved energy resolution of the Au
surface barrier detector allowed the 0.36-MeV state to
be completely resolved, whereas it couM not be ana-

lyzed in the experiments of Macfarlane et ul. and
Goodman et al. The ground group and the higher energy
groups correspond to mixture of several levels.

The great diQ'erence in the relative strengths of /=1
and I=3 transitions in the (He', n) and the (d, t) re-

actions is again apparent in the case of the Fe" target.
In the (He', o.) experiment, the ground-group angular
distribution is predominantly 1=3 in character (see
Fig. g) from the transition to the -', 0.14-MeV level. In
the present (d, t) experiment, the ground-group angular

The ground-state Q for the Fe'4(He', n)Fe" reaction
is 7.23 MeV. The energy distribution for alpha particles
from this reaction at a laboratory scattering angle of
33' is shown in Fig. 9. The energy spectra maintained
the general shape shown in Fig. 9 throughout the angu-
lar region investigated, and the three groups analyzed
are indicated. The multiple structure of the 3.1-MeV
group is apparent, and the 4-MeU group also shows
considerable distortion from a Gaussian shape. The
3.1- and 4-MeV groups were analyzed by adding up the
counts under the peaks. Owing to the relatively low Q
of the reaction, and the necessity for using at small
scattering angles the detection method employing total
absorption of elastically scattered He' particles (as de-
scribed in the Experimental Procedure), data for the
reaction to the two excited groups were not obtained
for g$,b &33'.

The angular distributions of the three groups are
shown in Fig. 10. The forward peaking and oscillatory
structure, when compared to the distributions from the
other isotopes, indicate that the groups correspond pre-
dominantly to l'=3 angular momentum transfers.
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The distinct contrast between the results of the
present (He', n) experiment and the previous (d, t) and

FIG. IO. Angular distributions for the Fe"(Hea, n)Fe'3 reaction
to the ground, 3.1-MeV, and 4.0-MeV groups. The laboratory
energy of the He' beam was 14.30&0.15 MeV. The solid lines
result from DW calculations using the same parameter values as
in Fig. 4, except that R=6.3 F and 5.7 F for the He' well and the
alpha well, respectively. Normalization to the data is arbitrary.
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made for the (d, t) reaction also. In the present paper,
this is not done, and we rely upon the PW analysis; a
large body of information has been collected which
attests to the self-consistency and usefulness of PW
calculations for (d, t) data such as those with which we
are concerned. '
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distribution indicates that the /=1 transitions to the
ground state and ~

—0.14-MeV state predominate.
The details of the angular distribution provide evidence
of a small admixture of /=3, but the amount is too
small to be accurately determined. The (d, t) work of
Macfarlane et al. agrees with this result.

IV. DISCUSSION

The difFiculties which might be experienced when
treating (He', n) reaction angular distributions with 'a

P% analysis have been discussed in the Introduction.
It was seen in the Results that the (He', n) data differed
considerably from the (d, t) and (p,d) data with regard
to the relative intensities of /=1 and t=3 angular dis-
tributions, and also with regard to the relative mag-
nitudes of the cross sections for the Fe" and the Fe"
targets. In this section, we shall make quantitative com-
parisons between the results of PW analyses of the
(He', n) data and the (d, t) data, in order to illustrate the
inadequacy of a PW treatment of the (He', a) reaction.
Following this, we shall discuss the application of DW
calculations to the (He', n) data. The results of the DW
calculations will then be compared to the results of the
PW analysis of the (d, t) data and the DW analysis of
the (P,d) data. Ideally, DW calculations should be

CHANNEL NUMBER (ENERGY)

FIG. 11. Energy spectrum of tritons from the Fes (d, t)Fe"
reaction at 8I,b=35'. The curve through the datum points is the
best 6t computed by the data analysis code.

