SCATTERING OF He?

with the theoretical predictions. The 2F;;, and %Fy,
states are found to have similar properties and have
large reduced widths for the He3+-He* configuration and
small reduced widths for the p+Li° configuration.

It is worthwhile to consider some of the questions
that still need to be answered with regard to the level
structure of Li” and Be’.

(1) The separation of the ?F states is calculated by
most nuclear models to be about 1 MeV, while the
observed separation is closer to 2 MeV. Shell-model
calculations have indicated' that this discrepancy may
be removed by allowing configuration mixing. Is it
possible to allow sufficient mixing to fit the observed
energy separation, while keeping small the ratio of the
reduced width for the p4-Li® configuration to that of the
He3+4-He! configuration? In connection with this point,
does the fact that the two 5/2~ levels overlap strongly
in energy but do not appear to mix appreciably indicate
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the presence of other “quantum numbers” which allow
these states to remain almost orthogonal?

(2) These data together with the Li®(p,p)Li® data of
Whitehead indicate that above the 4P, level only one
additional level is clearly visible below an excitation
energy of 14 MeV. How can this be reconciled with the
theoretical predictions that there should be a large
number of possible levels in this energy range?
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A method of identification of tracks of heavy fragments emitted from highly excited nuclei in photographic
emulsions exposed to 4.5-GeV negative pions is described. Charge spectra, energy spectra, angular distribu-
tions, etc., of the fragments are determined. An argument is presented for an isotropic emission of the frag-
ments in the system of the moving parent Ag—or Br—nucleus.
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F1c. 1. Histogram showing the projected total track
area of the last 60 u of hammer tracks.

In part I we describe a new photographic method for
determining the charge of particles in nuclear emulsions.
It is based on an improvement of the identification
method developed in earlier experiments.

In Parts II-IV the observed energy spectra, angular
distributions, etc., of the Li% beryllium, and boron
fragments are presented.

I. CHARGE DETERMINATION

Skjeggestad® has described a method for charge de-
termination of heavy fragments in electron-sensitive
nuclear emulsions. The identification of the fragments
was based on measurements of track areas, attention
being confined to tracks dipping at angles <20° to the
plane of the emulsion. The areas were determined from
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the track profile projected onto a screen. Drawings of
the tracks were subdivided into short cells, and the area
of each cell was measured with a high-precision plani-
meter. By integrating the areas of the cells over a cer-
tain track length it was shown that the tracks were
clearly separated into groups corresponding to different
charge values.

Using a projecting microscope the magnification ob-
tainable is strongly limited by the low intensity of the
visible light from the microscope bulb relative to its
thermal radiation, since too much absorption in the
photographic plate destroys the emulsion. In order to
avoid this limiting effect the following improvement of
the previous method was developed :

With a X 97 microscope objective and a X8 ocular, a
series of microphotographs of the tracks was taken, using
a Leica camera and Kodak Micro-File film. We adopted
the convention that at least 10 u of the track should be
in focus on each microphotograph. This confined the
measurements to tracks with an angle of dip <15°in the
developed emulsion. By means of an ordinary Leitz
projector and a reflecting mirror, a picture of the tracks
was projected onto a horizontal screen, and a drawing
of the contours of the fragment was made on tracing
paper. It was found convenient to work with a magnifi-
cation of ~8000. The rest of the analysis was analogous
with Skjeggestad’s method. We believe that the intro-
duction of this photographic link in the determination
of charge by track-area measurements represents a
considerable improvement.

In order to investigate the potentialities and the
resolution power of the method, a series of measurements
was performed on tracks of known identity.

In Fig. 1, track-area measurements on ‘hammer

F16. 2. (a) Variation of
the projected 60 p residual
track area with the depth
in the emulsion. (b) Varia-
tion in the projected track
area of a Li® and a B8 track
by microphotographing the
tracks from both sides of
the stripped emulsion.
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F1c. 3. Histogram showing the projected total track area of the
last 60 u of hammer tracks, corrected for depth in the emulsions
and illumination conditions.

tracks” emitted from stars are shown. The figure
reveals two groups of tracks, corresponding to Li® and
B8, respectively. Apart from the statistical fluctuations
in the ionization produced by the fragments, the two
main effects which tend to broaden the track area dis-
tributions are: (1) variation in the area of a photo-
graphed track with the depth in the emulsion; (2)
variation in the area with the exposure time and the
illumination conditions.

