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F"(d, n)0" Reaction at 9.2 MeV~t
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The differential cross sections for the F"(d,a)O" reaction which leave 0" in its ground and lowest four
excited states have been measured using silicon surface-barrier detectors. Thin Teflon targets (370 to
720 pg/cni' -)were bombarded with 9.2-MeV deuterons and alpha spectra were obtained at 46 laboratory
angles between 10 and 172.5'. The five angular distributions exhibited forward and backward peaking, an
over-all oscillatory structure, and minima whose magnitudes differ significantly from zero. The angular dis-
tributions are analyzed in terms of an expression which is the sum of an isotropic term and one which arises
from the simultaneous action of two-nucleon pickup and heavy-part:icle stripping (HPS) mechanisms. Good
fits are obtained for the ao, n2, and a4 distributions, but only the gross features of the 0.& and a3 distributions
could be fitted. A discussion regarding the identification of either the pickup or the knockout mechanism
as the dominant forward-angle direct-interaction process for (d,a) reactions in light nuclei is presented.
It is concluded that the experimental angular distributions are fitted equally well irrespective of which one
is assumed to act along with HPS. An interpretation of the differential cross sections is made which is based
on the speculation that direct-interaction and statistical compound-nucleus (SCN) processes contribute
incoherently. A method for the decomposition of the cross section is proposed in which the SCQ contri-
bution is assumed to be isotropic. The integrated SCN component of the cross sections is shown to be closely
proportional to 2I+1.

I. INTRODUCTION

'HE successes of simple plane-wave Born-approxi-
mation (PWBA) theories which are based on

single-nucleon stripping and pickup models in describ-

ing particular (d,p), (d, rt), and (He', n) forward-angle
cross sections have stimulated interest in the investiga-
tion of the applicability of these ideas to processes in

which two or more nucleons are transferred. In this
connection the (d,n) reaction has been the subject of
rather extensive investigation. There is general agree-
ment among those investigators who used deuterons
with energies greater than 7 MeV that the dominant
reaction mechanism is of the direct-interaction (DI)
type as opposed to a statistical-compound-nucleus
(SCN) process. Furthermore, there appears to be a gen-
eral tendency for the angular distributions to rise at
backward angles. ' Although supporting evidence for
this assertion includes only a few cases in which the
experimental measurements are of good statistical qual-

ity and extend to backward angles, ' ' the remaining
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pertinent experimental data does weakly suggest such
a generalization. The presence of this back-angle peak-
ing is important since the existing plane-wave pickup
and knockout models can not account for it; hence,
some theoretical modifications are required and/or
another process is involved. In this connection, the
studies of the F"(d n)O'r reaction at 14.7,s 11.4' and
10.2 MeV"" are of special interest. The higher energy
investigation yielded angular distriubtions of rather
poor statistical quality and somewhat limited angular
range which seem to suggest a slight tendency for the
cross sections to rise at backward angles. The 11.4- and
10.2-MeV angular distributions definitely show pro-
nounced backward peaking. The present study of the
F"(d,tr)O" reaction consisted of two parts: The rneas-
urement of the angular distributions at a lower deuteron
energy, 9.2 MeV, to see if the general over-all character-
istics persisted, and an investigation of the adequacy in
fitting these data of a theoretical differential cross sec-
tion which incorporates heavy-particle-stripping (HPS)
and pickup or knockout mechanisms.

II. EXPERIMENTAL

A description of the Purdue University 37-in. cyclo-
tron experimental area; beam focusing, steering, and
analyzing system; and the 30-in. scattering chamber in
which these measurements were performed has been
presented elsewhere. "The energy spectra of the emitted
alpha particles were measured using silicon surface-
barrier detectors and a conventional electronics conhgu-
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133, 8963 (1964).
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ration which included a 256-channel pulse-height ana-
lyzer. The incident deuteron energy was 9.200 MeV
with an rms energy spread of 30 keV. The beam cross
section at the target was circular with a 5/64-in. diam-
eter. The target-detector geometry was such that the
azimuthal acceptance angle of the detector with respect
to the center of the target was 2.3', and the nominal
solid angle subtended by the detector was 0.001 sr.
Alpha-particle spectra were obtained at 46 laboratory
angles from 10 to 172.5'.