A. Plane-Wave Analysis

In the Fe'6(d, t)Fe" experiments of the Argonne
group, ' ' the sum of 0"obtained for the /= 1 transitions
to the ground- and first-excited states of Fe" was
QO'2(1) =5.2, and for the /= 3 transition to the 1.4-MeV
group was Q'(3) =2.7. The ratio of these numbers is
QO~'(1)/QO'(3)=1. 9. In the (He', n) reaction, /=3
transitions are enhanced relative to l= 1 transitions, as
noted earlier, and to a good approximation the distri-
bution of the alpha particles from the 1.4-MeV group
of Fe" shows only the /=3 character. (See Figs. 3 and
4.) An /=3 PW calculation can be normalized to the
1.4-MeV group distribution at 10', near the maximum
of the distribution. An /=1 curve can be normalized
at its second maximum to the 24' maximum of the
ground- and first-excited state distribution. (Both
curves require a cutoff radius ro ——5.0 F.) The ratio of
the numbers extracted by this procedure is QO'(1)/
QO~'(3) =0.32, in disagreement with the ratio of 1.9
obtained from the (d, t) reaction analysis.

The normalization procedure used above in the /t=1
case for the (He', n) reaction is quite arbitrary. Usually,
when /=1 PW curves are fitted to (d, /) and (d,p) dis-
tributions at the first maximum, the predicted second
maximum falls below the experimental second maxi-
mum. In the present case, decreasing the magnitude of
the PW curve in accordance with this observation only
serves to increase the discrepancy between the (He', n)
and the (d, /) results.

If PW fits were made to the second experimental
maximum of two different /=1 (He', n) angular distri-
butions, the ratio of the extracted numbers 0'' might
be meaningful. For example, the Argonne group used
this method in the analysis of their (d, t) data. They
were able to obtain experimentally the first peak of the
Fe56(d, t)Fe" ground-state angular distribution, and a
PW 6t to this peak yielded a predicted second maximum
which fell at the position of the experimental second
maximum, but had about half its magnitude. On the
other hand, the angular distribution of tritons from the
Fe"(d, t)Fe" ground-state reaction had shifted toward
smaller angles, owing to the relatively high Q of the
reaction, and the usual primary peak was not observed.
Zeidman et al. assumed that since the energy of tritons
from the Fe" ground state was only 3.5 MeV higher
than that of tritons from the Fe~' ground state, it was
reasonable to assign the same ratio of second maximum
to first maximum as in the Fe'6(d, t)Fe" ground-state
reaction. The Fe"(d, /)Fe" ground-state reduced width
was therefore obtained by normalizing the second
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maximum of a P%' calculation at half the cross section
of the experimental maximum of the angular distribu-
tion. It is estimated that the error introduced by this
extrapolation procedure does not exceed 20%.' It will

now be shown that a second-maximum analysis of the
analogous (Hes,a) transition yields a much different
ratio of the extracted numbers O~s.

The PW analysis of the Fesr(d, t) experiment by
Zeidman et a/. yielded O~'(I) =1.1 for the l = 1 transition
to the ground state of Fe', compared to QO" (1)=S.2
for the Fe"(d, t) I= 1 transitions to the ground- and first-
excited states of Fe".' The ratio of these two numbers
is 0.21. For the Fe'r(Hes, n)Few reaction, a PW analysis
of the ground-state distribution may be made in a
manner similar to that of the Fess(Hes, n)Fess ground-
and first-excited state distribution, i.e., the second
maximum of an /=1 calculation is fit to the maximum
of the experimental ground-state distribution near 13'.
(See Fig. 6.) A cutoff radius of 5.0 F is required, just
as in the Fe"(He',n)Fess case. The ratio of the two
values of 0' obtained in this manner is 0.010, to be
compared to 0.21 from the (d, t) experiment —a factor
of 21 between the analyses of the two reactions.

