
GROUND-STATE ENERGY OF NEUTRON GAS

Brueckner, Gammeli aIld Kubls (8GK), wlIO also
used the BGT potential. Our results for d' '& always
lie lower than their prediction for E/S. The magnitude
of the discrepancy is about 25+a at the lowest density
(ro ——3.0 I') and increases monotonically with density
to about 40%%u~ of the BGK value at ro ——1.5 F, corre-
sponding to the highest density for which comparison
can be made. Thus, under the more realistic nucleon-
nucleon potentials, the results of 8("& again show that
the neutron system does not have a bound state.

In closing, it should be emphasized that the work on
the neutron gas reported here is of a preliminary and
exploratory nature. A great deal of work remains to be
done, namely, the accurate calculation of gto'&+8" '&

for the neutron system with reahstic two-neutron inter-
actions. 8&0@ here is an energy-correction term in

zeroth cluster, and second perturbative order. Notable
deftciencies of the present study involve neglect of
noncentral components of the potentials and adoption
of a simple correlation factor f(r) too simple to satisfy
certain physical boundary conditions. "" It is our
immediate goal to eliminate or minimize these
de6ciencies.
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The breakup of 6Li and ~Li into thoro charged particles following x capture is studied. The branching
ratios for the reactions x +'I i-+2'H (3.4)&10 4), m +'Li-+'H+4H (3.7&10 4), and x +Ki~H+4H*
(4&&10 e) are measured. The energy of the ground state and first excited state (eHe) of particle-unstable
4H are found to be 2.9 and 6.1 MeV above the energy of the unbound 'H+n. An upper limit is set for the
branching ratio of the reaction m 17Li~H+'H (&2X10 4).

INTRODUCTION

"EGATIVE pions stopping in matter undergo
nuclear capture. Upon capture the pion delivers

its rest energy of 139.59 MeV to the capturing nucleus
without transferring any linear momentum. Since cap-
ture on a single nucleon without signi6cant excitation
of the residual nucleus does not conserve energy and
momentum, unless the capturing nucleon is in the high-
momentum end of the nuclear Fermi distribution, '
capture on a correlated pair of nucleons is the dominant
capture mode sn hght nuclei.

Besides this dominant mode there are others which,
although much rarer, hold considerable interest. These
modes lead to the fission of the capturing nucleus into
two fragments of approximately equal mass. The exist-
ence of 6ssion modes should enable one to study the
importance of clusters in light nuclei. An even more
attractive feature, and the one on which we have con-
centrated, is that the 6ssion fragments may be short-
lived ms@lear systems that are dif6cult to form otherwise.

Work performed under a research grant of the National
Aeronautics and Space Administration.

~ J. LeTourneux, Nucl. Phys. 81, 665 (1966).
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Rev. 155, 1096 (1968).
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The notation 'e, ~n, etc., is used for the hypothetical
dineutron, trineutroii, etc. He is the hypothetical di-

Because of the large pion rest energy these fragments
are produced with such kinetic energies that the method
of missing mass spectrometry can be applied. It shouM
also be noted at this point that, because the pion has
isospin T= j, pion capture can lead to 6nal states that
are dificult to reach otherwise.

We have used this technique to study pion capture in
61,i and ~I.i. Postulating only charge conservation, one
expects that the following two-body breakup reactions
might occur:
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proton. ' Apart from some of the more outlandish possi-
bilities, the following reactions seem to be the most
interesting

(1)~ +'Li—&O'H.

This reaction leads to two stable particles in the final
state. From conservation of energy and momentum
and from the known masses of the particles involved it
follows that the two tritons must be collinear in the
laboratory system and must each have a kinetic energy
of 61.63 MeV. All this makes reaction (1) eminently
suitable for the test and calibration of the equipment.
There is, however, some intrinsic interest in reaction (1)
that transcends this technical aspect. If an excited state
of the triton exists, one should be able to observe it in
the reaction

s. +'Li—+'H+'H*,

even if the excited triton 'I* is particle-unstable. 4 The
reactions

m +'Li—&'H+4H

and
~ +'Li-+'H+ p

~ +'Li—+'H+'H.