The F" targets were prepared by stretching commer-
cial 4-mil TeAon films. "All but one of the many targets
used in this investigation had measured thicknesses
which ranged from 0.109 mil (610 ttg/cm') to 0.128 mil
(720 ttg/cm'). A special target which had a measured
thickness of 0.066 mil (370 ttg/cm') was used in a reQec-
tion geometry at 90'. The thicknesses of the targets
were determined by measuring the energy lost by alpha
particles from a Bi'"-Po"'-Po"4 source in passing
through the target and using computed dE/Ch curves
for alpha particles in TeQon. "During exploratory runs
it was found that the thickness of the TeAon targets
decreased during deuteron bombardment. To monitor
the thickness change for each target, a second silicon
surface-barrier detector was used. The pulses from this
detector were amplified in a charge-sensitive preamp-
lifier and routed to a linear amplifier. Pulses which
corresponded to an energy deposition in the detector
of 5 MeV or more were then scaled. Periodic determina-
tions of the number of monitor counts accumulated per
unit charge were made during the course of each run,
The average target thickness for a given run was taken
to be proportional to the product of the initial target
thickness times the scaled monitor counts per unit
charge averaged over the period of the run. The nominal
decrease in thickness during a run was 6 to 9%. No
target was allowed to decrease in thickness by more than
30%. The above circumstances necessitated the use of
32 targets during the course of this investigation. To
check reproducibility, points were frequently repeated
with diferent targets. In addition, no two adjacent
experimental points were obtained using the same tar-
get, nor were any adjacent points obtained in consecu-
tive runs. These procedures insured the detection of any
systematic decrease in cross section due to the above-
mentioned target difficulties, and provided a periodic
check on the performance of the equipment.

The estimated probable systematic error in the abso-
lute cross sections due to uncertainties in target thick-
ness, beam integration, and experimental geometry
is +15%. The experimental differential cross sec-
tions have been corrected only to first order for finite
geometry.

"Dilectrix Corporation, Allen Boulevard and Grand Avenue,
Farmingdale, New York.' Werner Brandt, Energy Loss and Range of Charged Particles
in Compounds (E. I. du Pont de Nemours R Company, Wilming-
ton, DeIaware, 1960).

III. RESULTS, ANALYSIS, AND DISCUSSION

A. General

There have been measurements of the F"(d,cr)O"
diGerential cross sections at five energies: 10.2,"" 11.4,'
13.0,"14.7,' and 27.5 MeV."In each investigation the
experimental results were analyzed in terms of one or
more PKBA theories: knockout" and deuteron pickup"
(10.2-, 11.4-, 13.0-, and 27.5-MeV da, ta); and two-
nucleon pickup" " (11.4- and 27.5-MeV data). The
summarizing conclusion implied by these investigators
is that a pickup mechanism o6ers the best explanation
of the (d,n) reaction on F".This conclusion was in part
due to the assumed shell-model structure of the F"
ground state, three nucleons outside an 0" core," for
which the pickup of two loosely bound nucleons seemed
more likely than the knockout of an alpha particle from
the core. It should be noted that Pellegrini" has shown
that within the Butler formalism" the plane-wave theo-
retical descriptions of the knockout and deuteron pickup
process are almost identical. Furthermore, if the finite
size of the incident and exit particles are neglected, then
both the knockout'4 and two-nucleon pickup models"
predict cross sections which are proportional to a sum
of spherical Bessel functions. The arguments of the
Bessel functions are slightly different in the two cases,
but can be made the same by using a slightly larger
interaction radius for the knockout case. Mead and
Cohen" have performed a low-resolution survey of (d,n)
reactions with 28 nuclei from Z= 28 to Z= 83. They
asserted that the Z dependence of the shape of the
total alpha-particle spectrum could not be explained
by a knockout process, but could be satisfactorily inter-
preted in terms of a two-nucleon pickup process. How-
ever, there is no tt priori reason to believe that the
dominant mechanism for the (d,n) reaction in light
nuclei is the same as that for heavier nuclei.