B. Distorted-Wave Analysis

If the values of the optical model parameters required
to fit elastic scattering distributions are known, the DW
theory, if valid, should predict, for the same parameter
values, angular distributions similar to those observed
for the corresponding nuclear reaction. Actual DW cal-
culations will yield less accurate predictions, owing to
additional approximations introduced in the calcula-
tions. The DW numerical calculations of the present
experiment were made with the code developed at the
Rice Institute by W. R. Gibbs and W. Tobocman and
adapted for the Los Alamos IBM 704 and 7090 com-
puters by Blair Swartz, L. S. Rodberg, and W. S. Hall.
This code employs Woods-Saxon type wells for both
real and imaginary optical potentials, zero-range forces,
and other simplifications. It has, however, had success
in the interpretation of (d,p) angular distributions, s s"
and the required parameter values are usually in the
neighborhood of those required for good optical model
fits to elastic-scattering data.

New calculations have recently been made' " which
incorporate more sophisticated features (e.g. , spin-orbit
forces, surface absorption, finite range of interaction),
and should yield improved predictions.

a. Optical diode/ Fits to E/aspic Data

Figure 12 shows the angular distributions for
14.41~0.15-MeV He' particles and 26.45&0.15-MeV
alpha particles elastically scattered from Fe'6. In

"W. R. Gibbs and W. Tobocman, Phys. Rev. 124, 1496 (1961)."W. R. Gibbs, Ph.D. thesis, Rice University, 1961 (un-
published), and private communication.
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the He' case, the search for an optical model fit was
begun with parameter values near those suggested by
the work of Aguilar et at.20 and Greenlees et a/. ,"who
studied the elastic scattering of He' particles from
selected isotopes at energies of approximately 29 MeV.
At 14.4 MeV, the structure of the He' distribution on
Fe" has been reduced from that which appears for
neighboring isotopes at 29 MeV, but has not dis-
appeared entirely. The solid line in Fig. 12 is the best
calculated fit by visual inspection to the experimental
He' angular distribution; the parameter values are
given in the caption. The real part of the Saxon po-
tential V, the diffuseness parameter e, and the well
radius R all have values close to those suggested by the
29-MeV work. It was necessary to change the imaginary
part of the potential well lV from a typical value of
—25 MeV at the 29-MeV He' energy to —13 MeV in
the present case, in order to approximate the weak
oscillatory structure observed in the experimental data.
From optical-model analyses of data for elastically
scattered alpha particles, it is known that there are
several combinations of parameter values which yield
equally good optical-model fits to the elastic distribu-

'0 J. Aguilar, A. Gare/a, J. B.A. England, P. E. Hodgson, and
W. T. Toner, Nuclear Phys. 25, 259 (1961).

~' G. W. Greenlees, J. S. Lilley, P. C. Rowe, and P. E. Hodgson,
Nuclear Phys. 24, 334 (1961).
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FIG. 12. Angular distributions for He' and alpha par ticles

elastically scattered from Fe".The solid lines result from optical
model numerical calculations. The parameters used in the He'
calculation are V= —32 MeV, lV= —13 MeV, R=6.4 F, a=0.58
F. The parameters used in the alpha calculation are P'= —74
MeV, 8"=—13 MeV, R=5.85 F, and @=0.60 F.
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tions. "In the present study of He' scattering from Fe",
it was determined that another parameter region of
convergence to the data exists at V= —68 MeV,
E.=6.3 F, but a thorough investigation of the region was
not made.

The best optical-model fit by inspection to the data
for elastically scattered alpha particles is also shown in
I ig. 12 as a solid line through the datum points; the
parameter values are given in the figure caption.
Another region of convergence was found at V= —40
MeV, E.=6.0 F, but, as in the He' case, it was not
carefully investigated. The results of employing these
different parameter values in the DW calculations will
be mentioned later, but the predictions were not
strikingly different.