There exists a rather copious literature about the
nuclei 4H and 'H, and we refer for general information
and for literature references to the review articles by
I auritsen and Ajzenberg-Selove' and by Meyerhof and
Tombrello. ' At this point we mention only the work of
Cohen et at. ,

" who 6rst found reactions (1)-(3).
The part of our own work dealing with reaction (3)

has already been reported brieRy. '
In the following we shall report our search for the

reactions (1), (3), and (5).

m +'Li~'H+'H (3)

should allow one to observe the hydrogen isotope 4H,

whose possible existence has stimulated a large number
of investigations.

Similarly, the formation of 'H might be observed in
the reactions

Oii moderator

ii
&OOMev tpbeapq

Sc1
Sc2 Lead shielding

1' 2'

synchrocyclotron at the NASA Space Radiation KRects
Laboratory in Newport News, Va., was stopped in a
lithium target of 60 mg/cm' with an area of 100 cm'.
The stopping rate was approximately 60 pions/g sec.
Scintillation counters were used to select events con-
sisting of a pion stopping in the target followed by the
emission of two charged particles.

A 1234 coincidence indicated a pion stopping in the
lithium target. A 567 coincidence was interpreted as a
pair of charged particles emitted by the target and a
1234567 coincidence was used to trigger the sonic spark
chambers Sp1—Sp4 and the range chamber. The amount
of aluminum absorber in front of the range chamber was
varied depending on the particular reaction under study.

The soe~c chambers had a sensitive area of 18&18in. ,
a gap width of —, in. with 0.001-in. Al foil on both sides.
The sound signals were picked up by four ceramic
microphones of 8-in. diam and ~-in. length.

The clock rate was 2 MHz. The chambers were con-
tinuously Rushed with commercial spark-chamber gas
(90%%u~ Ne and 10% He, Linde) . Extensive performance
tests with cosmic rays as well as with the tritons from
reaction (1) showed the sonic chambers to be highly
reliable and capable of a spatial resolution of approxi-
mately 1 mm.

The range chamber had a sensitive area of 18X18in.
and a gap width of 8 in. It was filled with He bubbled
through ethyl alcohol at 0 C. The chamber consisted
of 15 gaps, each with a 0.003-in. Al foil on both sides.
Details of the design of the range chamber and the
sonic chambers and of the performance tests carried
out with them have been described elsewhere. "

Commercial modular electronic circuitry was used for
the fast logic. The readout of the sonic chambers, the
range chamber, and the time of Right was accomplished
with a home-built system using commercially printed
circuit cards."

EXPERIMENTAL SETUP

The experimental arrangement is shown in Fig. 1.
A low-energy (100-MeV) m beam from the 600-MeV

~Present experimental evidence and theoretical arguments
strongly disfavor the existence of these hypothetical nuclei.

4 We have reported elsewhere on an (unsuccessful) search for
this reaction: L. Coulson, W. Grubb, R. Minehart, and K. Ziock
(to be published).

5T. Lauritsen and F. Ajzenberg-Selove, Nucl. Phys. 78,
(1966).' W. A. Meyerhof and T. A. Tombrello, Nucl. Phys. A109, 1
(1968).

7 R. C. Cohen, A. D. Kanaris, S. Margulies, and J. L. Rosen,
Phys. Letters 14, 242 (1965).

K. Ziock, R. Minehart, L. Coulson, and W. Grubb, Phys. Rev.
I etters 20, 1386 (1968).
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FzG. 1. Schematic view of the apparatus.

