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“He, “Li, and ‘H have been produced as residual nuclear systems in various reactions induced by deuterons,
tritons, and 3He ions bombarding deuterium, tritium, and 3He targets. The bombarding energy was varied
from 12 to 22 MeV, and proton and deuteron spectra were measured at angles from 10° to 35°, The first
excited state of ‘He was seen in the 3He (d,p)*He* reaction at an excitation of 20.0820.04 MeV with a center-
of-mass width of 0.434-0.05 MeV. It was also observed in the 3He (¢,d)*He* reaction at an excitation of
20.00+0.04 MeV with a c.m. width of 0.3620.05 MeV. There was weak evidence for a second excited
state at about 1.2 MeV above the #+-p mass. Upper limits on cross sections were set for possible bound states.
No direct evidence for unbound states in the 4Li or ‘H systems was observed. Both the continuous spectra
and the spectral peaks are discussed and are compared with previous experimental results. Absolute cross

sections were measured and are presented.

INTRODUCTION

ANY aspects of very light nuclei are still not well
understood. In some cases shell-model, collective-
model, or supermultiplet calculations appear to give an
acceptable description, although the choice of appropri-
ate model is not always evident. Descriptions which
directly use the nucleon-nucleon interaction have not
been extensively developed. One case of particular
importance is the highly symmetrical “He nucleus, which
has become interesting especially since the discovery of
its first excited state. Much theoretical and experi-
mental work has been done recently searching for and
studying the energy-level structure of *He and its
isobaric neighbors “Li and *H. These nuclei have been
studied as compound and residual systems in various
scattering and reaction experiments with nucleons,
nuclei, pions, and vy rays. A guide to the rather extensive
experimental and theoretical literature may be found
in the following recent articles and the references they
contain: for ‘H, Ref. 1; for ‘He, Refs. 2-6; and for Li,
Refs. 7-9. A compilation of information on the energy
levels of 4-nucleon systems is being prepared by Meyer-
hof and Tombrello.

At present an excited level of “He at about 20 MeV in
excitation is the only well-verified state. Evidence for
levels near 21 MeV and higher has been seen, but there
is no firm consensus concerning their position and
nature. There is also no evidence for a bound or a narrow
unbound state in 4Li or *H.
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This paper describes the results of studying the follow-
ing reactions at various bombarding energies from about
12 to 22 MeV: *He(d,p)*He, D(*He,p)*He, *He(t,d)*He,
SHe(*He,d)*Li, T(d,p)*H, T(t,d)*H and D(¢,p)*H. The
writing of the residual nuclear systems as ‘He, ‘H, and
4Li in this paper does not necessarily imply the creation
of a distinct single nucleus, but is often meant to include
the unbound and multibody breakup modes possible.
The spectra of the protons and deuterons emitted were
measured at various laboratory angles in the range of
10° to 35°. A preliminary report of this work has been
published.!! The 3He(d,p) and D (°*He,p) reactions have
been studied also by Young and Ohlsen,!? Parker ¢ al.,'3
and Zurmiihle.*

EXPERIMENTAL METHOD
General

Gaseous targets contained by thin foils were bom-
barded with beams from the multiple electrostatic-
accelerator system at the Los Alamos Scientific Labora-
tory. Particles emitted from the nuclear reactions were
detected by a AE-E semiconductor counter particle-
identification system, and the resulting energy spectra
were analyzed by a multichannel analyzer.

Deuteron, triton, or *He beams were tightly colli-
mated and allowed to enter a 20-in. scattering chamber.
The He beams were from 10-30 nanoA. The d and ¢
beams varied from 20 to 1000 nanoA, depending on the
background problem and high-counting-rate effects in
the electronics. The error in the determination of the
energy of the beam and the energy spread in the beam
were negligible. The gas target was 3.8 cm in diameter,
and used 12- or 25-u beryllium entrance and exit foils.
The composition of the target gases was measured and
a purity of better than 999, was found except for the
tritium gas, which was found to have a purity of
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161 EXCITED ¢*H, ¢*He, AND
(9341)%,. The purity was determined by mass-spectro-
graphic analysis, except for tritium, for which scattering
analysis was used. The bulk of the tritium contaminant
was hydrogen. The detector collimators were made of
tantalum and the geometry used typically resulted in an
angular acceptance width of 220.4°. It was determined
that the absolute error in the value of the central angle
of the detector system was <0.2°.