If only the ground and first excited states of 0" are
considered, then in accord with previous investigators
the pickup model seems the most appropriate. However,
as will be discussed later, when the low-lying negative
parity states of 0'~ are considered, existing pickup
models are inapplicable. The knockout description is,

"N. Cindro, M. Cirineo, and A. Strzalkowski, Nucl. Phys. 24,
107 (1961)."S.Mayo, J. Testoni, and O. M. Bilaniuk, Phys. Rev. 133,
3350 (1964).' G. E. Fisher and V. K. Fisher, Phys. Rev. 114, 553 (1959)."H. C. Newns, Proc. Phys. Soc. (London) 76, 489 (1960).
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Fxo. i. The experimental and theoretical angular distributions
associated with the alpha-particle groups (no, n4, n4, n4, and n4)
corresponding to (d,n) reactions which leave the residual nucleus
in one of its lower Gve energy states. The solid curve corresponds
to an evaluation of Eq. (1)using the set of parameter values appear-
ing in each section of the figure. The arrows indicate the points of
normalization. The components of the theoretical cross section
corresponding to the F' terms, the pickup contribution, and HG'
terms, the HPS contribution, oi Eq. (I) are indicated by the
dashed curves. The assumed SCN contribution is shown by the
broken line. The error bars represent probable errors based on
counting statistics and an appraisal of decomposition uncertainties.

(e)

on the other hand, applicable to all low-lying states of
0",but, as is the case with the heavy-particle stripping
formalism, requires a less attractive model for the
ground state of F".

It appears that there is at present no definitive experi-
mental evidence or compelling physical argument to
dictate which mechanism, pickup or knockout, is opera-
tive in the reaction F"(d,rr)O'r. Furthermore, the near
equivalence of the theoretical angular distributions pre-

dieted by these models renders a particular choice as
a basis for data analysis arbitrary. Consequently, a two-
nucleon pickup mechanism has been assumed in fitting
the present experimental data.

The angular distributions shown in Fig. 1 display the
following general characteristics: forward and backward
peaking; an over-all oscillatory structure; and minima
whose magnitudes in all cases differ significantly from
zero. Existing plane-wave knockout and pickup theories
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can not account for the backward peaking. An interac-
tion which is known to yield back-angle peaking is
heavy-particle stripping (HPS). In an attempt to im-

prove agreement between theory and experiment HPS
has been included with two-nucleon pickup in the analy-
sis of the present data. Furthermore, plane-wave DI
theories predict angular distributions in which the
minima have values close to zero in contrast to these
experimental results. This could imply that there is
a contribution to the cross section from a Inechanism
other than a DI process. In (d,n) reactions in which
DI transitions are forbidden by isotopic spin and/or
angular-momentum selection rules the cross sections are
small, though not zero."' "In these cases the nonzero
cross sections are interpreted as due to the SCN mecha-
nism. If there is a SCX contribution to the cross section
when the DI process is inhibited, then there is no good
reason to expect a total absence of the SCN contribution
when the DI mechanism is not strongly inhibited. This
could explain why (d,n) experimental differential cross
sections seldom if ever are observed to approach zero.
The SCN theory might be expected to be applicable in
the present experimental situation because an excitation
energy of 25. '/ MeV is reached in the compound nucleus
where the level density is certain to be very high. The
rms spread in incident beam energy (30 keV) plus the
energy spread due to finite target thickness (45 keV)
would allow the excitation of many states in the com-
pound nucleus. If it is assumed that the experimental
cross section is a superposition of two incoherent com-
ponents, a SCN and a DI contribution, and if use is
made of the fact that DI theories predict angular distri-
butions whose minima approach zero, then a decompo-
sition of the experimental angular distribution may be
possible. To obtain some idea of the general character
of the SCN contribution, angular distributions from
(d,ts) reactions in which the DI mechanism is inhibited
may be examined. In these cases the angular distribu-
tions show very little structure, '" " and closely ap-
proximate an isotropic distribution. By assuming an
isotropic SCN contribution to the cross section, neglect-
ing any interference between DI and SCN processes,
and fixing the magnitude of the SCN cross section at the
lowest point of the experimental angular distributions,
the decomposition of the experimental cross section
into two parts may be effected. The results of this pro-
cedure are presented in Table I. It should be noted
that Ianecke" calculated the SCN contribution for the
reaction Ca"(d,n)K", and for each state the calculated
magnitude was very close to the lowest value in the
experimental angular distribution.

The present data have been analyzed using the two-
nucleon pickup theory of Newns" as extended to include

"C. P. Browne, Phys. Rev. 114, 807 (1959).
2~ T. Yanabu, S. Yamashita, T. Nakamura, K. Takamatsu, A.

