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terms proportional to r,—c and rb —c, separately.
Equation (13), whose right-hand side can be written
(1—rt, )(1—sts) —(rt, f—.) (rts t—'s), is proportional to
(r, c)(r—s c), —but with an inaccurate proportionality
constant. For r, =r&, Eq. (6) becomes

(14)

The term (1+i) ' is the analog of Bethe's (1+2'') '
which he attributes to an excluded volume effect.
Since there ought to be no such effect in the present
problem, the factor must instead be a mathematical
artifact.

At middle distances, t' will be small while si is still
appreciable. There, neither approximation reproduces
the term g,gb in the exact solution, since both give
1—g —qb for %.

Table I gives the values of the wave function at
r =rb for the three solutions. The aG-diagonal values
show a similar behavior, and it is not instructive to

TABLE I. Values of the wave function.

r, =rb (F)

0.4
0.45
0.5
0.6
0.8
1.0

Exact

0
0.0265
0.0844
0.2262
0.4772
0.6485

Bethe
CEa (7)3

0
0.0228
0.0634
0.1784
0.4302
0.6214

Day
Ãa (13)3

0
0.0112
0.0464
0.1647
0.4273
0.6209

reproduce them here. The wave function was computed
for y,=1.2 F ', yt ——4.4 F-' and c=0.4 F. It will be
seen that the Bethe approximation is generally much
closer than the Day to the exact solution. The con-
clusion of both authors that the three-body effects in
nuclear matter are small, is not, of course, affected by
the inaccuracies of their approximations, but the e6ect
of a short-range attraction would be underestimated,
more severely by Day than by Bethe.
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The elastic scattering of deuterons from He' and H' has been studied for bombarding energies up to 11
MeV. The excitation curves obtained show a broad resonance in the scattering cross section corresponding to
an excitation energy of 20&0.5 MeV in both He' and Li'. These data, together with H'(d, n)He and He'-
(d,p) He' data from other sources, tend to indicate that D waves are responsible for the anomaly.

INTRODUCTION

A T present the well-established levels of Li' or He'
are the -', ground state, the -', 6rst excited state,

and the ~+ level that lies just above the deuteron
threshold. No structure that could correspond to other
excited states has been seen in either' He'(N, rt)Hee or s

He'(p, p)He' above the position of the -',+ levels. 4 How-
ever, a broad anomaly at an excitation energy of 20
MeV has been observed in the yield curves for
H'(d, rt)He4. ' s Studies of the He'(d, P)He4 reaction at

t Su ported in part by the OKce of Naval Research $Nonr-
220(47 j.' R. E. Shamu and J. G. Jenkin, Phys. Rev. 135, B99 (1964);
R. E.Benenson, D. B.Lightbody, A. Sayres, and gl. E. Stephens,
BulL Am. Phys. Soc. 10, 52 (1965).

'P. . Allison and R. Smythe, Bull. Am. Phys. Soc. 9, 544
(1964); P. W. Allison, Ph.D. thesis, University of Colorado, 1965
(unpublished).' H. E. Conzett, Bull. Am. Phys. Soc. 11, 25 (1966).

4T. Lauritsen and F. Ajzenberg-Selove, Xucl. Phys. 78, 1
(1966).' S. J. Bame and J. E. Perry, Phys. Rev. 107, 1616 (1957).

~ M. D. Goldberg and J. M. LeBlanc, Phys. Rev. 123, 164
(1961).

widely spaced energies confirm these results, ~ and the
proton polarization from this reaction is quite large in
this energy region. '

Previous experimental results for the H'+d and
He'+d elastic-scattering reactions either have been
limited to low bombarding energies " or have been
available only at widely spaced points. "With this in
mind, the present data were obtained with the hope
that a clearer insight into the origin of the broad
anomaly might be gained. The data presented here
overlap with the previous low-energy work. , and extend
to a deuteron bombarding energy of 11 MeV, which
corresponds to a maximum excitation energy of about
23 MeV in the compound nuclei. The excitation curves