The energy resolution in the range of interest was
measured by means of the sharp peaks of contaminant
reactions and had a value (full width at half maximum)
of 120 keV. This number agrees with calculations of
geometric energy spreads, energy straggling in the foils,
and other effects. The absolute accuracy of the energy
scale calibrated as described below, and the linearity of
the energy scale were good to =60 keV.

Corrections in the absolute values of the cross section
were made for calibrations of the target pressure gauge
and beam-current integrator, for dead time in the pulse-
height analyzer and other electronic effects, and for
target gas purity. The absolute error (standard devi-
ation) of the cross-section scales was determined to be
129, and was in agreement with the fluctuations of
similar runs taken at different times and under different
conditions. The relative error in a given spectrum was
determined by the counting statistics and was usually
2 to 39, unless otherwise noted.

The charged particles were detected in a semicon-
ductor transmission detector followed by a semicon-
ductor E detector in which the particles were stopped.
The E detector was a Li-drifted counter either 2 or 3
mm in depth. The AE detectors were surface-barrier
units ranging in thickness from 50 to 350 p and were
either oriented or were tilted 15° to avoid the effects
of channeling. Pulses from the E and AE detectors were
used with an analog computer system to distinguish one
particle species from all others. To facilitate selection of
the desired particle a display was generated on a storage
oscilloscope. For each E—AE pulse pair a spot was
formed on the storage-tube screen. The vertical dis-
placement of the spot was proportional to E+AE and
the horizontal displacement was proportional to (E+4E,
+RAE)AE, which is the quantity generated by the
analog computer to be proportional to the mass.
Selection of the appropriate mass and charge group could
be made by using the display as a basis for adjusting
discriminators. Energy spectra were obtained for the
selected particle species by recording the Z+AE pulse
heights in a gated 400-channel analyzer.

EXPERIMENTAL PROCEDURE

The chamber and collimators were aligned by optical
methods and by obtaining traces of the beam on photo-
graphic print paper. The position corresponding to zero
angle was determined by requiring that the elastic-
scattering intensity be the same for equal positive and
negative scattering angles. Gains in the E and AE sys-
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tems were then equalized, so that the sum E+4AE
would properly represent the detected-particle energy.
The settings on the mass identifier were then adjusted
and other electronic alignments and tests were made.
The output of the 400-channel analyzer was printed and
punched on paper tape for later computer analysis. For
each run an energy calibration was performed by de-
tecting groups of the particle of interest at various
energies from known reactions, usually elastic scatter-
ing. Target-empty background runs were taken to corre-
spond to each data run. A variety of special runs were
made with possible contaminant gases such as Hp, COs,
air, and “He. Lengthy studies were performed to de-
termine possible idiosyncrasies of the system with
respect to counting rate and other parameters.. ‘
Representative examples of the raw data are shown
in Figs. 1-6. Backgrounds have not yet been subtracted
from the data displayed in these figures. The vertical
bars represent the error (standard deviation) due to
counting statistics. The E, scales shown in Figs. 1,
3, 4, and S are examples of the excitation energy in the
residual system (*He, etc.) above the three-body break-
up threshold. These scales will be useful in the discussion
of the results. The *He(d,p) reaction shown in Fig. 1
had the most interference from contaminant and spur-
ious peaks. Peaks @, b, and ¢ were found to be spurious
counting-rate dependent peaks, most likely resulting
from the effect of the very intense deuteron elastic-
scattering peak on the mass-identifier circuits. The
relative magnitudes of these peaks were sensitive to the
counting rate in a very nonlinear way, and could be
eliminated by running with low beam intensities. Peak
d resulted from elastic scattering from contaminant
hydrogen in the target gas, H(d,p)D. This peak was
not rate sensitive, but would change in relative height
from run to run as the contaminant hydrogen fraction
changed. Peak ¢ and curve g are data from the *He(d,p)
reaction, the spectrum cutting off in about channel 25,
where the lower-energy protons ceased depositing
enough energy in the E-counter and the required E-AE
coincidence was not met. A biased amplifier system was
used, so this lower-level cutoff was in an arbitrary
channel. Curve f shows the empty target background.
Where not obscured by contaminant or spurious
peaks, the lack of yield in the upper part of the spectrum
is useful for setting upper limits on bound states (in
this case, *He). Of note in the 11.75-MeV curve is the
structure at about channel 90. This “break” in the
curve showed in most of the *He(d,p) data. In this case
it is distinct; in several of the cases it was statistically
marginal. This “break’ was not rate- or run-sensitive,
and could not be ascribed to any contaminant. Of special
concern was the possibility that contaminant ‘He in
the 3He gas might enable the ‘He(d,p)He reaction to
produce a spurious proton group. This group would lie
in the neighborhood of the “break” found in the data.
However, careful experimental and theoretical tests



