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Experimental Evidence for the Reaction d+T~He'+n+n —3 Mev*

J. E. BROLLEY, JR., W. S. HALL) L. ROSEN, AND L. STEWART
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(Received October 21, 1957)

A continuum of doubly charged particles has been observed from the interaction of 12- and 14-Mev
deuterons with tritium. They are shown to arise from the H'(d, 2n)He' reaction. Absolute differential cross
sections are obtained. No evidence for the formation of a dineutron in a bound state, or in a well-defined

virtual state, was found.

&1URING the course of an investigation of the
interaction of 12- and 14-Mev deuterons with

tritium, we observed a sizable cross section for the
emission of low-energy nuclei which appeared to exhibit
the ionization characteristics of doubly charged ions.
Experiments were consequently performed to deter-
mine the charge of the ions and, having established that
they were indeed doubly charged, to identify their mass.

The experimental arrangement is quite similar to
that previously described': a well-collimated beam of
cyclotron-accelerated deuterons enters a reaction cham-
ber in which the H' gas is confined to the central region,
and the detectors are photographic emulsions arranged
around the target in such a way as to record the charged
reaction products at 2.5' intervals with an angular
resolution of &4".

The reaction products were identified as to charge
on the basis of their specific ionization. In order to
resolve singly and doubly charged ions, we used E1
emulsions which were processed by a combination of
the two-solution and cold techniques. ' A warm stage of
5-minutes duration was found to be optimum from the
standpoint of discrimination between charge-1 and
charge-2 particles whose range is less than 32 p. The

difficulty of identifying low-energy particles from their
tracks in nuclear emulsion arises from the saturation
properties of emulsion for highly ionizing particles.

Identification was accomplished by "gap-counting'"
one or two 16-p segments, starting from the end of
each heavily ionizing track in the range interval
16—100 p (corresponding to 4—13 Mev He' nuclei) and
comparing these results to corresponding counts on
tracks made by He' particles and tritons elastically
scattered by deuterons. Figure 1 shows the results of
gap-counts on the particles of unknown charge with
those from tritons and He' nuclei. It is seen that, even
when counts are made over the last 16 p, of track, the
resolution is almost complete. Ke thus identify the
particles under consideration as being doubly charged.
It now remains to determine the source of these
particles. This is done on the basis of energy and
momentum conservation. The d+ T interaction permits
the emission of both charge 1 and charge 2 particles,
the energetically possible reactions being:

(1) d+T—+d+T (elastic scattering),

(2) d+T—&He4+e+17.6 Mev,

(3) d+T—+T+p+n —2.2 Mev,

(4) d+T—+He'+2m —3.0 Mev,

(5) d+T~He4*+e+Q,

(6) d+T~d+d+e 6.3 Mev. —
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FIG. 1. Results of gap-counts on the last 32 p of track for the
"unknown" particles and for He' particles and tritons elastically
scattered by deuterons. The ranges of all tracks gap-counted are
approximately the same so that counts were made at approxi-
mately the same depth within the emulsion. FIG. 2. Energy spectrum of continuum of doubly charged

particles from 12-Mev deuterons on tritium for various laboratory
angles.*This work was performed under the auspices of the U.

Atomic Energy Commission.
' Brolley, Putnam, and Rosen, Phys. Rev. 107, 820 {1957).
' L. Rosen, Nucleonics 11, No. 7, 32 (1953), and 11, No. 8,

(19S3).
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3 "Gap-counting" refers to the number of gaps between the
38 resolvable track segments in a given track length. A track segment

may contain one grain or a cluster of unresolved grains.
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FIG. 3. Energy spectrum of continuum of doubly charged
particles from 14-Mev deuterons on tritium for various laboratory
angles.

4 G. E. Uhlenbeck and S. Goudsmit, Pieter Zeeman Verhandel-
ingen (Martinus Nijho6, The Hague, 1935), p. 201; Fokker,
Kloosterman, and Belinfante, Physica 1, 705 (1933—34); E.
Fermi, Elementary Particles (Yale University Press, New Haven,
1951),p. 44.

The products from reactions (1) and (2) are readily
identi6ed by virtue of their unique ranges at any given
angle of observation. A continuum of doubly charged
particles must therefore arise from reaction (4), assum-
ing (4) is taken to include reaction (5) when He4*—+He'

+e. Figures 2 and 3 show representative energy spectra
of the low-energy, doubly charged nuclei (assuming
them to have a mass of 3) observed at various angles
in the laboratory system. Energy considerations pro-
hibit particle identification at laboratory angles larger
than 45'. The maximum energy available to He'
particles (corresponding to the two neutrons going off
in the same direction) is indicated by the arrows. The
end points of the energy distributions at the various
angles are seen to correspond closely to these maximum
energies. The particles are thus identi6ed as He' nuclei
from reaction (4). The energy distributions show no
evidence that the subject reaction gives rise to dineu-
trons either in bound states or in well-defined virtual
states. A bound state of the dineutron would be identi-

6able by a peak in the He' distribution to the right of
the arrows in Figs. 2 and 3. A narrow virtual level

would be associated with a similar peak to the left of
the arrows. The low-energy cutoffs arise from instru-

mental limitations in the detection and identi6cation
of the low-energy He' nuclei.