Masaike, S. Kakigi, Dai Ca Nguyen, and K. Takimoto, J. Phys.
Soc. Japan 16, 2594 (1961)."J.Janecke, Nucl. Phys 48, 129 (1965)..

TAsr.z I. Spins, parities, and energies of some states in 0'~ anal
the decomposition of their production cross sections in the (d,o.)
reaction on I "at 9.2 MeV.

State Energy
0 7 (Mev)

0I d0 CN

(mb) (pb/s&) p'cN/p'z p'cN/pm'

0
0.871
3.058
3.846
4.551

5+
rQ

1+
21—
25—
23—
2

2.93
1.00
0.77
1.87
1.99

130 0.55 1.20
30 0.37 0.59
25 0.42 0.71

115 0.76 3 25
90 0.55 1.24

The experimental differential cross sections are integrated over the
angular range from 10 to 170 c.m. to yield o.I.

b The determination of the magnitude of do ON, the compound-nucleus
di8erential cross section, is described in detail in the text. Its integral
from 10 to 170 c.m. is designated oaw.

o The direct interaction cross section, o Dr, is defined as (aI —o cN).

heavy-particle stripping by Manning and Aitken. "The
isotropic contributions discussed above and given in
Table I were subtracted from the experimental data
before fitting. The expression used for the DI fits is

do/dQ Q (F'+2DFG+G'II) (1)

L is the angular momentum transfer in the reaction;
B(L) and C(L) are combinations of various constants
such as fractional parentage coeKcients, configuration
mixing parameters, and radial integrals; R1 and R2 are
the pickup and HPS interaction radii, respectively; p is
the width parameter associated with the Gaussian wave
function used for the deuteron and is taken to be'
0.300 F—'; l„and l„are the orbital angular momenta of
the picked-up proton and neutron; and l and ld, are the
orbital angular momenta of the alpha particle before,
and the deuteron after, HPS. The vectors K, k, Kp,
and qo are defined as follows:

K—= -', K.—Kd, Kp—=Ks+ (Mg/Ms)K. ,

k=—K —(Mp/Mr)Ks, and tip—= (M /Mr)Ks+K .

The subscripts I and Ii refer to the initial and final
nucleus, and Ks and K are the wave vectors associated

"I.Manning and A. H. Aitken, Nucl. Phys. 32, 524 (1962).

where: —E2
F=B(I.) exp( —2y'Rts) exp

16y2

-(2l„+1)(2l„+1)"'
(l„,0,l„,0~ L,O) jr, (kR&),

(2L+1)
— (2l +1) -'t'

D= (—l)~ (l,0,4,0(L,O) Yt,p(Ko qo),
47r (2L+ 1)

G= C(I.)j,„(KpRs)jt.(qpRp),

and
(2l +1)(2ls+1)II= (—1)~ Q P(lg, O, lg, O~L', 0)

(4 )s/2 r it

)&(l,0,1,0~L',0)W(t, ls, l„,ld', L,L')Yl. (Kp qp) j;
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with the incident deuteron and the outgoing alph;~
particle. The selection rules for the use of Eq. (1) are
Js ——Jr+L+.S, L=I„+I„for pickup, and L=ls+I for
HPS,

~

S
~

= 1. There is interference between the pickup
terms, Ii', and the HPS terms, G'H, in Eq. (1) only if
the same I. value is allowed for both processes. The
two-nucleon pickup theory was formulated within the
framework of the shell model and allows the simultane-
ous pickup of two nucleons from the outermost sub-
shells of the initial nucleus. It is a basic assumption of
the model that all nucleons of the initial nucleus except
the picked-up pair form an inert core which takes no
part in the reaction.

In Fig. 1 are presented the experimental angular
distributions associated with the alpha-particle groups
(rrs Qi rls res Q4) corresponding to (d,n) reactions which
leave the residual nucleus, 0", in one of its lower five
energy states. The best 6tting theoretical di6erential
cross section is represented by a solid curve which was
normalized to the experimental data at the point indi-
cated by the arrow. The parameter values used in the
evaluation of Eq. (1) are also shown. The components
of the theoretical cross section corresponding to the
F' terms, the pickup contribution, and the G'H terms,
the HPS contribution, of Eq. (1) are indicated by the
dashed curves. The assumed SCN contribution is shown

by the broken line.