161

F16. 1. Typical raw-data spectra
for the *He(d,p) reaction. The 11.75-
MeV-bombarding-energy case is at 15°

laboratory angle and the 15.79-MeV
- spectrum is at 10° laboratory angle.
The vertical bars indicate statistical
errors. The lower series of points is
the empty target background. Further
details are given in the text.
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showed that: (1) Such spurious proton groups would
not lie at the same energies as the “breaks”; (2) there
was not enough “He in the *He gas to produce an
effect; and (3) the width of such groups, because of the
width of the He states, would not be compatible with
the data.

Figure 2, an example of the D (°*He, ) reaction, shows
larger statistical errors due to the low intensity of *He
beams available. In Fig. 3, the *He(¢,d) reaction, the
spectrum is typical of the contaminant-free data ob-
tained when deuterons were detected. The T(d,p) data
in Fig. 4 is similar to 3He(d,p) in Fig. 1 except that the
H(d,p)D peak at about channel 225 is much larger
because the amount of hydrogen contaminant in the
target gas has increased. In Fig. 5, part of the data
spectrum is obscured by the peak at channel 125 which
is due to the H(¢,d)D reaction. In Fig. 6, an example of
a D(¢,p)*H spectrum, all the structure past channel 170
is rate-sensitive and spurious, except for the peak at
channel 185, which is due to the H(4,p)T reaction. °

RESULTS

To present the data in the clearest fashion, the raw
data has been considerably edited. The results are shown
in Figs. 7 through 20. Backgrounds have been sub-
tracted, energy calibrations made, and the various cross-
section factors have been included so that the curves
may be presented in terms of differential cross section

versus particle energy. Smooth curves have been drawn
including any structure judged to be statistically signi-
ficant. These curves have been terminated at a particle
energy about 0.75 MeV higher than the detector cutoff
energy to avoid systematic errors in the lower-energy
parts of the spectra. Spurious and contaminant peaks
have been left out; the regions where they have obscured
the data have been left dashed or blank. The arrows on
the top edge of the graphs indicate the kinematic thresh-
old for three-body breakup. Except for Fig. 10, all curves
in Figs. 7 through 20 show energies and cross sections
in the laboratory system. In Fig. 10 the cross section is
in the c.m. system. The value of the maximum excitation
of the residual mass-4 system studied in each reaction
will be given. This value, together with the range of the
upper limits on bound states and the sample excitation
energy scales shown in Figs. 1, 3, 4, and 5, can be used
to indicate the range of excitation studied in each case.
To aid the reader in the interpretation of the curves,
formulas to calculate the excitation energy of the resid-
ual system are given in Appendix I.

REDUCTION OF RESULTS AND PRELIMINARY
DISCUSSION
1. *He(d,p) Reaction and States in ‘He

Relatively sharp peaks in the curves in Figs. 7-9 at a
proton energy just below the three-body breakup thresh-
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old give a distinct verification of the existence of first
excited state of ‘He, the “20-MeV state.” The intensity
of this state decreases with higher angle and higher
energy until, as shown in Fig. 9, the peak has all but
disappeared. If one assumes the other part of the curves
falls to the three-body threshold in a simple way and
makes a reasonable subtraction, the information in Fig.
20 and Table I is obtained. This simple subtraction
neglects interference, and the effects of the reaction
mechanisms involved, but within the limits of error
stated the results are probably meaningful. A much
more detailed analysis'® would be necessary to extract
more accurate parameters. For all the 3He(d,p) curves,
a combined value for the excitation in ‘He is (0.2740.04)
MeV above the ¢+ p threshold, or (20.084-0.04) MeV
above the ground state. The laboratory width of the
subtracted “20-MeV state” is (0.5240.05) MeV, which,
when unfolded from the experimental resolution and
transformed to the t4p c.m. system, gives a width of
(0.434-0.05)MeV. These results will be further dis-
cussed below. The areas of the peaks may be measured
to obtain the cross section for the *He(d,p) reaction
which leads to the first excited state. The results are
shown in Fig. 10. Transformation to the c.m. system is
possible because variations in the c.m. angle and the
transformation Jacobian are small over the region of
interest. The errors shown are relative standard de-
viations. The absolute error in the cross-section scale
is 129%,.