~L. Coulson, W. Grubb, R. Minehart, and K. Ziock, Nucl.
Instr. Methods 61, 209 (1968).I W. Grubb, L. Coulson, R. Minehart, and K. Ziock (to be
published) ."Flip Chips by Digital Equipment Corp.
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EXPERIMENTAL PROCEDURE

For each event the following parameters were regis-
tered on punched paper tape: (a) the time elapsed
between the spark and the response of the microphones
in each of the four sonic chambers; (b) the penetration
depth into the range chamber; and (c) the time of
Qight" between counters 3 and 5 and between counters
3 and 7. During the run a continuous check was kept on
the performance of the range chamber. To this end the
range of particles as given by indicator lights was
written down and scrutinized for signs of malfunctions
such as missing gaps, etc. The sonic chambers were
checked occasionally for signs of accidental breakdowns.
In the later analysis the only events accepted. were those
in which at least three sonic chambers had Bred. This
eliminated neutrons or p rays converting in counters
5 or 7. The particle coordinates in the sonic spark
chambers were computed and the particle trajectories
were traced back to the target plane. For events
originating in the target the angle between the two
particle trajectories was computed.

CALIBRATION WITH REACTION (I)
(m +Ll'—+2H )

This reaction, as mentioned above, provides a valu-
able means of testing the equipment. The tritons are
monoenergetic and should give a peak in the range
chamber whose width is determined only by the target
thickness. The two tritons should, of course, have a
strict 180 correlation, making their identi6cation even
easier. We searched for reaction (1) with a separated
Li' target of 99% purity. Figure 2 shows the range dis-
tribution of all the charged particles originating in the
target. The angular distribution of all target events

Q ALL EVENTS

Q EVENTS WITH

8 & 0.025 RAG

50.

0
I 5 IO RANGE

FIG. 2. Open histogram: range distribution of all charged-
particle pairs from m capture in Li. Solid histogram: range
distribution of collinear pairs (0&8&0.025 rad).

' The time-of-Qight resolution proved to be insufhcient for
the discrimination between protons and tritons and was not used
in the analysis of our data.

100

0
0 O.I 0.2 0.5
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FIG. 3. Angular distribution of charged-particle pairs from m

capture in 'Li. The angle 8 measures the deviation from col-
linearity. The plot includes only those pairs for which one particle
stops in the range chamber.

is shown in Fig. 3, clearly indicating the presence of
collinear events. The range of only the collinear particles
is shown separately in Fig. 2, demonstrating that the
peak seen in the raw data is indeed due to reaction (1).

Spark Location

The time between the breakdown of a sonic chamber
and the detection of the sound by one of its microphones
is related to the distances from the spark location to
the microphone by

s=zt+r,

where r is an effective spark radius that accounts for
the shock-wave region around the spark in which the
velocity is large and varying. The distance s depends on
the x and y Cartesian coordinates of the spark center,
so that the above equation contains four parameters:
x, y, e, and r. By measuring the time of the sound prop-
agation to four different microphones all four param-
eters can be determined.

A symmetrical arrangement with all four micro-
phones in the corners results in regions in the chamber
where errors in microphone output are greatly amplihed
when converted to spark location. Breaking the sym-
metry by placing one microphone halfway between two
corners eliminates this problem. However, the non-

DATA ANALYSIS

The analysis of the data was divided into the follow-
ing steps: (a) reconstruction of the spark location in
each of the four chambers; (b) computation of the
geometry of the two-particle events; (c) determination
of the range of the charged particle entering the range
chamber; (d) distribution of the data according to
range and angle between the two particles; and
(e) statistical analysis. Each of these steps will now be
discussed in detail.
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I'IG. 4. Origin of events in the target plane.

symmetrical arrangement precludes an analytical
solution for the four simultaneous equations and neces-
sitates an iteration procedure to determine the spark
coordinates.

In practice, the velocity of sound and the spark radius
are sufFiciently constant from event to event to assume
predetermined values for these variables. It is then
possible to solve analytically for x and y, thereby saving
a substantial amount of computer time. The effect of
this analysis procedure on the spark location for some
arbitrarily selected events was found to be within the
accuracy achieved by the iteration procedure.

