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Recent papers' have re-emphasized the need
for an accurate determination of the neutron-
neutron 1So scattering length g, since com-
parison with the pp and np scattering lengths,
ap and ‘ayp, provides a test of charge symme-
try and charge independence in the nucleon-
nucleon interaction.

Several determinations of a; have recently
been reported.?”® The reactions studied exper-
imentally fall into two categories: (1) the re-
action 77 +d = 2n +y, with only two strongly
interacting particles in the final state, and
(2) the reactions D(#,p)2%n and T(r,d)2n which
have three particles that may interact strong-
ly in the final state. The most recent inves-
tigation* of the 7~ +d reaction has resulted
in the preliminary value

a =-16.4+1.3 F,
n

where the sign was assumed and the error
introduced by the theoretical uncertainties®
was not included in the quoted probable error.
In contrast, analyses of the data from the re-
action D@,p)2n at 14 MeV have given the val-
ues??3

a ==21x2 F
n

and

a = -23.6720 F,

which are consistent within themselves but
which do not agree with the 7~ +d result. Fi-
nally, the reaction T(n,d)2n has provided the
value®

a =-18+3 F.
n

Neither the D(z,p)27n nor the T(z,d)2n spec-
tra could be interpreted in terms of the final-
state neutron-neutron interaction alone.™?-
Therefore, treatments were used that includ-
ed interactions with the third final-state par-
ticle® or effects produced by the reaction mech-
anism itself.® The discrepancies among the
values obtained for @, clearly indicate the need

for a test of the theory used to determine ay
from experiments other than that of neutron-
neutron scattering.

We report here a determination of a; from
analysis of He® spectra from the reaction T(d,
He®)2n. Also, triton spectra were obtained
from the mirror reaction He®(d, t)2p. Analy-
sis of these spectra for a determination of ap,
which is well established? (@p=-17.719+0.008 F)
from low-energy proton-proton scattering da-
ta, provides a direct test of the theory used
to deduce ay.

The reaction He3(d,t)2p has been investigated
by several groups,*!~!¢ and it has been shown
that there is a good semiquantitative agreement
between the final-state-interaction calculations
and the measured triton spectra.'?!% The re-
action T(d, He®)2n was first studied several
years ago.’

The present experiment was carried out at
the Berkeley 88-inch variable-energy cyclo-
tron. The reaction T(d, He®)2n was studied
at deuteron energies (E4) of 32.5 and 40.2 MeV.
The He® spectra were obtained with a resolu-
tion of 240 keV at several laboratory angles
between 6° and 25°. The He3(d, t)2p was stud-
ied at E4=29.8 MeV (to match the final-state
c.m. energy of the previous reaction at 32.5
MeV) with a resolution of 140 keV. The exper-
imental techniques were essentially the same
as described in an earlier paper.'?

Figure 1(a) contains the triton spectrum mea-
sured at a laboratory angle of 8°, and Fig. 1(b)
exhibits the He® spectrum taken at 6°. The fit-
ted curves were calculated from the Watson-
Migdal theory. At these angles, no effects
of p-T or n-He® final-state interactions were
seen. It has been established that both reac-
tions proceed through a direct reaction mech-
anism at small angles,*»!%%7 consistent with
an ! =0 nucleon transfer. The peripheral na-
ture of the reaction then implies a small over-
lap of the outgoing T or He® wave function with
the wave function of the nucleon pair, and thus
a suitable description should be provided by
a dominant nucleon-nucleon final-state inter-
action.

In the studied rearrangement collisions the
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FIG. 1. (a) Triton spectrum at 8° lab of the reaction He3(d ,£)2p at 29.8 MeV with theoretical fits calculated for
11268 events and for 21798 events. The dots are experimental points. The solid line is the best fit for 11 268
events with ap=—17.69 F. The dashed line is the best fit for 21 798 events with q;, =—7.41 F. The dash-dot line is
obtained with ap = —-6.90 F, for 11268 events, and the dash-double dot line is obtained with ap = —8.33 F; they in-
dicate the sensitivity of the theoretical curve to variation of a,. (b) He? spectrum at 6° lab of the reaction T(d,
He®)2n at 32.5 MeV with theoretical fits calculated for 17 782 events. The solid line is the best fit for a,=-16.1
F. The dashed line is obtained with g, =—14.0 F and the dash-dot line corresponds to a,=—-18.0 F.

differential cross section can be expressed as

dc 2m 1 2
dEdQ 7 vleiflp(E)’ (1)
where Tjr is the transition matrix element and p (E) is the phase-space factor. The general form of
Ty is Tyf= fll)fTVIzpidT, where V| is the interaction causing the rearrangement. For the reaction T(d,

He®)2n at small angles, we can write’ Y= \IIHeachf(r)(eiésiné)/k, and therefore

¢ " gino T ¢ sind @)
= \I' d = —_—. 2
1, = U 9 VY T =2 (05—,
The term (e =10 sind)/k comes in simply through the S wave function of the neutron pair in the final
state, 0 is the singlet S-wave phase shift, 7%k is the relative nucleon-nucleon momentum, \I'Hes is the
internal wave function of He®, and ¢ R describes the relative motion between the He® nucleus and the

neutron pair. The function g(¢) depends on the reaction mechanism, 6 being the c.m. angle of the ob-
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served particle (i.e., He®).
For the reaction T(d, He®)2n, we have used