b Fe"(&. es,n)Fe" Reactiois

Figure 4 shows the DW curves obtained for the
Fe"(He',n)Fe" reaction to the states analyzed in the
present experiment. As was discussed in the Introduc-
tion, the present DW calculation does not predict abso-
lute cross sections for the (He', n) reaction; consequently,
the DW curves have been arbitrarily normalized to
the experimental data. (The ratios of experimental
to predicted cross sections are important, however,
and will be used to obtain ratios of spectroscopic
factors. ) The He' parameters were held at those values
required for the optical-model fit to the elastic-scatter-
ing data. Because the final reaction system consists of
an alpha particle and a residual Fe" nucleus, the value
of E was decreased by 0.05 F from the Fe' elastic
scattering, in approximate agreement with an A& de-
pendence. The value of a, the diffuseness parameter,
was held the same as for the .elastic scattering, and V
and 8' were adjusted to give the best fit to the ground-
and first-excited state distribution. The curves shown
in Fig. 4 were obtained by using the values V = —79
MeV, 8' = —12 MeV, as opposed to the elastic-scatter-
ing values of V = —74 MeV, W = —13 MeV. A 2-
MeV change in V produces a shift of about a degree
in the position of the maximum at 50', alters slightly
the shape of the curve, and changes the predicted cross
section by a few percent. A 1-MeV change in 8' does
not shift the angular positions of the maxima or affect
the normalization ratio appreciably, but it does change
the maxima-to-minima ratios by a few percent.

The fact that the best fit to the Fe"(He',n)Fe"
ground- and first-excited state distribution was achieved
with only small changes in V and W from their values
for the elastic scattering supports the validity of the
DW calculation for the (He', n) reaction. The results
are especially encouraging when one considers that for
neutron and proton scattering in this energy region, the
real part of the optical well increases in absolute mag-
nitude and the imaginary part decreases in absolute
magnitude as the energy of the incident alpha particles

's G. Igo, Phys. Rev. 115, 1665 (1959).

is decreased. " In the present experiment, the c.m.
energy of the final system in the Fe's(He', n)Fe"
ground-state reaction is approximately 2 MeV lower
than for the elastic scattering.

The value of E~, the radius parameter, at which
the inside and outside neutron wave functions are
matched, was arbitrarily held at 6.9 F throughout all
of the DW calculations. Changing the value results in
a slightly different shape and average slope of the cal-
culated curve, but the main effect is a large change in
the predicted absolute cross section. An increase in
E& of 0.5 F raises the absolute cross section scale by
approximately 50%. It is possible that RN should be
chosen somewhat differently for neutrons from different
subshells (e.g. , 2p and 1f), but there is little evidence
on this subject. There is evidence from (d, p) studies
that the value of R~ should be somewhat larger than
the deuteron and proton well radii, and some theoretical
justification for this tendency exists. Thus, the value of
6.9 F is in accord with previous work. It is likely that a
different value of R& would be required for a fit to the
data in a calculation which included the effects of
finite-range forces, because of the dependence on E~ of
the slope of the calculated curve.

While the reaction to the ground- and first-excited
states of Fe" involves a single /-transfer value, namely
/=1, the reaction to the 0.93- and 1.4-MeV group in-
cludes both /=1 and /=3 transitions. In comparing
the angular distribution of this group to DW predic-
tions, one should therefore sum /= 1 and /= 3 DW
curves in the correct proportion and compare the re-
sultant curve.

It is convenient at this point to introduce the quan-
tity 5, where

S=C2S. (3)

The sum QS corresponds to the combined strength of
transitions to an appropriately chosen group of levels.

(See, e.g. , Macfarlane et al. ') The measured quantity
0"=O'A8' thus becomes& from Eqs. (2) and (3),

Q~s =Sag s

The values of 0+' for the l = 1 and l =3 transitions to the
1.4-MeV group of Fe" are known from the work of the
Argonne group; the value of 0" for the l=3 transition
to the 0.93-MeV state can be estimated from the
present (d, t) experiment and from the data of Zeidman
et al. to be approximately 20% of the value for the l= 3
transition to the 1.4-Me/ group. From Eq. (4), using
the values of AHs'(1) and cps'(3) determined by
Macfarlane et al. , one obtains the small ratio QS(1)/
QS(3)=0.06 from the PW analysis of the (d, t) reaction
to the 0.93- and 1.4-MeV group. The DW calculation
assumes the transfer of a nucleon with the full single-

particle reduced width and unit value for C', i.e., S has

'3F. Bjorklund, Proceedings of the International Conference on
the Nuclear Optical Model (Florida State University, Tallahassee,
1959), pp. 1—15.
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TABLE I.Values of S from DW analysis of the (He', n) reaction,
PW analysis of the (d,l) reaction, and DW analysis of the (P,d)
reaction. All values are given relative to the sum ZS, for the
reaction to the Fe55 ground- and first-excited states.