At a proton energy roughly 1 MeV lower in energy
than the “20-MeV”’ state peak in most of the curves is

1D, U. L. Yu and W. E. Meyerhof, Nucl. Phys. 80, 481 (1966).

CHANNEL NUMBER

a small bump or break in the slope of the spectrum which
we shall call a “break.” The approximate excitation
energies which correspond to these “breaks” are shown
in Table I. Assuming these effects stem from some single
phenomenon in ‘He, one calculates an average exci-
tation above the ¢+ p threshold of (1.163-0.07)MeV. It
should be noted that the statistical distribution of the
individual values about the average does not appear to
follow a normal distribution. The stated average corre-
sponds to an excitation in “He of (20.97+0.07)MeV. The
right-hand shoulder of the broad plateaus of the spectra
in each case are at an excitation energy above the
i+p threshold of about 2.2 MeV. The largest range of

T T T T T T Te
T T L L T 1 E‘
5 4 3 2 1 o
8000 |- 4
1,
L mn‘
6000 |- " " I
» " "
- y "
=z »II l,
2 [ Y
'8 > "
4000 I~ » Y 7]
l""l ! Nll
o ro
e LY
‘,*I‘l‘. "
2000 |- Lo ) b
s A
0 L 1 I 1 L

100 200

CHANNEL NUMBER

150

Fic. 3. Typical raw-data spectrum for the *He(,d) reaction.
The data are for 21.8-MeV bombarding energy and 10° laboratory
angle. See text for details.
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excitation in the ‘He system for this reaction is observed
in curve D of Fig. 8, where the lowest proton energy
corresponds to 7.6 MeV in excitation energy above the
t+p mass. The largest value for Fig. 7 is curve E, with
6.3 MeV.

The lack of yield at higher proton energies gives an
upper limit to the cross section for a bound state of He,
of width (c.m.) less than 0.1 MeV and in the range of
excitation in “He of 11.0 to 18.3 MeV, of 15 ub/sr. This
limit is calculated from the 10° 11.75-MeV data but
is about the same for the 10° and 15° data at all the
energies.
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Fic. 5. Typical raw-data spectrum for the T(¢,d) reaction. The
data are for 21.78-MeV bombarding energy and 12° laboratory
angle. See text for details.

2. D(3He,p) Reaction and States in ‘He

The spectrum in Fig. 11 also shows the “20-MeV”
state, but not as distinctly. Analysis of this peak gives
the following value for the c.m. differential cross section
for the reaction going to the “20-MeV” state of *He:
(2.740.7)mb/sr at a c.m. angle of 16.8°, where the
error is an absolute standard deviation. For purposes
of comparison, one may transform this datum into the
equivalent *He(d,p)*He* system. In this system the
c.m. cross section is, of course, the same, the c.m. angle
is 163.3°, the laboratory angle is 151.2°, and the labora-
tory bombarding energy is 14.5 MeV.
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F16. 6. Typical raw-data spectrum for the D(¢,p) reaction. The
data are for 17.75-MeV bombarding energy and 15° laboratory
angle. See text for details.
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TaBrLe 1. Widths and excitations in 3He(d,p)*He. E, is the
laboratory bombarding energy, T' the width (FWHM), and E’
the excitation energy above the three-body breakup threshold.