B. The eo and e& Angular Distributions

The ground and first excited states of 0'7 are known
to have spins of —,

' and —,', respectively, and positive
parity. " These two states have been successfully de-
scribed in terms of the shell model. "The ground state
is a pure single-particle state consisting of an 0" core
and a 1d5~2 neutron which is promoted to the 2si~2 sub-
shell to form the first excited state. The accepted shell-
model description of the F" ground state is three nu-
cleons outside an 0'" core in the mixed configuration
L12%-(1d)', 59%-(1d)'-'(2s) ', 29%-(2s)"]."

In Table II are presented the orbital angular mo-
menta of the picked-up neutron and proton, and the
allowed values of the angular momentum transfer as-
sociated with (d,n) reactions which connect the ground
and first excited states of 0' with each of the F"
ground-state configurations. In the HPS model it was
assumed that an alpha particle in a p state was coupled
to a. N" core (-,' ) to form the ground state of Frs(-,'+).
In the st;ripping process the deuteron was assumed to

' F. Ajzenberg-Selove and T. Lauritsen, Nucl. Phys. 11, 1

(1960), and T. Lauritsen and F. Ajzenberg-Selove, Nuclear Data
Sheets-Beer gy Levels of Light Nuclei, 3EIey 196Z (National Academy
of Sciences—National Research Council, Washington, D. C.,
1962). Unless otherwise speci6ed, the level structure and indi-
vidual level properties proposed in the above compilations will
be assumed for the nuclei of interest. However, in instances where
more current information is available, or speci6c quantitative
values and/or interpretations are relevant to the discussion, de-
tailed bibliographical references will be given."J.P. Elliot and B. H. Flowers, Proc. Roy. Soc. (London)
A229, 536 (1955}.

TA@x.z II. Orbital angular momenta of the picked-up neutron
and proton, and the allowed values of the angular momentum
transfer associated with (d,o) reactions which connect the ground
and first excited states of 0" with each of the F" ground-state
con6gurations.

F" shell-model
con6guration

I2%-(t~)'
&9%-(I~)'(»)'

29%-(2s)'

l„
2
2
2
0

l„
2
0
2
0

Allowed
L values

0, 2, 4
2

0, 2
0

0'7 6nal
state

Ground
Ground

1st
1st

a See Ref. 31.

be captured into a P state by the Ni"s core, with the
deuteron's spin and orbital angular momentum coupling
to the spin of the core to yield the ground state (-';+)

or the first excited sta, te (—', +) of 0". In both cases the
allowed angular momentum transfer values are 0 and 2.

The experimental and theoretical o.o angular distri-
butions are shown in Fig. 1. In this case there is no
interference between the pickup and HPS processes.
The over-all agreement is quite good with the largest
discrepancy at extreme backward angles. The large
HPS interaction radius, 82=7.55 F, was necessary to
achieve a reasonable fit in the backward direction.

The experimental and theoretical ei angular distribu-
tions are shown in Fig. 1. The gross features of the ex-
perimental angular distribution are reproduced by the
theory, but the magnitudes and angular positions of
the experimental maxima could not be fitted any better.
Just as in the case of the ere theoretical curve, a large
HPS interaction radius, E2= 7.70 F, was required.

The corresponding ao and n~ angular distributions in
the present and previous investigations' "exhibit pro-
nounced back-angle peaking and show the same general
character with slight di6erenees in detail.

3' C. Broude, T. K. Alexander, and A. E. Litherland, Bull. Am.
Phys. Soc. 8, 26 (1963)."R.E. Segel, P. P. Singh, R. G. Alias, and S. S. Hanna, Phys.
Rev. Letters 10, 345 (1963).

~ E. A. Silverstein, L. D. Oppliger, and R. A. Blue, Bull. Am.
Phys. Soc. 9, 68 (1964)."T. K. Alexander, C. Broude, and A. E. Litherland, Nucl.
Phys. 53, 593 (1964)."S.%'. Cosper, B. T. Lucas, and O. E. Johnson, Bull. Am.
Phys. Soc. 9, 69 (1964).

