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The (dn) reaction on aluminum has been studied using Eastman NTB emulsions. Twenty-two hundred
head-on recoil tracks are plotted, and ten groups identified (with widths and intensities), extending up to 9
Mev excitation of the product Si?® nucleus. The first two excited levels, at 1.8 and 4.5 Mev, agree with
gamma-ray energies and inelastic scattering. The reaction Q value (9.08+£0.20 Mev) determines the mass
difference Si?8— Al*’= +0.996 05 =+ 0.20X 1073 mass unit.

EXPERIMENTAL
I ‘HE reaction studied is
Al7+H?=Si%®+n+0. 1)

Deuterons were accelerated in the Yale cyclotron, to
energy 3.684+0.05 Mev (mean).! The target was an
aluminum foil of thickness 1.5 mg cm™ placed per-
pendicular to the direction of the incident beam. After
passing through the target, the deuterons were stopped
in a thick backing of pure tin. (Tin was used to minimize
neutrons from the backing. No exposures were made
with backing only, but the Coulomb barrier height is
about 2.8 Mev for aluminum, 6.8 Mev for tin.) Bom-
bardment took place in a thick-walled brass chamber,!
and the photographic plates were exposed immediately
outside.

The plates were held (up to six at a time) in brass
containers with {%-in. walls. The emulsions lay ap-
proximately in the target plane, so that neutrons
emitted at 90° to the incident beam were recorded. The
nearest end of each plate was about 6 cm from the target
area (intersection of beam with target foil, about 1 cm?
in extent), so that the detector half-angle ranged
between 0.08 radian and 0.19 radian over the whole
area of each plate. An exposure of about 20 micro-
ampere minutes was found to give a suitable balance of
neutron recoil yield and gamma-ray fog. This figure
refers to the beam current as read via the tin backing
on which the thin aluminum target was mounted.

Two Eastman N'TB emulsions were used, Nos. 361281
and 361399, of thickness 21 and 113 microns respec-
tively. Development was for 10 minutes in D-19 after
soaking for 10 minutes in water at 30°C, and followed
by fixation in F-5. Even with agitation and replenishing
of the F-5, fixation times of several hours were re-
quired. After washing for 30 minutes or more the plates
were dried by evaporation, lying emulsion up on ab-
sorbent paper, under an inverted dish. When com-
pletely dry the emulsions were covered with No. 0 cover
glasses, using as adhesive a resin suspension (damar) in
xylene.

A two-point calibration of emulsion 361281 was

*The major part of this work was done at Sloane Physics
Laboratory, Yale University, New Haven, Connecticut, and

assisted by the ONR under Contract No. N6ori-44.
1 A. B. Martin, Phys. Rev. 72, 378 (1947).

carried out by plotting tracks of long-range protons
from B!(dp)B! with two different values of basic
absorption in the protons’ path.? These emulsion ranges
were compared with the air range of the same protons
as determined with proportional counters.® In this way,
two values of emulsion stopping power (range in air/
range in emulsion) were determined: 1975470 at 6.0
Mev and 19604180 at 3.6 Mev. Most of the assigned
uncertainty is associated with the air range, and in view
of the close agreement of the two stopping powers an
assessment of about 1 percent error (1975420 above
3.6 Mev) seems more realistic. It is interesting that this
agrees precisely with the corresponding value of Lattes,
Fowler, and Cuer* for the Ilford C2 plates.

Emulsion 361399 was calibrated by comparison with
361281. Six corresponding ranges in the Al(dr) spectrum
were identified from each emulsion, giving a stopping
power for 361399 lower by 4 percent 41 percent than
for 361281.

Tracks of recoil protons were observed with a bi-
nocular microscope (Bausch and Lomb, Model CT). To
locate measurable tracks, the plates were scanned with
10X eyepieces and a 10X objective, using an oblique
system of illumination. The concave mirror is adjusted
to direct light obliquely through the substage con-
denser, with iris diaphragm wide open. Observation is
at the periphery of the conic section of light which
appears on the object slide. Such illumination provides
the comfort of quasi-dark field, and illuminates only
tracks moving in roughly the forward direction. Both
features are highly desirable for the scanning operation.