Lab “20-MeV” state “Break”

angle E, T E E

(deg) (MeV) (MeV) (MeV) (MeV)
10 11.75 0.60 0.32 1.23
10 13.76 0.50 0.20 1.17
10 15.79 0.50 0.22 1.27
10 17.80 0.50 0.29 1.27
10 19.82 0.50 0.24 1.15
15 11.75 0.50 0.39 1.36
15 13.76 0.55 0.29 1.15
15 15.79 0.55 0.26 1.29
15 17.80 e e 1.00
15 19.82 1.04

The broad, main peak may be integrated to give a
laboratory cross section for the residual processes
(without the “20-MeV” state) of (723436)mb/sr; the
error quoted is the error due to uncertainty in the inte-
gration; the absolute standard deviation is 12%,. The
maximum of the broad main peak is at an excitation
energy above the {4p threshold of about 1.5 MeV.
The maximum excitation in the “He system observed
in this reaction is 6.7 MeV above the /4 p mass.

The lack of yield at high proton energies enables one
to calculate an upper limit to the cross section for a
bound state of “He, of width (c.m.) less than 0.1 MeV
and in the range of excitation in “He from 17.0 MeV to
the ¢4 breakup threshold, of 10 ub/sr.

3. 3He(¢,d) Reaction and States in ‘He

Figures 12 and 13 also show distinct peaks due to the
first excited “20-MeV”’ state of “He; indeed, curve C
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F1c. 7. Experimental results for the 3He(d,p) reaction at 10°
laboratory angle. Shown are the bombarding energies. The upper
arrows indicate the kinematic threshold for three-body breakup.
For each curve, the cross section for proton energies above the
threshold is zero, shown in curve A as an example. The dashed
section is a region obscured by a contaminant reaction.
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Fic. 8. Experimental results for the 3He(d,p) reaction at 15°

laboratory angle. Shown are the bombarding energies.
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F1c. 9. Experimental results for the *He(d,p) reaction for the
bombarding energies and laboratory angles shown.

of Fig. 12 shows the most striking resonance shape
ascribable to the first excited state of “He that has been
published. The excitation of the peak in the ‘He system
in each case was about 0.18 MeV above the #+p
threshold; more precisely, an average excitation above

TaBrLe II. Differential cross sections from integration of
$He(t,d)*He spectra. E, is the laboratory bombarding energy.
Where two errors are shown, they are the relative and absolute
standard deviations, respectively. One error alone is the absolute
erTor. -

Lab  Broad peak “20-MeV” state
Ey angle  o(6) (lab) a(6) (lab) o(Q) (c.m.)
(MeV) (deg) (mb/sr) (mb/sr) (mb/sr)
17.75 10 1564548 20.642.0 4.5 +04
17.75 12 824314 7.14£09 1.6 £0.2
17.75 15 56344 2.240.3 0.49+0.07
21.78 10 18846412 11.64+1.0 2.9 +0.2
21.78 15 1494612 1.840.4 0.46+0.1
21.78 20 816412 <0.6 <0.16
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the f4p threshold of (0.1820.04)MeV for the “20
MeV” state was obtained from this data. This corre-
sponds to an excitation in “He of (20.0040.04)MeV.
The laboratory full widths at half maximum in the 10°
and 12° data (Fig. 12) give an average width of the peak
of (0.554-0.07)MeV. When unfolded from the experi-
mental resolution and transformed to the *He system
the value of the width (FWHM) is (0.36£0.05)MeV.

The areas of the “20-MeV”’ state peaks and of the
spectra minus this state were measured as previously
described and the results are given in Table II. The
approximate c.m. angles of the “20-MeV” state for the
17.75- and 21.78-MeV data are 21.8° and 20.2°, respec-
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Fi1c. 11. Experimental results for the D(®He,p) reaction. The
data are for 21.78-MeV bombarding energy and 10° laboratory
angle. The relative error of this data is 2=10%,.

tively. Corresponding to the “breaks” of the *He(d,p)
data, there do exist curious distortions in the® He(t,d)
data. The right-hand edge of the flat top of curve B, Fig.
12, the bulges on the right side of the broad peak of curve
C in both Figs. 12 and 13, and the rather indistinct
strange shape on the right-hand sides of the broad peak
of curves A and B of Fig. 13 all correspond to about
1.2-MeV excitation in “He above the ¢+p breakup
threshold and may thus be related to the “breaks” of
the He(d,p) data. The left-hand edge of the flat top of
curve B, Fig. 12, and the broad main peaks of Fig. 13
all correspond to energies of excitation of “He above
the ¢-+p mass of about 1.8 MeV. The largest range of
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MeV bombarding energy and the laboratory angles shown.
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F1c. 13. Experimental results for the ®He(t,d) reaction at 21.8-
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F1c. 14. Experimental results for the 3He(®*He,d) reaction at

21.78-MeV and the laboratory angles shown.

excitation in the ‘He system for this reaction is observed
in curve C of Fig. 13, where the lowest deuteron energy
corresponds to 4.7 MeV in excitation energy above the
t+-p mass. The largest value for Fig. 12 is curve B,
with 2.4 MeV.