7 L. Stewart, J. E. Brolley, and L. Rosen, Phys. Rev. 119, 1649
(1960).

s R. I. Brown and W. Haeberli, Phys. Rev. 130, 1163 (1963).
e R. J. S. Brown, K. F. Famularo, H. D. Holmgren, D. Rankin,

and T. F. Stratton, Phys. Rev. 96, 80 (1954).' %. F. Stratton, G. D. Freier, G. R. Keepin, D. Rankin, and
T. F. Stratton, Phys. Rev. 88, 257 (1952).' J.E.Brolley, T. M. Putnam, L. Rosen, and L. Stewart, Phys.
Rev. 117, 1307 (1960).
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for both elastic-scattering reactions are quite similar
and clearly show the broad resonance-like structure at
an excitation energy of about 20 MeV. Using these data,
together with the Hs(d, fs)He4 and He'(d, p)He4 data
from other sources, ' ' one obtains an indication that
D waves are responsible for the anomaly.
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APPARATUS AND DATA, He'+d

Data were obtained using both the He'(d, d)Hes and
d(He', He')d reactions, though the major portion of the
final results comes from the former. The scattering
chamber employed has been described in detail pre-
viously, ~ so only a brief description will be given here.

The scattering volume is 28 cm in diameter and is
isolated from the vacuum system by a 1000 A nickel
foil before the beam collimator and by a 5000 A foil in
front of the Faraday cup. The target pressure was
maintained at 1/60 atm and was measured with an
oil-ulled manometer and a cathetometer.

The detector collimator had an angular resolution of
~1.8', and the accuracy of the angular position was
better than +0.1'. The detection system consisted of
a 50-p surface-barrier detector and a 3-mm lithium-
drifted silicon detector. This telescope was used to
separate the singly- and doubly-charged reaction
products except at the lowest energies, where only the
kinematic separation of the deuterons and He"s could
be used to resolve them.

Deuteron bombarding energies between 2 and 11 MeV
were employed, and He' bombarding energies between
4 and 12.5 MeV. The uncertainty in the energies given
is about &25 keV. The overall precision of the values
of the differential cross section is about &5/~ including
the statistical uncertainty, which was always less than
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1.5%%uq. The cross sections are tabulated in Tables I and
II, and selected excitation curves are given in Figs. 1—5.
%here these results overlap those of Brown et al. ' the
agreement is seen to be excellent.

Fzo. 2. The differential cross sections for Hs(d, d)H' and
He'(d, d)He' at a center-of-mass angle of 90.0'. The solid circles
are our data for H'(d, d)H' and He'(d, d)He', the open circles are
data from Refs. 9 and 10; and the crosses are our data for
d (He', He') d.
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TABLE I. The center-of-mass cross sections for the elastis
scattering of He' from deuterium. The bombarding energy hac
been converted to an equivalent deuteron bombarding energy to
facilitate the comparison of these data with those in Table II.
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~~T. A. Tombrello and L. S. Senhouse, Phys. Rev. 129, 2252
(1963).

Fzo. 1. The differential cross sections for H'(d, d)Hs and
He'(d, d)He' at a center-of-mass scattering angle of 113.4 . The
solid circles are data from the present work; the open squares are
interpolated values from Ref. 10.
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TmLE II. The center-of-mass cross sections for the elastic scattering of deuterons from He'.
The deuteron energy is in the laboratory system.
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central gas cell (5 cm in diameter). This cell had an
entrance window of 8200-A thick nickel and 13 000-A
nickel exit windows. A target pressure of 1/20 atm
was used and was measured with a Wallace-Tiernan
differential pressure gauge.

The detector collimator had an angular resolution of
~1', and angles could be set with an accuracy of about
+0.05'. Reaction products were detected and identiied
with a counter telescope composed of 26-p, and 2-mm
thicl~ surface-barrier detectors.

APPARATUS AND DATA, H'+d

A complete description of the scattering chamber is
available, " and we will content ourselves with only a
general outline of its characteristics. In size and con-
ftguration it is quite similar to that used for He'(d, d) He';
however, instead of the entrance and exit foils used in
that experiment, the tritium gas was contained in a small
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Fro. 4. The differential cross sections for H'(d, d)HS and
He'(d, d)He' at a center-of-mass angle of 54.8'. The solid circles
are our data; the open circles are from Ref. 9; the open triangles
are H&(d, sI)H' data from Ref. 10 at a center-of-mass angle of 56.7'.
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FIG. 3. The differential cross sections for H'(d, d)H& and
He& (d,sI)He& at a center-of-mass angle of 73.1'. The symbols have
the same significance as those in Fig. 2.