After locating each spark in the four sonic chambers,
the two charged-particle trajectories were constructed.
The distance of closest approach of the two trajectories
was determined by constructing the minimum sphere
tangent to both. The center of this sphere was taken to
be the origin of the event. This method has a low
accuracy for determining the intersection coordinate
perpendicular to the plane of the chambers when the
angle between the two trajectories is small. For those
cases we located the intersections of the two trajectories
with the target plane. The average of the two inter-
sections was then taken as the origin of the event. If
the separation between the two trajectories from the
6rst method or the separation between intersection
points obtained from the second method was greater
than 1 cm, the event was discarded.

The accuracy of location of event origins is demon-
strated in Fig. 4, which shows a plot of the points of
origin projected onto the target plane. The target image
is clearly visible in the plot, its edges are sharp, and its
size agrees with the actual size of the target. Also visible
are a dark line corresponding to the location of counter

S3 and a fainter line corresponding to the location of the
counter 54. Except for these regions of concentration
the density outside the target area is Iow. Selection of
events from the target region therefore results in a
subset of the data with negligible nontarget background.

The range chamber worked with high eKciency, so
that 97% of the events resulted in the breakdown of a
connected series of gaps, with the range determination
being unambiguous. Consequently, the range could be
determined simply from the last gap in a chain of firing
gaps.

The angle between the particle trajectory and the
normal to the absorber, as determined from the sonic-
chamber coordinates, was used to compute the true
range. The true range was expressed in terms of the
range bin in which the particle would have stopped had
it proceeded normally through the absorber. This correc-
tion shifted the two-triton range peak from Li by 0.7
gaps. All the range curves shown in this paper have been
corrected in this manner.

An eAect of this correlation was to reduce the number
of events in the 6rst two gaps of the range chamber.
Whereas many events werc shifted out of these two
gaps, there were none shifted into them from shorter
ranges. We found that the correction removed 63% of
the events from the 6rst gap and 30% from the second
gap. These percentages were determined by comparing
the true range distribution with the uncorrected distri-
bution of stopping points. Rather than discard the
first two gaps, it was preferable to multiply the true
range distribution by an appropriate depletion factor
for each of the two gaps.

A correction was also made for the 6nite solid angle
accepted by the range chamber. The location of the
end point of the trajectory in the range chamber was
calculated. We then required that the end point be
inside the range chamber and at least 2 cm from any
edge. With this criterion the solid angle accepted by the
chamber is a function of the penetration depth. In
calculating branching ratios this dependence of solid
angle on penetration depth was taken into account.

Distributions

The next step in the analysis was the construction of a
number of distributions. The data were separated into
target or background events and distributed according
to stopping point in the chamber and the angle between
the two charged particles. To stop tritons of the ap-
propriate energy it was necessary to insert some absorber
between the range chamber and counter 36. Aluminum
absorbers of 0.032- and 0.044-in. thickness were used.
The difference of 0.012 in. equalled the amount of
aluminum in two gaps of the range chamber. The
distributions obtained with the two diferent absorbers
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were compared and the locations of the two-triton peak
from capture in the 'Li di8ered indeed by two gaps.

After this test, the data from the two sets were added
to form a total range curve with 16 bins. The data in
the first and last two bins of this summed distribution
come from only one of the two sets and were therefore
normalized to the I2 bins in the overlap portion of the
range curve.

Ioo.

50,

SEARCH FOR 4H

If 'I is formed following pion capture in ~Li, the range
distribution of the tritons also formed in reaction (3)
should show a peak. This peak is indeed exhibited by
the 16-bin range distribution of the events from a
natural Li target (92.6% rLi, 7.4% 'Li) (Fig. 5) if one
reduces the background from many-body breakups by

e tean]

I'lo. 6. Angular distribution of charged-particle pairs from
capture in natural Li. The plot includes only those pairs for

which one particle stopped inside the range chamber. The angle
8 measures the deviation from collinearity. The peak at 8=0 is
attributed to the reaction ~ +'Li—+2' H in the Li content of the
target.

l00. -

Q 8&0.025 RAOIA8

5 8&0.025 RADIAN

first triton. The opening angle of this cone is, of course,
determined by the energy available for the H decay.
The angular distribution within the cone can be easily
calculated and Fig. 7 shows angular distributions cal-
culated for various assumed parameters.