The lack of yield above the i+ threshold gives an
upper limit for the cross section of a bound state of ‘He,
of width (c.m.) less than 0.1 MeV and in the range of
excitation in *He, from 6.7 MeV to the {4 mass, of
10 pb/sr. This informaton is extracted from the 17.75-
MeV data.

4. He(*He,d) and States in “Li

In Fig. 14 it may be seen that no peak exists that
corresponds to the ‘He “20-MeV” state in the previous
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reactions. Here also no distortions corresponding to the
“breaks” seem to be eivdent. The single broad peak in
evidence has its peak at an excitation in the “4Li”
system of about 2.0 MeV above the p+4*He breakup
threshold. The laboratory cross sections resulting from
the integration of these spectra are given in Table III.
From the lack of yield at higher deuteron energies, an
upper limit is found for the cross section, yielding a
bound state of Li, of width (c.m.) less than 0.1 MeV, of
10 ub/sr for a mass range of “Li from the p+3°He mass
to 3.8 MeV less than the p-+2He mass, and 40 ub/sr
down to 8.2 MeV less than the p-43He mass. The largest
range of excitation in the “Li system for this reaction is
observed in curve C (Fig. 14), where the lowest deuteron
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Fic. 15. Experimental results for the T(d,p) reaction at a labora-
tory angle of 10° and the bombarding energies shown.
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F1c. 16. Experimental results for the T(d,p) reaction at a
laboratory angle of 15° and the bombarding energies shown. The
?ata expected at 13.76 MeV was lost because of equipment
ailure.
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TasrLe III. Laboratory differential cross sections for the
*He(*He,d) reaction at 21.78-MeV bombarding energy. The error
shown is the absolute standard deviation. The relative error is the
same.

Lab
angle a(0)
(deg) (mb/sr)
10 112.445.5
20 44.74+44
30 244448

energy corresponds to 4.75-MeV excitation energy
above the p-°He mass.

5. T(d,p), D(t,p) Reactions, and States in ‘H

Figures 15-17 show proton spectra from the T(d,p)
reaction. Again, no peak or structure corresponding to
the “20-MeV state” in “He is indicated for the residual
“H system. The excitation energy in the n+T system
for the broad peaks in the 10° and 15° data are in every
case about 2.3 to 2.5 MeV. It is interesting to note that
at a given angle the maximum cross section is roughly
constant. Also, no ‘‘break” or other indistinct structure
as seen in the *He(d,p) data appears here. The largest
range of excitation in the ‘H system is observed in
curve C of Fig. 16, where the lowest proton energy
corresponds to 6.3 MeV in excitation energy above the
n-+t mass. The largest value for Fig. 15 is curve D with
5.8 MeV.

The lack of yield at proton energies above the kine-
matic threshold for 3-body breakup gives an upper
limit to the cross section for a bound state of ‘H, of
width (c.m.) less than 0.1 MeV, of 10 ub/sr for the mass
range of 2.2 to 8.8-MeV excitation energy below the
#+T mass. This best value for this limit comes pri-
marily from the 11.75-MeV data.
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F1c. 17. Experimental results for the T(d,p) reaction at
the bombarding energies and laboratory angles shown.
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Fic. 18. Experimental results for the D(Z,p) reaction at a bombard-
ing energy of 17.75-MeV and the laboratory angles shown.