"R.J. Spiger, Ph.D. thesis, California Institute of Technology,
1967 (unpublished).
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TABLE III. The center-of-mass cross sections for the elastic
scattering of deuterons from tritium. The deuteron energy is in
the laboratory system.

jv~
(MeV)

3.43
3.94
4.44
4.94

5.45

5.95
6.45
6.96
7.46
7.96
8.46
8.86
9.46
9.96

10.47
10.97

0 (54.8')
(mb/sr)

58.2
56.9
56.4
61.9
66.0
67.3
69.5
69.8
69.4
69.4
67.7
65.6
64.2
63.5
62.0
60.5
59.1

tr (73.1')
(mb/sr)

34.8
35.6
40.2
48.2
54.0
57.0
58.1
55.0
48.5
46.4
43.5
41.7
37.9
35.9
34.1
32.5

o (90.0')
(mb/sr)

~ ~ ~

28.5
43.9
63.0
79.8

95.6
105.4
108.8
103.5
104.1
100.3
99.9
92.3
87.1
92.7
82.6

o.(113.4')
(mb/sr)

38.8
34.0
34.6
40.6
46.2
47.6
57.4
64.1
68.0
71.2
70.3
70.5
68.9
66.8
65.2
62.9
61.2

Because tritium gas exchanges readily with normal
hydrogen in hydrogenous materials, contamination is
always a serious problem. Though an effort was made to
minimize contact with such materials, some hydrogen
contamination took place. The fraction of normal
hydrogen within the target gas was determined by
comparing the yield of recoil protons with that obtained
when the target cell was ulled entirely with normal
hydrogen. This fraction was constant at a value of

0.1 during the course of the H'(d, d)H' measurements.
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FIG. 6. The coefFicients of the Legendre polynomial expansion of
the center-of-mass angular distributions for Ht(d, tt)He4 Lsolid
circles (Ref. 5); open circles (Ref. 6)g and for Her(d, p)He4
I
crosses (Ref. 7)j. nt is the coefficient of Pt(cosit, ) in the

expansion.

Deuteron bombarding energies between 3.5 and
11 MeV were used, and energies given have an un-

certainty of ~25 keV. The precision of the differential-
cross-section values is estimated to be about &6%,
including the statistical uncertainty, which was always
less than 1.5%. These values of the cross sections are
given in Table III and are displayed in Figs. 1—4. Where
these results can be compared with those of Stratton
et al. ," they are in good agreement.
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DISCUSSION

As seen in Figs. 1—4, the excitation curves for the
two elastic-scattering reactions are quite similar. Most
of the curves clearly show the broad resonance ob-
served previously by Bame and Perry in the HI (d,tt)He4
reaction. ' Several important features should be noted:
the pronounced interference effect seen at 0, =90.0'
(Fig. 2), which rules out a negative-parity assignment
for the resonance, and the rather featureless behavior
observed at 54.8' (Fig. 4) and at 125.2' (Fig. 5). Be-
cause the particles involved have nonzero spins, no
theoretical importance can be attached to the near-
disappearance of the resonance at these zeros of
Ps(cose, ); however, the smoothness of these curves
as contrasted with those at other angles tends to raise
the suspicion that D waves are involved.

Usually one relies on a phase-shift analysis of the
data to untangle the resonant and nonresonant partial
waves. In this case, however, it seems out of the question
to perform such an analysis for the following reasons:

He3 (d,d) He3

0 t I t I t I ~ f r I t f t I t f t I t I t I r

0 I P. 3 4 5 6 7 8 9 IO I I 12

Ed (MeV)

Fro. S. The differential cross sections for He'(d, d)He' and
d(He', He')d for center-of-mass angles 44.4', 125.2', and 150.0'.
The solid circles are our Her(tgtti)Hett data; the crosses are our
d(He', Hes)d data; the open circles are data from Ref. 9.