In order to study the variation in the track area of
identical particles with the depth in the emulsion, the
track area of the last 60 u of 72 Li% nuclei was plotted
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against its depth in the emulsion. The result is shown in
Fig. 2(a). It indicates an increase of 209, in the track
area from the top of the emulsion to the bottom. This
effect does not reflect a real gradient variation in the
average width of a track due to the processing of the
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Fic. 4. Histograms, corrected for depth and illumination, showing the projected total track area of residual range of (a)
100 (328 tracks), (b) 60u (358 tracks), (c)R40u (678 tracks), of heavy nuclear fragments. The shaded histograms represent

the measurements on hammer tracks superposed.
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Fi1c. 5. The projected;total track area of the last 40 4 of beryllium
tracks of (a) range R<60 u and R>150 u ,respectively; (b) range
60 u<R<100 g and R>150 u, respectively.

emulsion, but an optical effect, making the contours
of the deeper laying tracks more diffuse on microphoto-
graphs. This is proved by stripping some emulsions from
the glass and microphotographing tracks from two oppo-
site sides of the emulsion. Two typical examples are
shown in Fig. 2(b).

If the real area of a track is 4,, Figs. 2(a) and 2(b)
show that the observed track area 4 qps is approximately
given by formula

Aobs=A0<l+kD), (1)

where D is the depth of the track from the surface of
the emulsion and % is a constant. When applying formula
(1) for depth corrections, we have used the same value
of % for both types of fragments.
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The emulsions were very inhomogeneously exposed
to the pion beam, and the light transparency of the
emulsions varies strongly from plate to plate. Further,
the area of a photographed track varies markedly with
the amount of exposure of light. We have tried to work
out correction factors for these effects, by referring all
the track area measurements to a standard light trans-
parency of the microfilms.

In Fig. 3is shown the 4, values of the hammer tracks
in Fig. 1, calculated from (1), and corrected for varia-
tion in the illumination conditions. An increase in the
discrimination between Li® and B® is immediately
apparent.

Figures 4(a), (b), and (c) show the results of area
measurements made on tracks of fragments emitted
from stars. The area measurements have been corrected
for the depth of the track in the emulsion and the il-
lumination conditions. The criteria for the selection of
the tracks were as follows: (1) The tracks ended in the
emulsion. (2) They appeared by visual inspection to
have charge Z> 3. (3) The ranges were >40 u. (4) The
tracks were located between 50 u and 550 u from the
surface of the emulsion. (5) Only fragments from stars
with a number of heavily ionizing prongs N,2> 7 were
considered.

The shaded area represents the measurements on
hammer tracks. It is evident from Fig. 4 that the ma-
jority of the tracks represents beryllium fragments with
two “tails” due to stable lithium and boron fragments,
respectively. This attribution is based on the fact that
the two ‘““tails” I and III appear to coincide with the
histograms of the hammer tracks Li® and B?, respect-
ively. The presence of lithium in the charge spectrum
results from the effect that a scanner selecting tracks
according to the criteria (1)-(5) sometimes overesti-
mates the charge of a fragment. The relatively large
proportion of lithium nuclei in the charge spectrum Fig.
4(a) indicates that the loss of fragments with Z>3 and
range > 100 u during scanning is negligible.

On the basis of the diagrams 4 (a)—(c), a fragment was
defined as beryllium or boron according to this
convention:

Residual
range Beryllium Boron
Fig. 4(a) 100 p (54-64) cm? (66-74) cm?
Fig. 4(b) 60 p (31-35.5) cm? (36.5-40.5) cm?
Fig. 4(c) 4Op (20-22.5) cm? (23.0-25.0) cm?

Obviously, this method of selecting fragments is some-
what arbitrary. The “beryllium” group will contain
lithium and boron, and the “boron” group beryllium
and possibly a small admixture of nuclei of charge Z> 5.
It is reasonable to assume that these contaminations
are relatively small. In the following this method of
selecting fragments will, therefore, be considered as a
sufficient approximation.
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II. THE EXPERIMENTAL ENERGY SPECTRA

The classification of the heavy fragments in the
present investigation is exclusively based on the above
method of charge identification. Therefore, when pre-
senting the observed energy spectra, the question
arises as to whether or not the method has any bias in
selecting tracks of different range. In a previous in-
vestigation!* the effect of losing short tracks during the
scanning was discussed in connection with the energy
spectra of Li® and Li” nuclei. In the present experiment,
however, we assume this effect to be less important due
to the very heavy ionization of particles with charge
Z>3. A strong argument in favor of this is given by
the large proportion of lithium nuclei observed in the
charge spectra, Fig. 4.