Figure 18 shows data on the inverse reaction, D(¢,p).
The broad peaks are at an excitation of about 2.8 MeV
in the #n+T system. The maximum excitation observed
in the “H system in the D(f,p) reaction is about 3.8
MeV above the n4-¢ mass for each curve in Fig. 18. As
is the T'(d,p) reaction, no sharp states are seen. The
equivalent laboratory bombarding energy, as if the
reaction were observed in the T(d,p) system with a
triton at rest, is 11.8 MeV, and the equivalent T(d,p)
laboratory angles are in the region of 135°. The lack of
yield above the kinematic threshold gives an upper
limit to the cross section for a bound state of *H, of
width (c.m.) less than 0.1 MeV, of 10 ub/sr for the mass
range of from 1.1- to 10.9-MeV excitation energy below
the n-¢ mass.
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F16. 19. Experimental results for the 7'(¢,d) reaction at 17.75-MeV
bombarding energy and the laboratory angles shown.
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6. T(t,d) Reaction and States in ‘H

Figures 19 and 20 show a simple broad peak without
the additional structure seen in the *He(¢,d) reactions.
The broad peaks in the 17.75-MeV data are at roughly
1.1-MeV excitation in the #+T system and in the
21.78-MeV data are each about 1.7 MeV in excitation.
The spectra may be integrated to give laboratory dif-
ferential cross sections, and the results are shown in
Table IV. The largest range of excitation in the *H

TasrLe IV. Laboratory differential cross sections for the T(t,d)
reaction. See the caption of Table II for definitions.

Lab
E, angle a(6)
(MeV) (deg) (mb/sr)
17.75 12 30.54+3.0+ 6.6
17.75 15 21.742.2+ 6.3
21.78 10 136.84+4.14+16.5
21.78 12 107.9:4£3.2£14.2
21.78 15 83.6£2.5+£10.5
21.78 20 57117+ 8.1

system for this reaction is observed in curve D of Fig.
20, where the lowest deuteron energy corresponds to
4.04 MeV above the n-+t mass. The largest value for
Fig. 19 is for curve B, with 1.7 MeV. The lack of yield
above the breakup threshold gives an upper limit to the
cross section for a bound state of *H, of width (c.m.)
less than 0.1 MeV, of about 10 pb/sr. This upper limit
is valid for a range of mass relative to the #+T mass of
0 to —12.8 MeV, except for a small region near —5.6
MeV which was obscured by a contaminant reaction.

FURTHER DISCUSSION AND CONCLUSIONS
1. Bound States

As has been indicated in the previous section, evi-
dencejfor a level in “H, ‘He, and “Li stable against
particle /decay was not observed over broad ranges of
excitation. In particular, a state in “He at (14.82£1.9)-
MeV predicted by Bartis' was not observed. Bartis
introduces a model for 4=4n self-conjugate nuclei in
which there is a strong pairing correlation and success-
fully accounts for the first-excited O* states of 2C and
160. In the present experiment a level in “He 19, as
strong as the “20-MeV” state would easily have been
observed. Possibly the state predicted by Bartis, a
system of contra-rotating nuclear pairs, may be only
weakly excited by the configurations of target and pro-
jectile in our experiment.

2. Unbound States and Broad Spectral Peaks

A spectral peak corresponding to the “20-MeV”’
state in “He is readily observed in both the 3He(d,p)
and *He(#,d) reactions and falls in intensity with in-

16 F. J. Bartis, Nuovo Cimento 45B, 113 (1966).
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F16. 20. Experimental results for the T(¢,d) reaction at 21.78-

MeV and the laboratory angles shown.

creasing angle of observation and bombarding energy.
No corresponding peak is seen in the reactions pro-
ducing “Li and *H systems, which verifies that the state
has T'=0.

Both the excitation energy and the width of the
“20-MeV”’ state measured in the (¢,d) reaction are
slightly smaller than the values from the (d,p) reaction.
The (£,d) data are probably more reliable since the ex-
perimental peaks are sharper and the subtraction of
other processes is less ambiguous. Our values for the
energy agree with that found by Young and Ohlsen,?
who also used the *He(d,p)*He reaction. However, the
standard deviation of all the values for this energy
level measured by the various reactions, including ours,
(see the summary in Ref. 4) is about 180 keV—much
larger than the individual errors quoted in each experi-
ment. Whether this difference is due to systematic error
or a lack of a sufficiently sophisticated interpretation of
the mechanisms involved remains to be seen. The situ-
ation concerning the measured widths is similar.

The “breaks” and other distortions seen in the
SHe(d,p) and *He(t,d) data might possibly correspond to
the second excited state, presumably T'=0, seen by
Parker ef al.,'® and Cerny, Détraz, and Pehl.* In our
data no similar effects are observed in reactions leading
to “H and “Li systems, supporting a 7'=0 assignment.
The data indicating these “breaks” are not very
distinctive and should be used primarily to motivate
clarifying experiments.