Target

Fe56

Fe57

Fe56

Fe 54

Final
level

(MeV)

Fe55 0.93+1.4c

3.0c
Fe56 0

0.85

2.09
Fe57 Pc

1.2c

2.2c
Fe53 pc

3.1c
4 po

(He3, rx)
D'IA'

analysis
l transfer S/ ZSg

d
2.1
0.6
0.077

d
0.39
0.042
1.9
0.97
1.0f
0.11f
2.5
1.9
1.8
2.0

(d, t)
PW

analysis a

S/ ZSg

0.076
1,3e

0.21
0.42
0.59
0.069
2.1

(0.8
0.67

(0.2
1.7
1,2

(p, d)
DW

analysis b

S/ QSg

4.1e
1.6
0.081
0.45

0.17
1.2

0.69

4.7
4.3

a The ratios in this column are obtained from reference 8, except for the
transition to the Fe56 2.09-MeV level, for which the ratio comes from the
present (d, t) experiment.

b The ratios in this column are obtained from reference 7.' This is not a resolved level but a group of levels.
d The l =1 contribution to the a'ngular distribution was too weak to be

properly analyzed.
e This value has been increased 20'P~ from the value for the transition to

the 1.4-MeV group, to approximate the inclusion of the 0.93-MeV transition.
& This ratio may be in error by as much as a factor of 2.

unit value in the calculation. In Fig. 4, the l=1 and
l=3 DW curves calculated for the (He', o.) reaction to
the 0.93- and 1.4-MeV group have therefore been
added together in the ratio of 6% to 100% of the pre-
dicted magnitudes, respectively, and the result has been
normalized to the experimental curve. As will be shown
later in detail, the DW calculation correctly predicts
the enhancement of l =3 transitions relative to l = 1
transitions. As a result, the addition of 6% of the I=1
calculation contributes only approximately 1% to the
magnitude of the final curve at 10', and a maximum
amount of approximately 15% at 100', and hence does
not markedly aA'ect the shape of the curve or its
normalization.

The same parameter values were used in the D%
calculations for the 0.93- and 1.4-MeV group transitions
as for the ground- and first-excited state transitions.
Because of the difference in alpha-particle energies, it
is probable that one or more of the alpha-particle
parameters will have slightly diferent values for the
two sets of transitions. A small change in parameter
values could yield a more favorable comparison to the
shape of the experimental curve, but would not change
the normalization significantly.

The same parameter values were also used in the
calculation for the distribution from the 3-MeV group.
Very little l=1 admixture is apparent in this distribu-
tion, and it was fitted with a pure l=3 calculation.

The effect of changing the parameter values over a
wide range was examined. Vjlhen values from the other
regions of convergence to the elastic data (as discussed
earlier) were used in the DW calculation, no striking
differences resulted. That is, the predicted peak posi-
tions and curve structure were about the same; the
ratio between magnitudes for l= 1 and I=3 distributions

remained about the same; and the cross sections did
not change by more than approximately 30% or 40%.
However, when parameter values other than those
required for optical-model fits to the elastic data were
used, good fits to the Fe"(He', rr)Fe" angular distribu-
tions were not obtained.

Ratios of Svalues between one transition and another
can be obtained from the normalization of DW curves
to experimental angular distributions. These ratios may
then be compared to the ratios obtained from PW and
DW analyses of the comparable transitions from (d, f)
and (p,d) reactions, respectively. For the Fe"(He', rr)Fe"
reaction to the 0.93- and 1.4-MeV group relative to the
reaction to the ground- and first-excited states, the nor-
malization of the DW calculations to the data yields
the ratio QS(3)/+S, =2.1. This is in fair agreement
with the ratio QS(3)/QS, = 1.3 from the PW analysis
of the (d, I) reaction to the same states. ' The agreement
is slightly poorer between the present results and the
ratio of QS(3)/+S, =4.1 obtained from the DW
analysis of the (p,d) experiment. '