Information about the binding energy and the lifetime
(level width) of «H is thus not only contained in the
range distribution but also in the angular distribution
of the events. V(e have, for this reason, distributed the
ranges for various cuts in the angular distribution.
These selected range distributions corresponding to
0.025-rad angular intervals are shown in Fig. 8, and
show an important feature. For 8&0.125 rad the peak
is in gap IO. For each of the four angular intervals
between 0&0.125 and 8&0.225 the peak is in gap 8. For

0
5 10 l5 RANGE

FIG. S. Range distribution of events from g capture in natural
Li. The solid histogram gives the range of the collinear events,
attributed to m capture in the 'Li content of the target.

0~2 MKV

I i2MKY
---- 0~4MKV----- Q~SMEV

cos 8

including only events with an opening angle of less than
0.225 rad."The angular distribution of ale the charged-
particle pairs whose one member stopped &beside the
range cllamber is shown in Fig. 6.

If particle-stable 'H were produced in our experiment,
the two-charged particles would be collinear. In addi-
tion, collinear events from reaction (1) are expected
from the 'I.i content of the target. Such collinear events
appear indeed in Fig. 6, but their range distribution as
shown separately in Fig. 5 identi6es them by the loca-
tion, magnitude, and width of the range peak as tritons
from the reaction «r +'Li~2'H in the 'Li content of the
target. Thus it follows that our data show no evidence
for a particle-stable 4H. If particle-unstable 4H decays
into a triton and a neutron, the decay triton must fall
within a cone surrounding the direction de6ned by the

"Upon insertion of an additional O.oj.2-in. Al absorber this
peak also shifted properly, indicating that it was real and not
caused by a malfunction of the range chamter.

cos I
Q I ~NIEV

~ ISOTROPlC

It

I", /i/ (
I

llsoTRQPlc
,2

e (RADIAN)

Fn. 7'. Laboratory angular distributions for the two tritons
from the reaction

~ +7Li~'H+4H

i-H+.
for various assumed Q values, level widths, and angular dis-
tributions in the c.m. system.
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0&0.225 there may be evidence for a peak in the first
few gaps of the range chamber. This shifting of the peak
location indicates the existence of several energy levels
of 4H.

Note added ie proof To test o. ur assumption that the
two range peaks obtained for these two angular in-
tervals are indeed due to the existence of two states
of H, a detailed statistical analysis was carried out.
The results of this analysis, given in the next section,
show that the angular and the energy distributions are
indeed connected in the expected way.

Kith our assumption thus justified we have fitted
three Gaussians and an exponential background to
the range distributions for the two angular intervals
0.025&0&0.125 rad and 0.125&9&0.225 rad. This
way of obtaining the energies and widths of the 4H

levels is inherently more accurate because an absolute
energy calibration is provided by reaction (1). For
reasons to be discussed later the evidence for a peak
in the first few gaps of the chamber must be treated
with considerable reservations. Consequently, we quote
only results" for two levels of 4H as obtained from
the range distribution fitting procedure:

E=2.9 MeV~0. 5 MeV,

I'=3.0 MeV+1 MeV,

E=6.1 MeV~0.5 MeV,

I'=3.5 MeV~1 MeV.

The energies are referred to the energy of the unbound
system 'H+e. The numbers quoted here diGer slightly

"~To obtain the level widths, the finite target thickness and
the resolution of the range chamber were taken into account.

(but well within statistical error) from those given in
our letter7 because of some refinements in the analysis.

Statistical Analysis

For a quantitative analysis the range distributions
for each angular interval were fitted to a superposition
of an (almost constant) exponential background and
three Gaussians, corresponding to three discrete levels
of the 'H nucleus. "The centers of these Gaussians were
varied independently for each angular cut and adjusted
to obtain a best fit to the data. The results are sum-
marized in Table I.