(1) The spins of the two particles involved require a
large number of independent elements of the scattering
matrix, and thereby require many independent experi-
ments (polarization, spin-correlation, etc.) to uniquely
specify the results of the analysis.

(2) The complexity of the problem is increased by
the presence of an open two-body reaction channel and
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two open three-body channels that all have appreciable
cross sections.

We must, therefore, extract what information we can
without recourse to this most general method.

Further insight may be obtained by considering the
behavior of the coefficients of the Legendre polynomial
expansion of the angular distributions for H'(d, e)He4
and He'(d, p)He'. These results are taken entirely from
the original sources' 7 and are displayed in Fig. 6. (Only
the coefficients for I'q through I's are shown. ) Notice
that a resonance is seen in n&, 0.2, and n3 for a deuteron
energy of 5—6 MeV; o.4 and n5 also show a broad peak
but at a somewhat higher energy, 8—9 MeV. The large
anomaly in n2 demonstrates that the resonance has
I&0, and together with our elimination of the odd values
of / using the behavior of the elastic scattering, the only
reasonable choice remaining is t= 2.

As an aid to understanding the behavior of these
coeKcients, we consider the angular distribution W(0)
for this reaction which would be produ. ced by an
isolated D wave resonan-ce (no background). (Refer to
the Appendix for the most general fo'rmula. )

J ——+
2

Jm' 3+
2

J =-'+
2 7

Jar 5+
2 7

Jx' 3+
2

S 3 ~2'
S=-':2

S=-'.2'
1 ~2'

W(0) =4/49(27P4+SOPs+49),

W(0) =3/49 (—48P4+ 20Ps+49),

W(0) =2,
W(0) =1,
W(0) =3/7 (684+SPs+ 7),
W(0) =2(Z,+1),

where J is the total angular momentum of the reso-
nance, m is its parity, and 5 is the channel spin.

The occurrence of weak anomalies in the coefficients
of I'& and I'3 probably corresponds to interference with
odd-parity partial waves in the nonresonant back-
ground. The strong effect seen in n2 exclu.des an assign-
rnent of z+ (4D~~s); in the same way, an assignment of
z+ with pure S= zs (4Dgs) would also be unlikely. Since
n4 does not resonate in the energy range corresponding
to the anomaly, one would also tend to rule out 2+

( D»s). Thus, if there is owly ore resolalce im &his energy

rage, the only remaining assignments are 2+ or 2+,
where in the latter case a particular channel spin
mixture would be necessary to cancel the coefficient of
I'4. Either choice would have an appreciable 5=—',

component and would thus be at least partly of the
form D3/2 or 'D~~/2. This result is surprising, since if
this state is thought of as being formed by coupling the
3+ first excited state of Li' to a 1s hole, then one would

expect a —',+ or —,'+ state that was mainly 4D.

In making these arguments based on the behavior of
Legendre coeScients, one has no real assurance that
more than one D-wave level is not involved or that a
broad S-wave level could not be "buried" in the back-
ground. Thus, the conclusions concerning the spin of
this anomaly cannot be taken seriously unless we can
be sure that only one level is present.

Recently, more information about this region of
excitation has become available from the Li7(p, Hes)He'
and Li'(p, l)Li' data of Cerny el al."Making use of the
selection rule on the allowed relative spin orientation
of the nucleons picked up in these reactions, the forma-
tion of a state with S=—', is permitted only for the

(p,He ) reaction. The validity of this selection rule is
confirmed by the observation of the -',+ state at 16.70
MeV in He' but not the mirror state in Li'. Similarly,

they observe a broad 20-MeV state in He' and not in
Li' and thus conclude that this level must have S=2.
This result would lead to an assignment of 4D for a
single level, but since S= 2 would not be consistent with
the behavior of the Legendre coeQicients, it wou, ld

appear that there may be several D-wave excited states
in He' and Li' in this energy region.
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APPENDIX

The following formulas. give the differential cross section for a reaction involving particles with spins of 1 and 2

in the initial state, and with spins of 0 and 2 in the final state. Also given is an expression for the spin polarization
of the resulting spin--', particle.

