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wide, separated by 22 cm, followed by a deep
Faraday cup. For the purpose of determining the
emittance area, the cutoff current in the Faraday
cup was taken as 10% of the maximum current
that could be transmitted through both slits. The
entire assembly could be rotated so that the emit-
tance in two perpendicular directions could be
measured. It is expected" that the emittance of
the beam increases with increasing magnetic
field in the collision region. At a field of about
3 m T in the collision region, the measured emit-
tance of the D beam is 2w mm mrad (MeV)' '.
At a field of 30 m T (large enough for strong-field
ionization of D') the measured emittance of the D
beam is as low as 5m mm mrad (MeV)'t', while
at a field of 100 m T (strong-field ionization of H')
the emittance of the H beam is as low as 11m mm
mrad (MeV)'t'. The values of the emittance are
low enough for good transmission through tandem
accelerators. A recently calculated value" for
the acceptance of a typical tandem accelerator is
12~ mm mrad (MeV)'t'.

The ion source described here already yields
polarized negative beams of substantially higher
current than any other type of polarized negative
ion source. The prospects for further increases
in beam intensity are encouraging since we have
not worked extensively on the development of the
Cs source and more intense Cs' beams can al-
most certainly be obtained. The method tested
here m3y also have applications to the production
of heavier alkali negative ions for heavy-ion nu-
clear reaction studies.
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Simple shell-model calculations account for the remarkable similarity in excitation en-
ergies and (t, p) strengths of predominantly (sd) states in ' C and ' C.

There is a remarkable similarity between posi-
tive-parity states of ' C populated in the "C(t,g)
reaction' and those of "C populated' in "C(t,g)—in both excitation energies and transfer
strengths. We show that this striking similarity

arises from quite simple consideration —prima-
rily because the 2s,t, -ldst, splitting' in "C and
"C is virtually identical.

The states of interest in ' '"C are displayed in
the middle two columns of Fig. 1. Except for the
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FIG. 1. Experimental excitation energies for positive-parity states in '4C and ' C, compared with those calcu-
lated for (sd) states using LSF (Hef. 4) and Kuo Qef. 5) matrix elements. The ground state of ' C (predominantly

p ) is not shown.

0' ground state (g.s.) of "C, these are all the
positive-parity states that are known' ' in the
two nuclei. In "C, the 0 g.s. and 7.01-MeV 2
state are dominantly (1P) 2 in character, but a
majority of the (t,P) strength for the g.s. and vir-
tually all of that for the 7.01-NLeV state arise
from the "C (sd)' configuration.

In Fig. 2, we display the summed I =0 and 2

(t,P) angular distributions observed in the two
nuclei, and the angular distributions for the sole
4+ state in each. The agreement between the two
nuclei is remarkable. This extends even to the
very weak cross section observed for the 0'
states at 3.02 and 9.75 MeV in "C and ' C, re-
spectively, whose angular distributions are dis-
played in Fig. 3.

We have compared the experimental results
with the results of a simple shell-model calcula-
tion. We assume the positive-parity states in
"C and "C to be composed of (sd)' configurations
coupled to the ground states of "C and "C, re-
spectively, and take two-body matrix elements

from a least-squares fit' to data on "0, and sin-
gle-particle energies' from "C and "C. For
comparison, calculations were also performed
with Kuo's matrix elements. ' We do a simple
two-body calculation for both "C and "C, assum-
ing that the main effects of the nonclosed shells
manifest themselves in different single-particle
energies than one might expect from, say, the"0 spectrum. The principal justification of this
approach lies in its success in fitting experi-
mental data.

The T =1 two-body space (sd)' gives rise to
three 0 states, five 2' states, bvo 4' states,
and two 3' states. The (1d3g~)' component turns
out to be unimportant for the properties of the
first two 0' states. The predominantly (1d,i,)'
0 state is calculated to lie near 14-MeV excita-
tion. Thus for the 0+ states, we consider only
(ld, g,)' and (2s,t,)'. The ld, y, orbit can likewise
to be ignored for the lowest 3' state, which in
"0 is virtually pure (1d,g,) (2s,y,). We include
the d, i, orbit for the 4 and 2 states, but for 2
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FIG. 2. Summed angular distributions with (from top
to bottom) 4= 0, 2, and 4 for ' C(t, p)"C (crosses) and
' C (t, p) '6C (circles); E, = 18 Me V.

the results are virtually identical to those in a
(ld, y» 2s, ~,) basis.

The two-body matrix elements I Lawson-Serduke-

FIG. 3. Angular distributions for "C {t,p) "C (cross-
es) and ' C(t, p) '6C (circles), populating the second
(sd) 0+ state in&4, 16C; Eq= 18 Me&.