In Table I are recorded the ratios obtained from the
DW analysis of the (He', n) data and, where they exist,
the PW analysis of the (d, f) data and the DW analysis
of the (p,d) data.

c. Fe"(He', n)Fe" Reaction

The initial attempt at fitting the Fe'"(Hes, rr)Fess
angular distributions with DW calculations was made
for the 1=1 ground-state transition, with the same
parameter values determined from the He' and alpha
particle elastic-scattering optical-model fits to Fe'6.
(The radius of the Fe"-He' optical well was increased
by 0.05 F from the Fe" value to allow for the increase
in the atomic weight. ) Two notable effects appeared
in the result: The cross section predicted by the cal-
culation was approximately one-fifth that predicted for
the 1=1 ground-state transition of the Fe"(He', rr)Fe"
reaction, and the predicted maxima fell approximately
12' from the experimental maxima. The first effect is
in the direction that accords with the low cross section
found experimentally for the Fe"(He', rr)Fe" ground-
state reaction, and arises from the calculation solely
because of the Q difference of 3.5 MeV between the
Fe"(He', n)Fe" and the Fe"(He',n)Fe" reactions. The
discrepancy in the predicted maximal positions may be
caused by the high energy of the alpha particles (2.5
MeV higher than that in the elastic scattering) which
may require the use of diferent alpha parameter values;
or it may be due to the need for different parameter
values for the Fe"-He' system.

Data on the elastic scattering of He' from Fe'7 are not
available at present, and the energy dependence of the
alpha parameters is not known. To shift the positions
of the predicted maxima of the ground-state distribu-
tion, other parameter values were arbitrarily held fixed
while the value of V was changed. The solid lines in
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Fig. 6 show the calculated angular distributions when
V = —85 MeV, for which the 6t to the ground-state
distribution is good. A calculation with V = —63 MeV
(not shown) also yields a curve with its maxima in the
proper positions for the ground-state distribution, but
the maximum-to-minimum ratio is not so satisfactory.

From the results of the calculation shown by the solid
line in Fig, 6, the ratio of S for the Fes (He', n)Fe'
ground-state transition to QS for the Fe' (He', n)Fe~'
ground- and first-excited state transitions is 0.077.
(Approximately the same ratio is obtained when the
curve calculated for V= —63 MeV is normalized to the
data. ) This ratio is in only fair agreement with the value
of 0.21 obtained from the PW analysis of the (d, t) work
of Zeidman et a/. , but is in much better agreement than
is the value of 0.010 which results from a PW analysis
of the same (He, n) data, as discussed earlier; it is in
excellent agreement with the value of 0.081 from the
(p,d) analysis of Goodman et oi The pr. esent result may
be regarded as a further success of the DW calculation
for the (He', n) reaction.

For the (He', n) reaction to the 0.85-MeV level in
Fe'~, /= 3 and /= 1 curves from the DW calculation
with V = —85 MeV were added together in various
proportions in an attempt to reproduce the experi-
mental distribution. The solid line for this transition in
Fig. 6 shows the result of adding the calculated curves
in the / =3 to / = 1 ratio of 100:55, in approximate
agreement with the analysis results of the Argonne
group. The 6t to the experimental data is poor, and
cannot be improved significantly by changing the / ratio.
The contribution of the /= 1 curve to the sum curve
shown is small at small angles, e.g. , 5% at 10', and
reaches a maximum of about 60% at 65'. A better fit
to the data is shown by the dashed curve in Fig. 6,
which is composed of /= 1 and /= 3 curves calculated
with V = —94 MeV and summed in the same ratio as
for the solid curve. A curve (not shown) similar in
structure to the dashed curve, with its maxima properly
located, but with a slope somewhat steeper than that
of the data, was obtained with V=—70 MeV.