2= g (6) 2

1

lTif

and for the reaction® He3(d, {)2p,

2 -
E2n + (7 /mﬂ)( l/an +ynE

2n)27 (3)

C(n)

IT.
i

where C(n)=2mn/(e 2’”’—1), ap is the scatter-
ing length, n=e/m, h(n)=Re[T"(~in)/T (~in))
-Inn, R=r*/mpe?, v, =3.19X10'* MeV~! cm™Y
corresponding to an effective range 7, =2.65 F,
yp=3.40X10" MeV™* cm™, andE gy, (Egp) is
the relative nucleon-nucleon energy. In both
cases p(E)=CEY2(E phax-E )2, where E is the
c.m. energy of the observed particle with a
maximum value E j5%.

Using expressions (3) and (4) converted to
the laboratory system with the Jacobian trans-
formation, we have obtained fits for the spec-
tra of both reactions. Experimental values
for 1g(0)2 were used and the instrumental res-
olution was folded in. The section of the spec-
trum of the reaction He®(d,¢)2p shown in
Fig. 1(a) contains 21798 events. It is rough-
ly equivalent to the section of the T(d, He®)2n
spectrum shown in Fig. 1(b) (E 95, =0 to 1.57
MeV) which was used to extract ;. From the
reaction He3(d, {)2p, we obtained, for 11268
events, the value

a, =-7.69t0-% F

p -0.67 >

and for 21798 events

a,=-TAILSF,

using a minimum-x2 criterion. The errors
are the probable errors determined from a
normal x?2 distribution. Calculations were al-
so done with changes of all experimental input
parameters, such as 1g(6)1?, E4, and the en-
ergy resolution, within their respective lim-
its of error, and no significant changes result-
ed for the scattering length. The 0.3-F differ-
ence between the value for 21798 events and
the value obtained from proton-proton scatter-
ing is still within our probable error.

For the reaction T(d, He®)2n at E4=32.5 MeV,

f|2= lg(6) 2 Cz(n)Ezp + (ﬁz/mﬂ—l/ap—h(n)/R +7PE 2PP,

(4)

the best fit for 17782 events yields
a =-16.1+1.0 F.
n

Also, the value of a; is stable to within 0.2

F irrespective of the section of the spectrum
(up to E 94, =1.57 MeV) employed for the fit.
Even though we estimate from the comparison
between our ap result and its established val-
ue that 0.6 F is the upper limit of error due
to theoretical uncertainties, we consider this
stability of a,, to be a good indication that this
error is in fact smaller. A fit with a positive
scattering length yielded a;, =18.4+1.1 F.

Since our spectra were fitted over an ener-
gy range from zero to 1.57 MeV in the neutron-
neutron c.m, energy, we were able to obtain
a x? fit for the effective-range parameter 7.
The value used in the fits for a; was 72 =2.65
F; then, for the best value ¢, =~-16.1 F, var-
iation of 7, gave a best fit for 7, =3.2+1.6 F.

We have made a determination of the sign
of @y, assuming that in both reactions |g(6)/?
in expressions (3) and (4) are the same to with-
in a few percent. Then the reaction He3(d, {)2p
can be used to determine 1g(0)!2 which in turn
can be used to predict the T(d, He®)2n absolute
yield for both signs of a;. Fig. 2(a) contains
the pertinent plots, and it is seen that the com-
parison with the experimental spectrum is con-
sistent with the negative sign. The spectrum
calculated with the positive scattering length
does not include the contribution®?® from the
resulting bound state. This contribution would
increase the discrepancy between the calcu-
lated and experimental spectra. In fact, a
bound-state contribution given by (d0/dQ)pound
~0.4/(d%0 /dQE YdE would make it impossible
to fit the shape of the measured spectrum.

This independent evidence for negative a,,
would provide support for the assumption of
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FIG. 2. (a) He® spectrum at 8° lab of the reaction
T(d, He®)2n at 32.5 MeV together with the theoretical
fit for q,, =—16.0 F, shown with solid line. The fit is
consistent with the value determined for the 6° spec-
trum. The dashed line is a prediction for a,=-16.0 F
using the |g(0)|? determined from the reaction He®(d,
t)2p, and the dash-dot line for @, =+18.4 F. (b) He®
spectrum at 8° lab of the reaction T(d,He3)2n at 40.2
MeV together with the curve calculated for g, =-16.0
F. It is consistent with the value determined at 32.5
MeV.

near equivalence of |g(6)1? for the mirror re-
actions.
Our determination of

a =-16.1+1.0F
n
compares well with the 7~ +d result and with

the value —16.4 to —16.9 F predicted by Hel-
ler, Signell, and Yoder® from ap on the bas-
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is of a charge-symmetric nucleon-nucleon in-
teraction.
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