At each angle of observation the cross sections for
emission of He particles, in each 0.2-Mev interval,
were converted to the cross sections in the c.m. system
at the appropriate c.m. angle and energy. For each

10 -interval in the c.m. system, the differential cross
sections with respect to energy and angle were plotted
as a function of He' energy in the c.m. system. These

plots are shown in Figs. 4 and 5. The solid curves are
calculated on the basis of a three-body process occurring

with random probability in momentum space4 and
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Fzo. 4. c.m. energy distribution, for various c.m. angles, for
the He' particles from the T(d, 2n)He3 reaction for 12-Mev
deuter ons.

normalized to the area under the dotted curve. This
latter curve is a visual 6t to the experimental data and
the known end points. Figure 6 displays the angular
distributions of the He' particles, integrated over
energy. To accomplish this the energy distributions in

the c.m. system were extrapolated to zero energy.
In spite of the fact that the method of particle

identi6cation probably introduces uncertainties which

are comparable to the statistical errors, it is believed
that the deviations from the calculated phase-space
distributions are qualitatively significant. Such devi-

ations may be due to a variety of causes: assuming
reaction (4) to be operative, they may, for example, be
a manifestation of the interaction between outgoing
neutrons or between one of the neutrons and the He'

particle. Neutron-neutron forces would tend to correlate
the directions of the outgoing neutrons in such a way
as to impart a degree of homogeneity to the He'

particles. Forces between the He' nucleus and one of
the neutrons would result in homogeneity for the
second neutron and, to a much lesser extent, for the
He' particle as well. Perturbations on the phase-space
distributions would also result if some of the reactions
proceeded by way of a pickup process, whereby a
proton from the target triton attaches itself to the
passing deuteron. Such a process would result in a
preponderance of high-energy He' particles at the
forward angles, which is in fact observed (Figs. 2 and

3), as well as a forward peaking of the spatial distribu-

tion of the He particles, which is also observed (Fig. 6).
Finally, we cannot rule out the possibility that reaction

(4) proceeds through reaction (3) and the decay of
He4* by neutron emission, since the evidence on the
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FIG. 5. c.m. energy distribution, for various c.m, angles, for
the He' particles from the T(d,2n)He' reaction for 14-Mev
deuterons.

existence or nonexistence of a well-defined level in
He4 is not conclusive. ' "

Reference 10 cites a comparison of the neutron spec-
tra from 18-Mev deuterons on helium-3 and tritium as

' L. D. P. King and L. Goldstein, Phys. Rev. 75, 1366 (1949).
' Jarvis, Hemmendinger, Argo, and Taschek, Phys. Rev. 79,

929 (1950).
J. C. Allred, Phys. Rev. 84, 695 (1951).
J. Benveniste and B. Cork, Phys. Rev. 89, 422 (1953).
Vlasov, Kalinin, Ogloblin, Samoilov, Sidorov, and Chuev,

J. Exptl. Theoret. Phys. (U.S.S.R.) 28, 639 (1955) [translation
Soviet Phys. JETP 1, 500 (1955)].' Vlasov, Bogdanov, Kalinin, Rybakov, and Sidorov {Moscow
Academy of Science), International Conference on the Neutron
Interactions with the Nucleus, Columbia University, September
1957 (unpublished); Zhur. Eksptl. i Teoret. Fiz. 30, 981 (1956)
Ltranslation: Soviet Phys. JETP 3, 793 (1956)j.

"Tyren, Tibell, and Maris, Nuclear Phys. 4, 277 {1957).
"A. F. Wickersham, Jr., Phys. Rev. 107, 1050 (1957).
"Cranberg, Mills, and Roberts, Los Alamos Report LA-1583

(unpublished).

Fxo. 6. c.m. angular distribution, integrated over energy, for the
He' particles from 12- and 14-Mev deuterons on tritium.

evidence for an excited state in helium-4. It may be
germane to point out that the proximity, in energy, of
the highest energy neutrons from the H'(d, 2n)Hes
reaction to those from the H'(d, e)He4* (22 Mev)
reaction may require a different interpretation of the
results of Vlasov et al. , inasmuch as there is no analogous
neutron emission from the d+Hes interaction.
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