o(0)= ', (lal'+lb-l'+lcl'+ldl'+lel'+lfl')
where

sine
Q P)'(cos0)

2k

—1/2 -1/2

&&t),&,l;a, t—s, —;)' *+(l+2) S(p, l, ; a, l, -)
2 (2l—1) 2l (2l+3)

+(l—1)
2 (l+1)(2l—1)

-1/2 l+2 -)/2

+it), l, l; a, l, —',) + 5(P & 4'~. &+2 5)
2 (2l+3)

'4 T. A. Tomhrello, A. D. Bacher, and R. J. Spiger, BulL Am. Phys. Soc. 10, 423 (1965).
rs J. Cerny, C. Detraz& and R. H. Pehl& Phys. Rev. 152, 950 (1966).
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sin'8 1
P Pt" (cosa)

20 t 2(l—1)(2l—1)

- I/2

S(p, z,);a, l—2, ~)
2l(2l+3)

-1/2

S(p, z,);a, l, ~)

2(l+1) (2l—1)

—1/2

S(p, z, ~a;~, Z, ;)' '—
2 (l+ 2) (2l+3)

—I/2

S(p l y'~ l+2 g)
Z+g

sin8
c= P Pt'(cos8)

2u t 2(21—1)

—1/2

S(p, Z, +a;O. , l—2, j')

—ll2

S(p, z, ~~. a l ~a

6(2l+3)

l+1
S(p, z, );a,z, ))

6(2l—1)

1
d= —g Pt(cose) —l

2k l

l+2 -1/2

S&p, t, i, ~ t+2 s)'+*++2S&p, t, i, ~, t, i) * gsS&p. t, :;~,t.i)
2(2l+3)

l+ 1
—I /2 l+2

S&pt, s;at, s)' ,i+, (l+1) S(p, l,$;a, l+2 $)
2(2l+3)

+l
6(2l—1)

—1/2 —1/2

S&p, t.a ~.t-s, t)' —(l+1) S(p, z,&;,l, ,)
+

2(2l—1) 6(21+3)

+ (l+1)V'sS &p. t, l;«.1;.)'+i+le'sS
&p tl;, t.*..)', i

1 -(l 1)-1/2 —1/2

e=—p Et(cos8) —l — S&p, t,i ~, t 2, ;&' t—(l+1) S&p, t,s;,t „)'"i+l
2k 2l—1 3 (2l+3)

l+1
S(p, z„, ,z, g)

'
3 (2l—1)

( l+2 1/2

+(l+1)i S&p, t, :; .1 2.1)'+*—(l+1)V' 'S&p t:-;tl.)', '*,
,

2l+3

and

sin8 1 1 1/2

f= g Pt'(cosg) S&p. t.i., t 2„&'
2k t 2l —1J 3 (2l+3)

—I /2

S(p, z, g, ~,z, ;)
l+1 -1/2

S(p.z.~'~ l.-')

3 (2l—1)

l+ 2 —1/2

S&ptbot+2I, ) ,
+

, "&/ , S&p—, t i;a—t&) .+ ,tr, S&pt, y
~—, t,k)',

(2l+3)

2 Im(&tb*+c*d+ef*)
&(0)= in the direction of (ktaXk. t) .

lal'+ Ibl'+ leis+ ldl'+ lel'+ lfl'
A A

In the above formulas, k is the wave number for the relative motion in the initial state; k;„and k, „& are unit
vectors in the directions of motion of the incident and outgoing particles, respectively. The S (p, l „.-, , l, ,) are
elements of the scattering matrix that connect the initial channel n having orbital angular momentum l and
channel spin. s with the final channel P (different than ct) having orbital angular momentum l' and channel spin s'.
These expressions were obtained from the general form given by Bloeh,"but the signs of all the S~(p, z, ~ l+2, ,)
and S (p z, ~ l;,,) have been changed to give the proper time-reversal invariance of the scattering matrix.

e C. ]31oc11,I.a theorle des reactsons NNcleasres (Commissariat &1 1'Znergie Atomique, Service de Documentation, Saclay, France, 1955).