The interpretation of the broad spectra, exclusive of
the “20-MeV” state peaks and the “breaks” already
discussed, is very ambiguous. For example, Cerny,
Détraz, and Pehl,* observing a similar broad peak in
6Li(p,t)"Li, interpret it as a “state” in *Li and extract
an excitation energy. Kerr,? on the other hand, investi-
gating the *He(d,n) reaction, sees broad peaks which are
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very similar in shape and approximate cross section to
our data of the mirror reaction T(d,p). Kerr concludes
that his peaks cannot be interpreted as a state in “Li
and accounts for his shapes in terms of a simple model of
the production of particle pairs in states of nonzero
angular momentum. The present authors feel that the
interpretation of spectral peaks several MeV in breadth
is difficult and that the various reaction mechanisms,
phase-space considerations, and other possibly non-
resonant phase shifts will greatly influence the spectral
shapes obtained. Only when the peak is narrow, can
resonance parameters be extracted with any confidence.
Indeed, the present disagreement about the energy and
width of the “20-MeV” state of “He is probably mostly
due to the neglect of the effect of the reaction mechanism
involved. An adequate treatment of the broader peaks
probably necessitates a more sophisticated approach,
for example, analyzing earlier work on spectra from the
3H+d and 3He-d reactions as was done by Yu and
Meyerhof®s. To fit the data they include details of the
reaction mechanisms and known z-4°He and p+4°H
phase shifts for the effects of the final-state interactions,
and conclude that it will be difficult using such reactions
to reverse the process and extract nuclear phase shifts
concerning the residual system, in this case, “He.

The broad peaks in all the present reactions [except
He(d,p) ] and in most similar reactions in other experi-
ments®:!7 rise from threshold and fall at lower energies
in much the same fashion, independent of isospin,
giving support to the idea that reaction mechanisms and
phase-space factors may dominate the shape. The fact
that the He(d,p)*He* spectra do not fall rapidly at low
energies can be generally explained by the fact that
secondary protons from the breakup of the *He*
system are expected to add to the lower-energy yields.

The reaction cross sections generally fall with increas-
ing angle, in agreement with the concept that some kind
of direct reaction mechanism is important. The variation
of the cross sections with energy is not notable, nor is it
expected to be as the excitation in the compound sys-
tems is very high. It is interesting to note, however
(as in Fig. 7, for example) that the energy variation of
the “20-MeV” state peak is qualitatively different than
the remaining spectra.

3. Final Remarks

It is doubtful that improvements in the knowledge of
higher excited states in mass-4 systems is to be gained
by the present type of experiment. It is possible that

17H. W. Lefevre, R. R. Borchers, and C. H. Poppe, Phys. Rev.
128, 1328 (1962).
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advanced 2-parameter experiments, or experiments
with polarized particles, may be useful. Information on
the broader states and nonresonant phase shifts is
probably better sought by direct scattering experiments,
where the system of interest is the compound system.
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APPENDIX

The relationship between the observed (laboratory)
energy of a particle and the excitation energy of the
residual-particle unstable system is as follows!®: We
denote the observed particle by the subscript 1, the

TasLE V. Q values for the three-body breakup reactions studied.

Q
Reaction (MeV)
He+d — p+it+p —1.461
*He+d — p-+3*He+n —2.225
He+t— d+t4-p —5.493
‘He+t— d+3*He+n —6.257
t4+-d— p+i+tn —2.225
t-+t— d+t+n —6.257
*He+*He — d-+*He+p —5.493

residual interacting particles by 2 and 3, and the pro-
jectile and target by the subscripts p and ¢ The relative
energy between particles 2 and 3 may then be written

Myt

MoTMm3

Ey 3= Ecy—

LEd—2a1(EN)Y2 coshy +a,2],

where E;* and ;! are the laboratory energy and angle,
respectively. The quantity a; is given by

ar= (mmpE,N)Y2/ (myt-my).
The quantity E¢., the total energy available in the

c.m. system, is given by

me
E.L

By =0+ 2y

mpt-m,

where E,! is the laboratory energy of the projectile.
The Q values are those for the three-particle breakup
reaction and are tabulated below in Table V.

18 G. G. Ohlsen, Nucl. Instr. Methods 37, 240 (1965).