The calculation for the reaction to the Fe" 2.09-MeV
state also yields a poor fit to the data with V = —85
MeV, and an improved fit with V = —94 MeV, as
shown by the dashed line. A calculation with V =—74
MeV yielded a curve (not shown) with its maxima in
the desired locations, but with a slope steeper than that
of the data. The ground-state distribution is not fitted
by the calculation for which V = —94 MeV, as shown

by the dashed line.
The ratios of 5 determined from the normalization

of the calculated curves to the data (V = —85 MeV
for the Fe" ground-state calculation and V = —94
MeV for the 0.85-MeV and the 2.09-MeV state cal-
culations) are given in Table I. These ratios are to be
compared to those obtained from the PW analysis of
the (d, t) data and the DW analysis of the (p,d) data.
(The angular distribution of tritons from the 2.09-

MeV state was not obtained by the Argonne group, and
for this transition the result of the PW analysis of the
present (d, t) experiment was used. ) The ratios for the
ground-state transition have already been discussed.
For the transitions to the 0.85-MeV state and the 2.09-
MeV state, the DW analysis of the (He', n) data yields
ratios which are in somewhat better agreement with the
(d, t) PW ratios than are those for the ground-state
transition. The ratio obtained from the DW analysis of
the (p,d) reaction to the 2.09-MeV state is substantially
larger than the ratios obtained for the (He', n) and (d, t)
reactions to that state.

d. Fe"(He', n)Fe" aed Fe"(IIe',n)Fe" Reactions

Figure 8 shows the results of DW calculations for the
Fe58(He', n)Fe" reaction. The parameter values are
those which were used in the Fe' (He', n)Fe55 calcula-
tions, with appropriate adjustments in optical-well
radii. The l= 3 6t to the 2.2-MeV group distribution is
quite good. For the ground-group reaction, /= 1 and
l =3 DW curves calculated with the parameter values
given in the 6gure caption were summed in various
ratios. The figure shows the best 6t by visual inspection,
the result of adding /= 1 and l= 3 curves approximately
in the ratio of 100% to 50% of the predicted magni-
tudes, respectively. The 6t could undoubtedly be im-
proved by slight changes in parameter values, and a
somewhat diferent l= 1 to /=3 ratio might then be
obtained.

The angular distribution (not shown in Fig. 8) of the
weak group at 1.2 MeV (see Fig. 7) was not determined
with sufhcient reliability to permit an accurate analysis
in terms of its /= 1 and /= 3 components. The ratios of
S values can be estimated as QS(1)/QS, =1.0 and
QS(3)/QS, =0.11, but these ratios may be in error by
as much as a factor of 2.

The ratios of S values obtained for this reaction,
listed in Table I, are in good agreement with the results
of the (d, t) analysis, but in somewhat poorer agreement
with the (p,d) results.

e. Fe' (He', n)Fe ' Reaction

Figure 10 shows the results of DW calculations for
the Fe'4(He', n)Fe53 reaction, again using the same
parameter values as for the Fe"(He',a)Fe55 reaction
calculations, with appropriate adjustments in optical-
well radii. The /= 3 6ts to the data are acceptable.

Very little experimental information is available on
the energy-level structure of Fe". The Fe'4 nucleus has
28 neutrons, and the ground state should have very
nearly a 611ed f&~& neutron shell. If the value of PS= 1.7
obtained by Macfarlane et al. ' for the sum of (d, t)
transitions from the Fe" ground state to the ground-
and first-excited states of Fe" is accepted, the present
Fe'4(He', n) Fe" analysis yields the value QS= 5.7
X1.7=9.7 for the sum of f7/g transitions. This is close
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to the expected value of 8 (the number of neutrons in
the closed f7/s shell), and indicates that all of the im-
portant fr/s transitions have probably been detected.
The fr/s single-hole resonance is thus spread over about
4 MeV, compared to a spread of about 3 MeV observed
in the V"(d,t)V" reaction '

V. CONCLUSIONS

The (He"',tr) pickup reaction is useful in the study of
nuclear spectroscopy because & =3 transitions are
strongly enhanced over /= 1 transitions, in contrast to
the behavior of the analogous (d, t) and (p,d) pickup
reactions. Satchler'4 has investigated likely reasons for
the I-behavior of the (He', u) reaction, and suggests a
possible explanation based on the concept of the "black"
nucleus. "According to this concept, incoming partial
waves L, and outgoing waves Lb will contribute strongly
to a reaction only at L,=L,O

