
VOLUME 16, NUMBER 12 P H YSICAL RKVI E%' LETTERS 21 MwRcH 1966

EXISTENCE OF THE TRINEUTRON

A. N. Mitra

Department of Physics and Astrophysics, University of Delhi, Delhi, India

V. S. Bhasin

Centre for Advanced Study in Theoretical Physics and Astrophysics, University of @elhi, Delhi, India
(Received 15 February 1966)

Recently, Ajdacid' et al.' have reported on
the possible existence of a bound trineutron
state (abbreviated n~) with about 1 MeV bind-
ing energy, through the observation of a peak
in the proton distribution in the reaction n(He',
P)3n. The existence of such a bound state is
of particular interest, since n', thanks to the
Pauli principle and the absence of Coulomb ef-
fects, represents a rather clean system for
theoretical analysis. While the possibility of
three-body forces cannot be ruled out, it should
be more interesting to relate the existence of
ns to the role of n-n forces which are restrict-
ed by the Pauli principle to exist in 'S, and 'P
states at low and moderate energies. The case
appears ideally suited for a three-body treat-
ment with separable potentials in 'S, and 'P
states, of which the latter clearly plays the
dominant role. Such an analysis, being free
from the usual uncertainties of variational treat
ments, ' should at least provide a reliable esti-
mate of the minimum strength of the 'P force
needed to bind n'. With the help of techniques
described earlier, ' we have carried out a three-
body analysis of n' using an ordinary n-n force
in the 'P state. Our results suggest not only
that the required strength of this force is well
below the limit for a 'P bound n' state, but that
it is quite compatible with the magnitude of the
'P phase shifts in nucleon-nucleon scattering
obtained by some recent authors. 4&' The most
likely assignment of the quantum number (LSJ)
to the state is (1 2 2), the other nearest can-
didates being (1 2?) (0 —,

'
—,'), and (2 —,

'
—,') in de-

scending order of preference.
For the case (0 —,

'
—,') the equations are the

same as those given in Ref. 3, except for the
interchange of isospin and ordinary spin, and
the consequent replacement of 3S and 'P forces
by 'S and P forces, respectively. However,
as the kernel for the mere s-wave part of the
force is repulsive, the main force of interest
is the p-wave term which is taken as

&p~i'~P') =-»~ '(P p') (p) (p'),

v(p) =(p'+p') '.
The 'S, force is the same as given by Yama-
guchi. ' The coupled equations were solved for
the minimum strength parameter ~ needed to
provide zero binding energy in n'. These fig-
ures, which are listed in Table I for several
input values of the inverse range parameter P,
with and without the coupling to the s-wave term,
show that the inclusion of the s-wave par't has
a negligible effect on the eigenvalue A. .

For other (LSJ) assignments, the states which
are found to be attractive are (1 2 2), (1 —,

'
—,'),

and (2 2 —,), and their corresponding eigenvalue
equations are single integral equations of the
form

[~-'-a(~)]F(~)= fdq ~Z(P, q)Z(q),

where the functions h(P) and K depend only on
the form factor v(p) of the potential (1), but
not on A. . The quantity (, which is an essential-
ly geometrical factor involving angular corre-
lations, has the average values 7/4:2:2:1 for

Table I. Minimum eigenvalue of A, needed to bind n3 for different assignments of (ISJ), as functions of the in-
verse range parameter P. (0. is the deuteron binding energy parameter. )

n ~A, = n 2peC

n ~Z(O ~~ 21)

Coupled Eq. Single Eq. n ~A, (1 2 2)=n A.(l 2 2)

5.0
6.0
7.0

0.507
0.608
0.709

0.291
0.306
0.322

0.292
0.308
0.323

0.272
0.290
0.307
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the states (0 —,
'

—,'), (1 —', —', ), (1 —', —', ), and (2 —,
'

~z),

respectively. 7 This makes the states (1 —,
'

—,')
and (1 2

—', ) the most attractive ones for ns

The corresponding minimum eigenvalues of
A. needed to bind n' are listed in Table I for
different input values of P, and a.re seen to
be only slightly different from those for the
case (0 —,.

'
—,'). That these A. values are substan-

tially below the critical strength Ac = P/v' need-
ed to bind the dineutron in the 'P state is clear
from the column for ~~. A comparison calcu-
lation of ~ with an input binding energy of I
MeV, which was made for the case (1 2 —,),
showed negligible (-1%) variation from the
zero-energy values listed in Table I.

The degeneracy between the (1 2 2) and (1 2 2)
states can be removed by the introduction of
spin-orbit and/or tensor forces in the 'P state.
It has been found' that if the sign of the spin-
orbit force is so adjusted as to give a larger
pha, se shift in 'P, than in 'P, (and this is in-
deed suggested by the analysis of Ref. 4), then
the states (1 —, 2) and (1 2 —,) have their effec-
tive values of X increased, respectively, to
A + —',ALS and X+-', XLS, where ALS is a (positive)
coupling constant associated with the (P-wave)
spin-orbit term. Such a spin-orbit force would
then make the state (1 —, 2) somewhat more
attractive than (1 2 —,), and hence, according
to the present analysis, the most favored can-
didate for observation.