C. The e2, e3, and e4 Angular Distributions

The second, third, and fourth excited states of 0'
are known to have negative parity and spins of —,', —,',
and ~, respectively. ' ""The formation of these nega-
tive-parity states within the shell-model formalism re-
quires the excitation of a nucleon from the core. As
discussed in Sec. III-A, the two-nucleon pickup model
used in these analyses is not a valid description of a
reaction proceeding via core excitations. An analysis'"
of the present data has been performed within the
framework of a knockout model" which characterizes
these low-lying st.ates of 0'7 as a N" core coupled to



COSPER, LUCAS, AND JOHNSON

a deuteron. This is in a sense a less appealing description
of the positive-parity states than afforded by the shell
model, but it is consistent with the description of 0'~
which is used in the HPS process. The forward-angle
fits to the data using the knockout model were very
similar to those obtained with the pickup model, the
Ii' terms of Eq. (1).

The experimental and theoretical n~, n3, and 0,4 angu-
lar distributions are shown in Fig. 1. The 6ts to the o.2
and n4 data are quite good, but the maximum at about
102' in the n3 data could not be reproduced with rea-
sonable values of the parameters. The wide spread in
the interaction radii, both the E& and the E2 values,
required to 6t these three angular distributions may in

part be a manifestation of the oversimpli6cations of the
theory.

~ ~ I I
Fls(g .g)OIT
Ee&9.2 MeV

+ TOTAl
~ "SCNN ONLY

I I/ I

/
/

/
Oy

/
/

0
0 4

21+1

F&G. 2. The crosses represent the integrated I'' (d,cx)O'7 cross
sections (10 to 170') associated with the ground state and lowest
four excited states of 0'7. The numbers refer to the ordering of
the 0' states according to increasing energy, starting with the
ground state. The dashed line was required to pass through the
origin and was least-squares fitted to the crosses 0, 1, 2, and 4.
The solid circles represent the assumed statistical-compound-
nucleus contributions to the cross sections. The solid line was
required to pass through the origin and was least-squares fitted
to all the points represented by the solid circles.

"T.Ericson, Nucl. Phys. 17, 250 (1960).
~' X. MacDonald, Nucl. Phys. 33, 110 (1962).

D. The (2I+1) Rule

The integrated cross section for a nuclear reaction
resulting in a given final nuclear state is, within the
framework of SCN theory, independent of the details
of structure of the 6nal state and only dependent on
its energy and spin. Furthermore, under certain circum-
stances the integrated cross section for a speci6c type
of reaction resulting in a final state of spin I is propor-
tional to (2I+1). Ericson' and MacDonaldse have
within the context of the SCN theory listed and/or
discussed certain of the conditions under which the
statistical factor (2I+1) would dominate the behavior
of the cross section. Even if extensive experimental
evidence were found for the existence of a (2I+1) rule,
its origin could not in every instance be unambiguously
ascribed to the presence of a SCX reaction mechanism
since particular descriptions of certain DI processes,

e.g., Newns' description of two-nucleon pickup, ' yield
expressions for the cross section involving a (2I+1)
factor. In view of the complexity of these latter expres-
sions, it can be reasonably argued that the simple
(2I+1) dependence of the DI mechanism could be
obscured by fluctuations arising from the complex de-
pendence of the other factors on energy and angular
momentum.

At the present time insufhcient relevant experimental
information is available to permit the formulation of
a,ny general conclusions concerning the (2I+1) rule
and its implications. Moreover, since almost all of the
very small number of experimental studies dealing
directly with this subject involve the (d,n) reaction,
only a brief summary of those investigations will be
presented here. The AP~(d, ts)Mg2e reaction has been
studied at many deuteron energies between 1.5 and
10.5 MeV.""The limitations in scope and diversity
in approaches of these studies preclude any summariz-
ing conclusions other than perhaps a statement that
some evidence for a (2I+1) rule exists among the pro-
duction cross sections associated with those Mg" states
below 4.5 MeV which have a spin less than 2. The
Mg" (d,n)Na" reaction has been systematically studied
at a large number of energies in the ranges 3.35 to 3.70
MeV and 7.1 to 7.7 MeV. 4' The energy-averaged (higher
energy range), integrated cross sections for the low-

lying (E(S MeV) states of Na" of known spin were
reported to satisfy the (2I+1) rule. These investigators
then assumed the general validity of the (2I+1) de-
pendence and made spin assignments for the remaining
Na" states below 5 MeV. They asserted that these
latter assignments did not disagree with other existing
data.