For measurements, a 97X oil immersion objective
was used, with the same eyepieces and the plane sub-
stage mirror (light field illumination). To be suitable
for measurement, recoil tracks were required to lie
within £10° of the direction of neutron incidence, both
in the horizontal and vertical planes. These angles were
checked, respectively, by reference to the eyepiece scale
and by the observed length of track which was in focus
at a single setting. (A smaller angular spread was
allowed in the vertical direction, because of the emulsion
shrinkage on processing.) A criterion for the maximum
acceptable elastic scattering along a track was based on

2 R. A. Peck, Jr., Phys. Rev. 72, 1121 (1947).

3 A. B. Martin, unpublished.
4 Lattes, Fowler, and Cuer, Proc. Phys. Soc. 59, 883 (1947).
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Fic. 1. Distribution of recoil energies (first part). Histogram
interval=1.7 cm air equivalent in range. Each point set is a
complete histogram, the two being displaced one-half interval
from one another. Six groups are identified—in order of decreasing
energy, IIT A, III B, TII C, II1 D, IIT E and IV (see Tables I
and II). 230 tracks (lying above 3.7 Mev) from the 113-micron
thick emulsions, others from 21-micron emulsions.

the requirement that (assuming the scattering atom to
be one of the lightest emulsion constituents—C, N, O)
the energy lost to the recoiling atom should correspond
to less than the least count of observable proton range
in emulsion.

For each acceptable track, the projection on the focal
plane was measured with a calibrated eyepiece scale,
and the depth coordinate by the vertical travel in
focussing on one end at a time (at 970X, the focal
depth was about one micron). Since measured tracks
lay within small angles of the horizontal plane, a suf-
ficient correction term for the depth coordinate was the
first term in the binomial expansion of (*+2%)} (!=length
of projection on focal plane, z=depth difference between
track ends). In view of a strong observer bias in esti-
mating fractions of eyepiece scale divisions, all track
lengths were rounded to the nearest whole scale division
before further consideration. The recoil proton ranges,
in the calibrated emulsions, lead to values for proton
energies which, for the 0° recoils measured, are pre-
sumed to give the neutron energies directly.

The track measurements have been plotted in histo-
gram form in Figs. 1 and 2. Against neutron energy is
plotted the number of recoils observed within a fixed
interval about this energy. The scale of abscissas is
actually linear in range, not energy, and the collection
interval is constant in range—35 scale divisions, or 1.7
cm air equivalent. In Fig. 2 this interval has been
doubled because of the reduced yield at high energy.
Two histograms are plotted in each of the figures, for
better definition of the curve shape. The histograms are
displaced from one another by a half-interval.

The distribution of observed tracks must be corrected
for the energy dependence of the emulsion efficiency for
neutron recording. Part of this effect is simply geo-
metrical, due to a greater tendency for long tracks to
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pass out of the emulsion, and part derives from the
energy dependence of the neutron-proton scattering
cross section. Both effects are calculable,® and were
combined in a single range-dependent correction factor
applied to each ordinate in the histograms (this cor-
rection factor varied over the energy spectrum by a
factor 50 for the 21-micron emulsions, a factor 6 for
the 113-micron emulsions). Finally the ordinate scales
were “normalized”’—multiplied by the factor necessary
to restore the area of each histogram (total number of
tracks) to the number actually observed. Consequently
the ordinates of Figs. 1 and 2 are corrected for efficiency
change, but still represent correctly the over-all
number of tracks observed.

EVALUATION OF GROUPS

In Figs. 1 and 2 ten groups have been identified,
though the resolution in Fig. 1 does not allow much
confidence in the precise location of the components of
this part of the spectrum. For locating groups, the
curves of Figs. 1 and 2 were used as shown. However in
the determination of group parameters (range, width,
intensity) each histogram was plotted and resolved
separately. Thus two values were obtained for each
parameter, and in Tables I and II the average of these
values is used, with an assigned error equal to == the
difference between the two values. Sole departure from
this procedure was in connection with the end group,
for which the yield was too low for an accurate curve
shape. Here the mean range was determined arith-
metically, and the width identified from the calculated
standard deviation of the tracks comprising the group
(root-mean-square deviation from the mean range).
The intensity of the group was then taken as the height
of a Gaussian curve of area equal to the number of
tracks in the group, and the same width as that just
determined. This procedure assumes symmetry of the
end group about its mean. A partial justification of that
assumption is the agreement of extrapolated—mean
range, for this group, with the calculation of that
quantity from expected straggling (see below).

Group symmetry was again assumed in the process
of resolving Fig. 1 into separate group curves. Starting
at the high energy end, the first half-group was reflected
about the peak ordinate line and subtracted from the
rest of the curve. The next high energy side thus
“revealed” was treated in a similar fashion, and so to
the low energy end of the curve. Since the group of
lowest energy is quite well defined, it is possible to
check the accuracy of this resolution into groups. The
accumulated discrepancy (i.e., the area in Fig. 1 not
accounted for) corresponds to 60 tracks, a few percent
of the total number represented in Fig. 1.