——k R, and Lb=Lbo=kbRb,
respectively, where k is the wave number and R is a
radius associated with the scattering. Then, since the
angular momentum transferred to the nucleus is given
by 1=I,—Lb, reactions with l ( ( L,s—Lzs ( will be
inhibited. The greater the difference (~L,o

—Lbo~ —&),
the stronger will be the inhibition. The term L,o

—Lbo

may be written as

L o Lao=0 —22(R (p,R)'*—RsLps(E+Q) j'), (5)
where p, is the reduced mass and 8 is the energy of the
initial system.

To examine the behavior of Eq. (5) under the con-
ditions of the present (He', n) experiment, we take 8= 14
MeV, R,=Rs=6.5 F, Q=10 MeV, p, =3, and ps ——4.
Equation (5) then yields the value

Lbo —Lao= 4.8)

so that 3=4 or /= 5 transitions are greatly favored com-
pared to 1=0 or /= 1 transitions, in agreement with the
experimental results and DW predictions. As th'e value
of Q is decreased, the difference (Lss—L,s) diminishes.
At Q=O, the difference is 1.4, and the strength of the
transitions should be approximately "normal, " i.e., the
cross section should decrease as / increases. DW calcu-
lations with the present code support this conclusion;
at Q=O, the cross section of an /=1 transition has in-
creased and that of an /=3 transition has decreased,
relative to the cross sections at Q= 10 MeV, so that the
l = 1 cross section is a factor of 5 higher than the l =3
cross sect&on."

~ G. R. Satchler (private communication)."¹Austern, Ann. Phys. (New York) IS, 299 (1961).
26 A prediction of the relative magnitude of the cross section

as a function of the quantity )L,s —Lqo [ is in semiquantitative
agreement with the observed reduction in cross section of the
high-Q Fe"(He', o.)Fe" reaction.

In contrast to the above results, (P,d) and (d, f) re-
actions at 20 MeV with typical values of Q have a value
of

~
Lao —Lso~ of only 1 or 2, and the I behavior of these

reactions is "normal. " Furthermore, in the present
(He',n) reaction, as the energy E is changed the dif-
ference (Lss L,—s) remains approximately constant for
a typical Q of 10 MeV. The prediction is, then, that the
l behavior of the reaction will be approximately the
same over a range of energies. The experimental ob-
servation that at A=25 MeV, the 1=1 to l=3 cross-
section ratio has approximately the same value as at
8=14 MeV is in accord with this prediction.

In many cases, PW analyses of (He', n) angular dis-
tributions do not yield useful. reaction information. In
contrast, DW calculations (with reasonable parameter
values) fit the data, and the dependence of the reaction
on Q and I is correctly predicted. Ratios of spectroscopic
factors obtained from the normalization of DW calcu-
lations to the angular distributions are usually in fair
to good agreement with ratios obtained from PW fits
to the corresponding (d, t) distributions. It is interesting
that the DW analysis of the (p,d) data yields ratios of
spectroscopic factors which are only in fair over-all
agreement with those of the (He', n) analysis, and in
rather poor agreement, in some cases, with those of the
(d, f) analysis.

The cross section predicted by the DW calculation
for the (He', n) reaction is not a strong function of
parameter values other than R~, the neutron wave-
function matching parameter. Thus, when the potential
I/' was adjusted from the value used for the Fe"(He', n)
Fe" reaction to obtain a fit to the data for the
Fe"(He', n)Fe's reaction, the ratios of spectroscopic
factors obtained are internally consistent to within a
few percent.

Except for the absolute cross section, the main
features of the (He', n) reaction on the Fe isotopes are
predicted by the DW calculation. Before the (He', n)
reaction can be interpreted in detail and fully exploited,
more elastic-scattering data, reaction data, and analyses
with optical model and DW calculations are required.
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