The essential features of the data shown in Table I
are the following:

(a) The locations of the three Gaussians fitted in-

dependently for each angular range shift very little with
angle.

(b) An appreciable number of events contributing to
the first Gaussian occurs only at angles below 0.15 rad.
A similar cutoff occurs for the second Gaussian at 0.25
rad.

Figure 9 shows the number of events under the first
two Gaussians and their errors as given in Table I
plotted as a function of angle. If the observed peaks in
the range distributions (Fig. 8) do indeed represent
different energy levels in H, the angular distributions
(Fig. 9) must fit theoretical distributions similar to the

'4 As mentioned above, there is a rise in the first few bins of
our range distribution. If this rise is indeed due to a third energy
level, the associated peak falls partly outside the energy range
covered by our range chamber. For lack of more detailed knowl-
edge we have accounted for this rise with a third Gaussian fitted
to the range distributions. Since the two other peaks are well
resolved, this third Gaussian affects their height and location very
little.
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TABLE I. Best-fit Gaussians. For each Gaussian the erst column gives the location of the centroid in terms of the bin number in the
corrected range distribution and the second column gives the area under the Gaussian and its statistical uncertainty in terms of the
number of events represented by it. Column g gives the ys for the 6t with all three Gaussians. A y' of 10 corresponds to a 50'%%u~ proba-
bility. The widths assumed for the 6ts were ei =02=1.58 MeV and 03=2.24 MeV.

First Gaussian Second Gaussian Third Gaussian

Angular
interval~

(rad)

Location
of

centroid
(bin No. )

Area under
Gaussian
(No. of
events)

Location
of

centroid
(bin No. )

Area under
Gaussian
(No. of
events)

Location
of

centroid
(bin No. )

Area under
Gaussian
(No. of
events)

0.025-0.05

0.05-0.075

0.075-0. 1

0.1-0-.125

0.125-0.15

0.15-0.175

10.5

10.5

10

95

8.5

8.5

19&10

106+24

8.3

3.5

0.2-0.225

0.225-0. 25

0.25-0.275

0.275-0.3

10

10

7.5

8.0 20+13 82~14

68%13

Note that the first interval begins at 0.025 rad in order to exclude collinear events from pion capture in OLi.

ones given in Fig. 7 if the correct assumptions about the
nature of the decay in the 'H c.m. system are made.
If the c.m. distribution of the angle between the decay
triton and the laboratory momentum of the 4H is
known, the angular distribution in the lab frame can be
calculated using the Q value of the decay (the difference
between the mass of 4H and the combined masses of
'H and a neutron). Using Monte Carlo methods to
incorporate the CGects of the 6nite target thickness, the
6nite resolution of the range chamber, and the size and
location of the detectors, we obtained laboratory dis-
tributions for isotropic and cos 8 c.m. distributions.

These Monte Carlo distributions for several Q values
and level widths of 4H were then fitted by a least-
squares process to the angular distributions shown in
Flg. 9. Thc best 6ts RIll their parameters alc included
in the figure. The lowest level, or ground state, of 'H
could be 6tted satisfactorily only by assuming either a
cos'8 c.m. distribution or a triton energy that was at
variance with the results of the range measurement.
Since the triton energy corresponding to the center of
the range peak can be determined to good accuracy as a

TABLE III. Least-squares 6t to the distribution of decay angles
for the second level of 4H.

Q
(MeV) (MeV)

x'
Isotropic eos'8

decay decay

3.4
3.4
3,4
3.4
3.2
3,2
3.2
3.2
3.0
3.0
3.0
3.0
2.8
2.8
2.8
2.8

2.5
3.0
3,5
4.0
2.5
3.0
3.5
4.0
2.5
3.0
3.5
4.0
2.5
3.0
3.5
4, 0

35
34
43
39
29
31
27
33
34
23
28
31
23
24
24
27

9.0
7.6
8.3
6.3
7.7
6.3

12.9
8.3
7.2
9.5
7.9
9.3
8.9
7.0

10.1
8.2

TABLE II. Least-squares fits to the distribution of decay angles
for the 6rst level of 4H.