The experimental conditions and the reaction studied
in the present investigation meet the various SCX en-

ergy and angular-momentum criteria for the applicabil-
ity of the (2I+1) rule as set down by MacDonald" and
restated by Hansen et at'.4' As discussed in Sec. III-A,
the angular distributions shown in Fig. 1 might be
assumed to arise from the simultaneous action of SCN
and DI mechanisms. Moreover, since the (2I+1) de-
pendence could arise from both mechanisms, the (d,n)
cross sections corresponding to the lowest 6ve states
in 0'7 integrated from 10 to 170' might be expected to
be proportional to (2I+1). This analysis is presented
graphically in Fig. 2 where the crosses represent the
integrated F"(d,n)O" cross sections associated with the
ground and lowest four excited states of 0'~. The num-
bers refer to the ordering of the 0" states according to

"R.K. Sheline, H. L. Neilson, and A. Sperduto, Nucl. Phys.
14, 140 (1959).

4' S.Hinds, R. Middleton, and A. Litherland, ProceeChngs of thy
RNtherford Jubilee Comferelce, Marschester (Heywood ltd Company,
Ltd. , London, 1961),pp. 305.

' R. K. Sheline and R. A. Harlan, Nucl. Phys. 29, 177 (1962).
~ 0. Hansen, E. Koltay, N. Lund, and 3. S. Madsen, Nucl.

Phys. 51, 307 (1964).
"M. A. Abuzeid, Y. P. Antou6ev, A. T. Baranik, M. I. El-

Zaiki, T.M. Nower, and P. V. Sorokin, Nucl. Phys. 54, 315 (1964).
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increasing energy, starting with the ground state. The
dashed line was required to pass through the origin
and was least-squares fitted to the crosses 0, 1, 2, and
4. The proportionality between (2I+1) and these cross
sections is excellent with a nominal rms deviation of
6.5%. The spin and parity of the third excited state
were previously thought to be ~," but more recent
studies strongly imply a ~ assignment. " "A direct
application of the (2I+1) rule would yield the appar-
ently incorrect —,

' spin value. Under the assumption that
the angular distributions are incoherent superpositions
of isotropic SCN and nonisotropic DI contributions as
described in detail in Sec. III-A, the proportionality
between the SCN component of the cross sections and
(2I+1)may be investigated. This analysis is also shown
in Fig. 2 where the solid circles represent the SCX
contributions to the cross sections. The solid line was re-

quired to pass through the origin and was least-squares
fitted to the five cross sections represented by the solid
circles. The argreement is good for all cross sections
(rms deviation 14.6%) including the one which had
appeared anomalous in the previous treatment. While
the validity of this type of decomposition can be se-
riously challenged, the over-all agreement with the
(2I+1) rule of SCN theory is improved considerably.
It would be interesting to investigate whether such
improvement would result for other (d,n) reactions
under similar analysis.
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The mirror nuclei of tritium and helium-3 have been studied by the method of elastic electron scattering.
Absolute cross sections have been measured for incident electron energies in the range 110—680 MeV at
scattering angles lying between 40 and 135' in this energy range. The data have been interpreted in a
straightforward manner and form factors are given for the distributions of charge and magnetic moment
in the two nuclei over a range of four-momentum transfer squared 1.0—8.0 F~. Model-independent radii of
the charge and magnetic-moment distributions are given and an attempt is made to deduce form factors
describing the spatial distribution of the protons in tritium and helium-3.

INTRODUCTION

~~NE of the important questions in nuclear physics
concerns a problem about which we are almost

totally ignorant; this is the question of whether signifi-
cant three-body nuclear forces exist. ' The obvious
place to search for evidence of such forces is in the
simplest nuclei in which they can occur—tritium and
helium-3. However, despite a growing body of experi-
mental data on these nuclei, as well as on scattering and
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reactions of protons and neutrons with deuterons, vie
still do not have enough information to provide an
insight into the details of the structure of the three-
body systems. For example, Blatt' ' and his collabora-
tors have made a determined effort to calculate the
binding energy of the triton by a variational type of
calculation in which the best-known parameters of the
two-body nuclear forces were used. Their difficulty in
obtaining reasonable agreement with the experimental
binding energy can be ascribed partly to uncertainties
in our knowledge of the two-body forces as well as to the
lack of a suitable trial wave function. Thus, data that
will improve our knowledge of the ground-state wave
functions would be particularly helpful. If, when better

' J. M. Blatt, G. H. Derrick, and J. N. Lyness, Phys. Rev.
Letters 8, 323 (1962).

3 J. M. Blatt and L. M. Delves, Phys. Rev. Letters 12, 544
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