Still, it is reasonable to assume a certain loss of short
beryllium tracks compared to boron. In order to in-
vestigate this effect the beryllium tracks were divided
into two groups of ranges R <60u and R>150p,
respectively. The distribution of the total track area of
the last 40 u of the two groups is shown in Fig. 5(a). It
is immediately apparent that the last 40 u of the shorter
tracks are more heavily ionizing than those of the longer
tracks. A possible explanation of this effect is that some
shorter beryllium tracks (range <60 ) of smaller track
width are lost during scanning and by the procedure of
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Fic. 6. The experimental energy spectrum of (a) 483 Li8
hammer tracks with dip angle <15°; (b) 259 beryllium fragments;
(c) 106 boron fragments. The curves are calculated from Weisskopf
evaporation formula (reference 26) assuming a potential barrier
V=6 MeV and T=11 MeV for Li8 and V=6 MeV and T=15
MeV for beryllium. The curve (a) is corrected for a velocity
2=0.018 ¢ of the evaporating nucleus (reference 14).
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selecting beryllium fragments from Fig. 4. Also a con-
tamination of boron in the group of short beryllium
tracks is possible. In Fig. 5(b) a similar plot for beryl-
lium tracks of ranges 60 u<R<100 x and R>150 4 is
shown. Here these effects are less pronounced. Therefore,
our energy spectrum of beryllium may be regarded as
reliable for R>60 u, corresponding to kinetic energy
>34 MeV. The high-energy portion of the spectrum
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is reliable to the same extent as the identification of
long-range tracks based on Fig. 4(a).

In Figs. 6(b) and (c) the energy spectra of 259
beryllium and 106 boron fragments, respectively, are
plotted. In calculating these spectra we have assumed
the two types of nuclei to be isotopes of Be® and B!,
respectively. In Fig. 6(a) the energy spectrum of 483
Li8 fragments out of a total material of 1167 observed
in the present experiment is shown. The reduction has
been made to reduce geometrical loss factors, and, there-
fore, only tracks with an angle of dip <15° were
considered.

Because of the characteristic “hammer shape” at the
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end of a Li8® track, these tracks are easy to find during
scanning. Therefore, scanning loss will not be so im-
portant as for Be and B. We have used the empirical
range-energy relations of Barkas® for heavy ions.

III. THE EXPERIMENTAL ANGULAR DISTRIBUTIONS

The angles of emission of the fragments have been
measured with respect to the direction of motion of the
incoming pions. In Figs. 7(a) and (b) the angular dis-
tributions of the beryllium and boron nuclei of range
>40 p are shown. In Fig. 7(c) the angular distribution
for Li® nuclei is shown. All types of fragments are seen
to be characterized by a strong forward collimation.

This presentation of the angular distributions does
not, however, decide the important question of whether
the emission of the fragments is an isotropic or anisot-
ropic process in the system of the moving parent Ag or
Br nucleus.

In the following this moving frame of reference will
be called the “emission system” (E.S.). The problem
then arises as to whether the observed forward collima-
tion of the fragments has to be explained by a cascade
process or by an isotropic emission from a moving E.S.
Although this question is very difficult to investigate,
an argument will be presented for the existence of a
frame of reference in which the majority of the frag-
ments are emitted isotropically.

In Figs. 8(a), (b), and (c) are shown polar diagrams
of the velocities 3=1v/¢ and angles of emission 6 in the
laboratory system of the Li%, beryllium, and boron
fragments observed in the present experiment. To avoid
loss effects, only Li® tracks of dip <10° and beryllium
and boron tracks <15° are considered. In the case of
beryllium and boron, only velocities 3>0.094 and
B>0.085, respectively, are considered due to the applied
method of charge determination. It is seen from the
beryllium and boron diagrams that a circle can be drawn
around points O’ on the polar axis, outside which ap-
proximately equal numbers of (8,0) points are contained
in equal angular intervals. Further, the velocity spectra
in each of the angular sectors are very similar, indicating
that direct ‘“knock-on” or cascade processes are negli-
gible. This suggests that the distance OO’ could measure
the average velocity of the E.S. in the laboratory system.
This is given additional support by the fact that
00’~0.01-0.02, which is of the same order of magnitude
as the velocities of the recoil nuclei in high-energy
nuclear interactions.??% Although not conclusive, these
indications show that the observations are consistent
with an isotropic emission of the beryllium and boron
fragments in an E.S.