75
7.5
7.5
7.5
7.5
7.3
7.3
7.3
7.3
7.3
7.1
7.1
7.1
7.1
7.1
6.9
6.9
69
6.9

I'
(MeV)

2.0
2.5
3.0
3.5
4.0
2.0
2.5
3.0
3.5
4.0
2.0
2.5
3.0
3.5
4 0
2.0
2.5
3.0
3.5

19.5
21.2
21
23
23
18
19
22
20
22
18
16

25
21
21
19
20
26

56
54
60
62
56
tee
59.
60
60
61
e ~ e

59
61
65
65
63
61
68
65

. x'
Isotroplc cosa

decay decay
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TssLE IV. Branching ratios for two-particle break-up reactions.

Branching ratio

m +t'Li—+23H

(3.4+0.5) XN-4

Reaction

g +VI.i~'II+4H

(3.7+1)X10 4

m +7I,i-+'H+4H*

(4+&)X10 '
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FIG. 9. I,'a) Angular distribution of the areas under the 6rst
Gaussian 6ttcd to Fig. 8. Thc curve show's thc best 6t obtained
with a cos'8 distribution in the c.m. system of the 'H. The param-
eters of the best Gt are Q =3.2 MeV, I'=3 MCV, y'= 6. (b) Angu-
lar distribution of the areas under the second Gaussian 6tted to
Fig. 8. The curve shows the best Gt obtained with an isotropic
c.m. distribution. The parameters of the best 6t are Q= 7.1 MeV,
7=2.5 MeV, p'=16. Note that the Q values dier slightly from
the ones obtained from the inherently more accurate range dis-
tribution. It is these latter Q values that we wish to quote for the
energy of the 48 levels.

'~ This is, of course, to be expected from the Pauli principle.

result of its proximity to the peak associated with the
two-triton breakup of 'Li (I'ig. 5), we know the ground-
state energy accurately enough to conclude that the
first level of 'H is a p state" and that it is highly polar-
ized along the direction of the 4H momentum. The
x' associated with the statistical 6ts using various
values of '8 mass and width are shown in Table II. The
widths associated with the best 6ts to the angular dis-
tribution are in reasonable agreement with those ob-
tained from the widths of the range peaks.

A similar statistical procedure for the second level of
4H showed that an isotropic decay distribution resulted
in Mi acceptable 6t to the data. A cos'8 decay distribu-
tion seems to be entirely unacceptable. The quality of
the least-squares fits for this level are given in Table III.

There is some evidence for an additional enhancement
in the first part of the chamber. In particular, the range
curve associated with events whose opening angle was
between 0.125 and 0.225 rad (Fig. 8) appears to indi-

vr +rLi—+'H+'H (5)

mould have stopped in the range chamber. These
deuterons have an energy between 72 and 78MeV,
depending on the Q value of the reaction 'H~'H+2n.

"R. C. Minehart, L. Coulson, %'. Grubb, III, and K. Ziock,
following paper, Phys. Rev. 17'7, 1464 I,'1969).

cate a shoulder on the high-mass side of the peak corre-
sponding to the second level. As discussed earlier, a
third Gaussian was included to 6t the data in this part
of the chamber. The angular distribution corresponding
to this third Gaussian can be 6tted adequately, assum-
ing isotropic decay of H4, a Q value of 12.3 MeV, and. a
width of 4MeV. %e think, however, that this level
requires further experimental conhrmation, since it lies
near the first few gaps of our range chamber, where the
statistical significance is lower because (a) the 6rst
two gaps are outside the overlap region of our two sets
of data and (b) the correction for the angle of traversal
through the absorber is somewhat uncertain.