Table I shows the result of reducing group energies
to Q values for the reaction. The range corresponding

8 Geometrical correction: H. T. Richards, Phys. Rev. 59, 796

(1941). Cross section vs. energy : see R. A. Peck, Jr., Phys. Rev.
73, 947 (1948), footnote 9.
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to the group peak was taken as mean range, converted
to energy (via calibration and air range-energy curve®),
and increased® by X E/2=1.52X1072E for critical
angle £10°. The Q value was then calculated, using the
known beam energy! and the formula for 90° observa-
tion.

It is possible to predict the over-all spread of these
groups, to compare with the observed spreads.” The
contributing effects are range and angle straggling of
protons in the emulsion, target thickness, +=10° spread
allowed in collecting data, intrinsic inhomogeneity of
deuteron beam and the finite size of histogram interval.
The first three effects may be estimated following the
procedures of Bethe® Independent information is
available! respecting the beam inhomogeneity, and may
be combined with the other straggling parameters by
root-sum-squares addition.® The effect of finite his-
togram interval may be measured empirically by
applying histogram collection to a curve of known
initial shape. The combination of these effects yields a
prediction for the difference between extrapolated and
mean range, for each group. Using the observed extra-
polated range in each case, predicted mean ranges have
been calculated and, in Table II, compared with the
observed mean ranges. For each group, there is agree-
ment within the cited experimental error.

The above calculations also provide predictions for
half-width at half-value, which may be compared with
those observed (Table II). Agreement is adequate
(within cited errors) except for groups I, III E and 1V,
which may indicate that these three are multiple groups.
Respecting the others it may be concluded that no
intrinsic level width is observable in these experiments,
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and that the number of groups extracted from Fig. 1 is
about correct.

DISCUSSION OF RESULTS

The excited levels of Si® indicated by this work are
listed in Table I. The end group, 0=9.082+0.20 Mev,
leads to the mass difference Si®— Al¥=+4-0.99605+4-0.20
X 1073 mass unit.

A comparison value for the reaction Q is available
from the chain

Al74-H2= Al®4+H!'4-Q,, (2)

Al%=Si®+(Qs (beta-decay) 3)

with (1). Eliminating the three nuclear masses, one has
OQ1=p—n+Q2+Qs=Q2+Qs—0.80 Mev.

Experimental values are Q;=35.4540.05 Mev® and
(03=4.5540.2 Mev® giving 0:=9.20+0.25 Mev, in
adequate agreement with the present observation. The
agreement is impaired, however, by the choice of a
higher Q3.1

The energy level scheme may be compared with
gamma-ray energies from Si®. When that nucleus is
formed by reaction (3) the disintegration energy
(maximum excitation of Si®) is about 4.5 Mev and a
single gamma-ray is observed, energy 1.8 Mev.® This
agrees well with the location of the first excited level
here obtained. The absence of radiation from the second
and third levels of the present scheme might indicate a
Qs too small to excite the Si*® level at 4.5 Mev, or a
selection rule concerning that state.

The gamma-rays from Al4H? were observed by

LY

F16. 2. Distribution of recoil energies
(second part). Histogram interval=3.4
cm air equivalent in range. Each point
set is a complete histogram, the two being
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displaced one-half interval from one
another. Four groups are identified—in
order of decreasing energy 0, I, IT 4 and
II B (see Tables I and II). 365 of the
tracks from 113-micron emulsions, others
from 21-micron emulsions.
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6 M. S. Livingston and H. A. Bethe, Rev. Mod. Phys. 9, 245 (1937).

7 These calculations follow a procedure worked out by H. T. Motz, to whom the author is indebted for helpful discussions of
straggling problems. See R. F. Humphreys and H. T. Motz, Phys. Rev. 74, 1232 (1948). The arbitrary choice of a histogram interval
in photographic work is tantamount to arbitrary “peaking” of proportional counters.

8 Pollard, Sailor, and Wyly, Phys. Rev. 75, 725 (1949).
9 W. H. Barkas, Phys. Rev. 72, 346 (1947).

10 Footnote 8 of reference 9. Also Benes, Hedgran and Hole, Arkiv. 35A, 12 (1948); Dunworth, Nature 159, 436 (1947). These
papers suggest that Qs is 0.25 Mev higher than the value compared in the text.
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TaBLE I. Groups in the neutron spectrum. All energies in Mev.
Reliability refers to certainty or uncertainty of existence of some
group, not to group location. Errors listed are exclusive of that
in stopping power, which introduces an additional £0.07 Mev in
the end group Q value.