The Li8 material in Fig. 8(a) has no 40 p cutoff and
is, therefore, of particular interest. It is seen that iso-
tropy may be obtained for the high-energy Li® for
00’'~0.018, but then the low-energy Li® will be anisot-

2 W. H. Barkas, Phys. Rev. 89, 1019 (1953).

24 J, B. Harding, Phil. Mag. 40, 530 (1949).
25 N. Porile, Phys. Rev. 120, 572 (1960).
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ropically distributed. This anisotropy of the low-energy
fragments may be explained as a loss effect in the follow-
ing way: Assume the low-energy fragments to be
emitted isotropically in the E.S., and the velocity of the
E.S. to be of the same order of magnitude as the
velocities of the low-energy Li® fragments. The frag-
ments going backward in the E.S. will then obtain very
small velocities in the laboratory system. These frag-
ments should, therefore, be observed in the emulsion
as tracks with ranges of only a few microns, and would
most probably be impossible to detect during scanning.
Therefore we may conclude that the emission of all the
Li® fragments presumably is isotropic in the E.S.

IV. FRAGMENT PRODUCTION AND
NUCLEAR EXCITATION

In order to study the mechanism of ejection of heavy
fragments, the energy spectra and relative frequencies
of the fragments have to be compared with the energy
released in the nuclear disintegrations. As a measure
of the latter we use the number of heavily ionizing
prongs N, defined as the number of tracks with grain
density greater than 1.4 times minimum.

In Figs. 9(a), (b), and (c) the values of the kinetic
energy of Li8 Be, and B fragments and the correspond-
ing value of V;, are plotted. As will be seen in the figures,

‘no strong correlation exists between the particular
energy with which a heavy fragment is emitted and the
energy release of the associated nuclear disintegration.

Due to uncertainties in the identification method
described above, the absolute values of the boron/
beryllium ratio cannot be determined with precision
in the present experiment. The general trend in the vari-
ation of this ratio may, however, be investigated.
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In Fig. 10 the distributions in N, for stars emitting
beryllium and boron fragments of range>40 u and Li®
are shown. The observations indicate a slight increase
in the average value of N; with the charge of the frag-
ment. This is in agreement with previous experiments.!®
Another demonstration of this effect is given in Fig. 11
which shows the total track area in the last 60 u of the
fragments in Fig. 4(b) for N;>18 and N,<18. The
figure clearly illustrates the larger proportion of heavily
ionizing tracks in the bigger stars.

On the basis of Fig. 11 we have calculated the beryl-
lium/boron ratio to be 3.640.7 and 9.442.4 for N> 18
and N, < 18, respectively, for tracks of range > 60 .
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F16. 9. Kinetic energy of (a) Li%, (b) Be, and (c) B fragments plotted vs corresponding number N of heavily ionizing prongs.
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V. DISCUSSION

In a previous paper** the experimental data on the
energy spectra, angular distributions, relative fre-
quencies, etc., of heavy fragments ejected from stars
were compared with the predictions from the nuclear
evaporation theory. In particular the observations of
Li® nuclei were subjected to a detailed analysis. The
conclusion drawn from these discussions was that the
majority of the Li® nuclei could not be emitted in a
nuclear evaporation process. The main reason for this
conclusion was the very broad energy spectrum of the
ejected fragments, corresponding to mean nuclear tem-
peratures ~11 MeV.

The energy spectra, Figs. 6(a), (b), and (c), also indi-
cate high nuclear temperatures. The present identifica-
tion method does not allow the observation of the maxi-
mas in the energy spectra of the beryllium and the boron
fragments. The slight slope of the spectra, however, can
only be interpreted on the basis of evaporation theory?
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Fic. 10. Histograms showing the distributions of N for stars
emitting beryllium and boron fragments of range R>40u
and Lis.

26 V. Weisskopf, Phys. Rev. 52, 295 (1937).
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as an indication of very high temperatures, [see the
unphysical temperature T'~15 MeV for beryllium in
Fig. 6(b)].

Further, the mean number of heavily ionizing prongs
Ny, for all the stars emitting heavy fragments is ~19.
This also indicates excitation energies of the same order
as the total binding energy.

We, therefore, conclude that the present observations
emphasize the results drawn from the previous paper™
that the majority of the fragments cannot be emitted
in nuclear evaporation processes.
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