BRANCHING RATIOS

Eventually it may be possible to develop a theory that
will relate the probability of the pion-induced fission
modes to the existence of multinucleon clusters in the
nucleus. Therefore the branching ratios for these proc-
esses are of interest. Since all stopping pions undergo
nuclear capture, we obtained the branching ratio of a
reaction by dividing the number of events due to this
reaction by the total number of pion stops, correcting
for the solid angle. The number of stops could be related
to the number of 1234 counts by taking the difference
between 1234 rates with the target in and with the
target out for a fixed number of 12 counts. Vhthin our
experimental uncertainty the branching ratio obtained
in this way for the two-triton breakup of I i6 agreed
with a more precise measurement made in a later run. '6

The branching ratios for the H4 levels have therefore
been normalized to that new measurement.

The solid angle was taken to be that of the range-
chamber side, with a small correction, for the 6nite size
of counter 7. As discussed earlier, the dependence of
solid angle on range-chamber penetration depth was
also included. The results are given in Table IV.

SEARCH FOR ~H

In a separate run with a natural I.i target the amount
of absorber behind counter 6 was increased to the point
~here deuterons from the hypothetical reaction
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Because of the relatively small specific energy loss of the
deuterons this energy interval translates into a range
interval exceeding the thickness of our range chamber.
For this reason three sets of data were taken with 200,
250, and 300 mil of aluminum absorber in front of the
range chamber. The total number of stopping pions was
the same (5.4X 10~) for each of these sets. The three sets
were corrected for the angle of traversal (range correc-
tion) and were superimposed in the manner discussed
above. The resulting 30-bin range curve for events with
0&0.25 rad is shown in Fig. 10.

If the 'H decays to 'H+2m with a Q value less than
3 MeV, the opening angle for the triton is less than 0.25
rad. Shown in Fig. 10 is the peak that one would expect
if 'H with a Q value of 3 MeV and a width of I' =3 MeV
were formed with a branching ratio of 8=7X10 '.
This branching ratio corresponds to a peak height equal
to three times the statistical uncertainty in the back-
ground. At larger Q values the opening angle increases,
so that the background increases, thereby increasing
the upper limit on the branching ratio. For wider levels
and for several unresolved levels the upper limit set by
our data also increases. These effects have been studied
with Monte Carlo calculations, assuming a combination
of a background whose shape is given by our data and a
peak with varying position and width. From these cal-
culations we have estimated upper limits for the branch-
ing ratio as shown in Table V.

lOO "'

TAsr.z V. Upper limits for the branching ratio for the formation
of 'H for various assumed Q values and level widths.

q (MeV) I'=3 MeV j. =6MeV

&0

7X&0-5

10 4

2X10-'

2X10 4

7X10~

If 'H is assumed to be particle-stable, we can set a
more stringent limit on the branching ratio. Stable 'H
must be collinear with the deuteron produced in reac-
tion (5). If we sum all events with an angle tt(0.025
rad for which one particle has a range corresponding
to Q(0, we obtain a branching ratio B(10—'.

These results confirm the earlier though less rigorous
upper limit set by Cohen eI, al.'

SUMMARY AND CONCLUSIONS

Negative-pion capture in 'Li and ~Li can lead to
fission into two hydrogen nuclei. The reactions observed
in this experiment were

m
—+'Li~2'H,

~ +'Li~'H+4H,

~ +'Li—+'H+4H*.

The branching ratios for these processes as given in
Table IV are all of the same order of magnitude and are
small compared to the predominant mode of two-
nucleon emission. The lifetimes of the two observed
particle-unstable states of 4H, as obtained from the
level widths, are

(2.2+0.7) X10 "sec
and

(1.9+0 7) X10 "sec,

50.

~aa

1r
l
l

respectively, for the ground state and the first excited
state. We have also searched for the reaction

vr +'Li-+'H+'H

and have established an upper limit on its branching
ratio.

0 I

l9.0 l5.5 l2.3
I I I Il

9.I 6.2 3.5 0.9 -l.5

FIG. 10. Range curve for particle pairs with an opening angle
8(0.25 rad (8 measures the deviation from collinearity). T'he
dotted line shows the peak expected if 'H were formed with
Q=3 MeV, I'=3 MeV, and a branching ratio 8=7X10 5.
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