Fortune (LSF) and Kuoj are given in Ref. 4. (in
the last two columns of Table VII). The single-
particle energies are taken from Ref. 3, except
that the 1d,y, strength in "C is taken to lie at E„
= 8.2 MeV. The predicted excitation energies are
compared with the data in Fig. 1. %ave functions
are listed in Table I.

The "C spectrum' contains two 0 states, two

TABLE I. %ave functions for predominantly (sd) states in ' '6C.

Wave functions for C
14

ld — 2s-

0.6765 0.7364

0.5132 0 ' 8582

0.7364 M, 6765
0.8582 -0.5132

E (MeV) in

Calc Exp

6 ~ 286

6, 876

9.734

9,079

J~ M. ED

LSF

Kuo

LSF
Kuo

E (MeV) in C
16

x

Exp Calc
M. 110
0.490

3.020
2.668

Wave functions for C
16

1d— 2s-

0.6821 0.7313
0.5222 0.8528

0.7313 M. 6821
0, 8528 Me5222

ld — ld —2s— ld —ld — d—2s2

0, 5972 0.7526 0.0623 M. 2704

0.4775 0, 8346 0,0303 M, 2731

0.7793 M, 6262 M.0077 M, 0236
0.8615 M .4985 0.0966 M.0066

8 600 8 307
7 ~ 897

10,356
10.329

LSF
Kuo

LSF
Kuo

2. 244

1.507

3 983 3 ~ 94 2

3.945

ld- ld —2s- ld —ld — ld- 2s—

0.6062 0 ~ 7550 0.0545 M, 2441
0.4848 0.8350 0.0722 M. 2502

0 7769 M.6293 M.0072 ~.0188
0, 8631 W. 5033 0.0423 M. 0049

ld — ld —ld—

0.9839 0.1788
0.9245 0.3813

10 736
10.327

4+ LSF

Kuo
36 4.163

3, 995

d— 1d—1d—

0.9890 0, 1480
0 ' 9454 0 ' 3259
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2' states, one 4' state, and a probable 3' state.
The similarity with the positive-parity states'
of "C is striking. Every "C state has a corre-
sponding state in "C. Because the ~ -~' split-
ting in "C and "C is virtually identical, the mod-
el predicts very similar results for ' C and ' C.
This similarity extends to the transfer strengths,
with one slight modification. The 0 and 2

strength in '~C is split, by mixing between the
(sd)' states and the 1P-shell 0' and 2' states.
The "C(t,P)"C(g.s.) cross section is stronger'
than expected for the pure p-shell state' by about
a factor of 10. The 2 state at '7.01 MeV is more
than 100 times stronger' than predicted for the
Cohen and Kurath' 2+ P-shell state. It is for this
reason that we compare summed cross sections
for 0 and 2 states. For the second (sd)' 0
state, the model successfully accounts for the
fact that its (t, P) strength almost vanishes in both
nuclei (Fig. 3) as a result of destructive inter-
ference between (ld, t,)' and (2s,t,)' components.

The LSF and Kuo matrix elements produce very
similar wave functions, except for the 4' state.
With LSF, the model predicts an amplitude of
about 0.15-0.18 for the (1d,i,) (ld, t,) component
in this state, whereas with Kuo this amplitude is
0.33-0.38. The data" require an amplitude of
about 0.30 to explain the (t,P) strength. The (t,P)
cross sections are especially sensitive to this
component, since the cross section for a (ld, t, )

(1d,t, ) 4 state is almost four times that for a
(1d,h)'4 state. Reference 4 discusses further
the question of the (sd)' 4' states.

In conclusion, a simple calculation that treats
the positive-parity states of "C and "C as (sd)'
two-neutron states coupled to inert "C and "C
cores gives very good agreement with experimen-
tal excitation energies and (t,P) strengths.
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The binding energy of He is calculated within the framework of the Yakubovsky equa-
tions for the Reid soft-core potential. Use is made of separable expansions of the sub-

amplitudes. With neglect of the Coulomb effect and the non-s-wave parts of the two-

nucleon t matrix, the binding is found to be 19.5 MeV. With use of the solutions of the

integral equations the elastic charge form factor is calculated. In addition to the under-

binding of 4He it is found that the secondary maximum in the form factor is much too low

as compared to experiment.

In recent years considerable evidence has been
presented that the ground-state properties of the
trinucleon system cannot be explained by using
realistic nucleon-nucleon interactions. ' In par-
ticular, the attempts to describe the region of
the secondary maximum in the elastic charge
form factor of 'He together with its binding ener-

gy have not been successful up to now within a
simple picture of the nucleus being made of three
nucleons interacting only through pairwise forces.
In view of the recent advances made towards the
solutions of the four-particle problem in the
framework of integral equations, it is natural to
ask to what extent this applies also to the 'He sit-
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