Reli- Relative Siz
Group ability intensity Mean energy Q excitation
0 + 1.04£0.1 12.09+0.08 9.08+0.13 0.00

I + 44409 10.3740.05 7.3040.10 1.784+0.13
ITA + 4.0+02 7.754+0.02 4.613+0.07 4.47+0.10
II B - 21401  7.324+0.13 4.17+0.18 4.91+0.21
IIT 4 + 54408 6.16£0.02 2.9740.07 6.1140.10
III B + 12.04=1.6  5.65+0.06 2.43+0.11 6.65+0.14
I C - 94401 5.2140.04 1.984+0.09 7.1040.12
III D - 10.6+1.0 4.774+0.04 1.53+0.09 7.55+0.12
IIT E + 13.840.2 4.17+0.02 0.90+0.04 8.18+0.10
v + 20.64+0.6 3.23+0.09 —0.08+0.14 9.16+0.17

Alburger,'! who found the same low energy gamma
(1.7240.08 Mev), and others at 8.540.5 Mev and
possibly 3.04-0.2 Mev. The 8.5 Mev radiation is con-
sistent with a transition from level III E, or even 1V,
to ground. The 3 Mev would fit a transition to the first
excited level from either of the pair II 4, B (or a com-
bination), in which connection it may be recalled that
the beta-transition from Al® is also to the first excited
state (1.8 Mev), not directly to ground.® It is possible,
of course, that Alburger’s gammas do not derive from
the (dn) reaction.

Si® gamma-radiation has also been studied by Plain
et al.,”* as a result or proton bombardment of aluminum.
At proton energies corresponding to excitation in Si®
of 11.1, 11.2) 11.6 and 12.0 Mev they found average
gamma-energy (respectively) 6.1, 6.5, 7.7 and 8.2 Mev.
If the excitation levels found in the present work are
weighted by the observed group intensities and aver-
aged, the value 7.0 Mev is obtained; if the highest group
(9 Mev) is omitted, the average falls to 6.3 Mev.

A direct check on the second excited level here re-
ported is provided by the inelastic scattering studies of
Fulbright and Bush,® who assign to Si® a level at
4.610.3 Mev.

According to the statistical theory of Weisskopf!* the
spectrum is expected to have a Maxwellian form

W . (E) =< Eexp(—E/T)

(on which the group structure already discussed is
superimposed). The left-hand member represents the
number of neutrons emitted (per unit energy interval)

1D, E. Alburger, Phys. Rev. 75, 51 (1949).

12 Plain, Herb, Hudson, and Warren, Phys. Rev. 57, 187 (1940).
13 H. W. Fulbright and R. R. Bush, Phys. Rev. 74, 1323 (1948).
14V. F. Weisskopf, Phys. Rev. 52, 295 (1937).
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TasLE II. Group widths. First column is predicted from ob-
served extrapolated ranges and straggling calculations. Unit is
eyepiece scale division=0.34 cm air equivalent. Last column lists
half-widths calculated due to siraggling only (histogram interval
approaching zero). Comparison with column 5 shows the effect of
finite histogram interval.

Half-width at half maximum
value (in cm air

Mean range in equivalent)

scale div. Calcu- Differ-

Group Predicted Observed Observed lated ential
0 464 46546 5.0 4.8 2.8
I 355+9 35443 5.7+£2.0 4.1 24
II A 21344 2111 3.7+0.8 3.2 1.8
II B 187+4 19146 3.5+1.3 3.0 1.7
IIT A 14447 142+1 2.7+0.1 2.6 1.5
IIT B 12141 12142 2.6+0.7 2.4 1.4
III C 10441 10542 2.440.2 23 1.3
II1 D 8841 9042 2.0+0.5 2.1 1.2
IIT E 75+2 7241 2.6+0.2 1.9 11
v 4941 4612 2.4+0.3 1.6 0.9

with energy E. T is the nuclear temperature (in energy
units) corresponding to the maximum excitation energy
of the product nucleus Si®(E,— E,, in the notation of
Weisskopf). The latter is

E,— Ey=Al"+H?4-beam energy — Si®*—n!
=maximum Q value+beam energy
=9.084+3.68=12.76 Mev.

Hence, if the data are plotted in the form In(W/E) vs. E,
a straight line is expected whose slope is negative and
equal to the reciprocal of the nuclear temperature at
excitation 12.8 Mev.

When the present data are so plotted there remains
considerable scattering of points. The best visually
fitted straight line has a slope

d[In(W/E)]
— T 0.6940.16 Mev—!
dE

from which T'=1.54-0.4 Mev at 12.8 Mev excitation.
We may also estimate the proportionality constant a'*
(representative of the low lying level spacing),

a=T?/E=0.194+0.09 Mev.

This is in line with the estimates of Weisskopf (0.1-0.2
Mev) but is an order of magnitude smaller than the
spacing of the low lying levels in Si® here observed.

The Maxwell distribution corresponding to the above
temperature has mean energy 3.0 Mev, its peak at
E=T=1.5 Mev, and falls to 1/¢ of maximum at E=0.2
and 4.8 Mev. The data do not extend to sufficiently low
neutron energies to permit observation of the peak of
this Maxwell curve.