To discuss the physical implications of the
results for ~ given in Table I, we must com-
pare the phase shifts predicted by our 'P poten-
tial (adjusted to give a bound n' state) with the
latest data given in Ref. 4 (which essentially
incorporates the phenomenological analysis
of Ref. 5). Table II, which gives a compari-
son of k'cot5 obta, ined from the present analy-
sis with the corresponding function for the Po
phase shift given in Ref. 4, shows that there
is a rough "matching" for different energies,
if P is increased somewhat with energy. Since
8 is essentially an inverse range parameter,
this means that increasing the energy has the
effect of making the range shorter. To make
this statement somewhat more quantitative,
we have compared the behavior of the form
factor v'(p) =p'(p'+ P') ' with that of an "ana-
lytical form factor" —,p 2Q, (1+ ~~/, 2P 2) in which
the parameter g, has the precise interpreta-
tion of a boson mass exchanged between two
nucleons via a Yukawa-type interaction. ' These
two functions broadly agree if P, is chosen some-

I'able II. Comparison of k cot5 from the present
analysis for different values of P with the correspond-
ing quantity 0 cot6 of Bryan and Scott for the Po
phase shift for several values of the laboratory ener-
gyE in MeV.

in lab
(MeV)

3kB cot6
(Calculated}

Pu '
6.05.0 7.0

Sk3 cot6( Po)
of Bryan and Scott

10
20
40
60
80

100

49.68
54.99
70.83
93.75

123.8
160.6

112.6
121.5
144.4
173.8
210.0
252.7

216.1
229.4
260.5
298.1
342.1
392.2

61.5
86.29

156.0
261.9
419.8
664.9

See Ref. 4.

what smaller than P, a crude correspondence
being P, =5n-P=6n and P, =6n-8=7o. , where
a'/M is the deuteron binding energy of 2.226
MeV. This implies an inverse range of a, little
more than two pion masses, which compares
favorably with a central force of similar range
needed in Ref. 4 to give the 'Po phase shifts. '

To summarize, our analysis suggests that
a moderately attractive 'P force, well below
the requirement for a bound dineutron, is enough
to produce a, bound n' state. The range and
strength of the force seem to be in good ac-
cord with the 'Po phase-shift data of Bryan
and Scott. %bile a detailed numerica. l calcu-
lation of the effect of aP-wave spin-orbit force
has not been carried out, a spin-orbit force
of such a sign as to make the 'P, phase shifts
larger than 'P, assigns to n' the quantum num-
bers (LSJ) = (1 2 2), with the second best can-
didate (1 2 2) closely following.

It looks unlikely that even if the existence
of n' is eventually confirmed, it would be easy
to make a direct measurement of its spin. How-
ever, a distinction between the various alter-
native assignments of (LSJ) could perhaps be
made in terms of their effects on the Hs and
He' form factors. Gne of the problems here
is how to understand the difference between
the H' and He' charge form factors, "using
a small ( 1%) admixture of the S' state. Now

it ha.s been suggested" that an isobaric state
of T = 2 helps in this regard, so it should be
interesting to test the detailed effects of the
J= —,

' and —,
' assignments for its spin, on the

form-factor problem.
As a final remark, the p-wave force mecha-
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nism suggested for the n' state has the advan-
tage of disentangling the question of its existence
from that of the more controversial n state, "
in which the 'Sp force should play the bigger
role, compared with its negligible effect on
the n' problem. The nonexistence of n~ need
not therefore necessarily imply that of n'. On
the contrary, a clear detection of an n' state
would throw valuable light on the nature of the
P -wave N Nfo-rce.

We are grateful to Professor R. C. Majum-
dar for his interest in this work. One of us
(V.S.B.) is thankful to Mr. H. S. Ahluwalia for
his help on the IBM 1620.
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It has recently been reported that the fission
cross sections of U"' and U' ' fluctuate in an
energy-dependent manner throughout the inci-
dent energy interval 0.1 to 2.0 MeV. ' The re-
ported structure over the measured energy in-
terval was characterized by a relative ampli-
tude of 25% or more, a width of -45 keV, and a
spacing of 75-100 keV. ' The effect was some-
what more pronounced for U' than for U

but quite clear in both cases. In particular, the
reported U ' results obtained with experimen-
tal resolutions of 10 to 30 keV in the interval 0.4
to 0.6 MeV were characterized by several pro-
nounced peaks, as illustrated in Fig. 1(a) taken
directly from Ref. 1. This structure was attri-
buted to intermediate resonances'~ or, less
likely, to competition between fission and in-
elastic neutron scattering which varied with the
availability of exit channels at the saddle point. '
Experimentally, the reported phenomenon is
somewhat surprising as, particularly, the U' '
fission cross section has been widely employed

as a flux monitor. Many of the monitoring ap-
plications involved incident resolutions of &20

keV, and if fluctuations in the monitoring fis-
sion cross sections were present they should
have appeared as energy-dependent variations
in the primary phenomena under study —fast-
neutron capture cross sections, for example.
No such variations appear to have been reported.
In view of the interesting physical interpretation
of the reported phenomenon and the applied im-
portance of the U"' fission cross section, it was
decided to re-examine experimentally the elas-
tic-scattering and fission cross sections of U"'
from 0.4 to 0.6 MeV, a region where the fission
cross-section variations were said to be par-
ticularly large. '

The first type of measurement employed fast
time-of-flight techniques to determine the dif-
ferential elastic-scattering cross sections of
U"' at 10-keV intervals for 0.4 to 0.6 MeV. '
Measurements were made at 8 angles between
25 and 150 deg with incident-neutron resolutions


