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Previous experimental work by Helmholz, McMillan, and Sewell has shown that a narrow
beam of high energy neutrons is produced when a beam of 190-Mev deuterons strikes a thin
target. The mechanism for the production of the neutrons has been discussed by Serber, who
describes a process in which the proton in the deuteron strikes the edge of a nucleus in the
target and is stripped off, while the neutron misses and continues on its way. It is to be expected
that an equal number of high energy protons are produced by stripping processes in which it is
the neutron that hits the nucleus. These high energy protons have been detected by (1) carbon
activation, and (2) photographic plates. Both methods give energy distributions in agreement
with the energy distribution predicted for protons produced by the stripping process.

1. INTRODUCTION

HE neutrons coming from the target of the
184-inch Berkeley cyclotron' have been
studied experimentally by Helmholz, McMillan,
and Sewell.? The mechanism for the production
of the neutrons from the deuteron beam has been
discussed by Serber,® who describes a process in
which the proton in the deuteron strikes the edge
of the nucleus and is stripped off, while the
neutron misses and continues on its way. It is
pointed out by Serber that an equal number of
high energy protons are produced at the target
by stripping processes in which it is the neutron
that hits the nucleus. The object of the present
investigation was to detect these protons and to
measure their energy distribution. Professor L.
W. Alvarez called attention to the fact that the
magnetic field of the cyclotron provides a con-
venient means of separating protons of different
energies, since the radii of curvature of the
proton trajectories will be proportional to the
momenta of the protons.

Two different methods were used for detecting
the protons: (1) carbon activation, and (2) pho-
tographic plates, experimentation with the two
methods being carried on concurrently. It was
found that the data could be obtained faster and
more reliably by the carbon activation method,
and the results from this method are considered

1 Brobeck, Lawrence, MacKenzie, McMillan, Serber,
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2 A. C. Helmholz, Edwin M. McMillan, and Duane C.
Sewell, Phys. Rev. 72, 1003 (1947).

3 R, Serber, Phys. Rev. 72, 1008 (1947).

to be much more accurate than those from the
photographic plate method. The results from the
photographic plate method will be included,
however, in order to corroborate the findings of
the carbon activation method and to give
information which may be of interest in con-
nection with future applications of the photo-
graphic plate method.

2. CARBON ACTIVATION METHOD

It was pointed out by Professor E. M.
McMillan that the reaction C2(p,pn)C! provides
a convenient method of studying protons from
the target, since the cross section for this reaction
is essentially constant in the range of energies
from 60 Mev to at least 140 Mev.¢ The general
arrangement of the carbon detectors in the
cyclotron is shown in Fig. 1. For each of the dif-
ferent radial positions shown in the figure there
were several carbon plates of dimensions 3 inches
by 4 inches by % inch. The $%-inch dimension
was in the direction of motion of the protons, and
the plates were placed one behind another so
that the proton beam passed through several
plates in succession. Enough plates were provided
so that the plates extended approximately 2
inches beyond the calculated range of the
protons. The carbon plates were surrounded by
lead plates of 1-inch thickness, and the protons
were admitted through an aperture in the lead
shielding which was 13} inches high by 2 inches

4W.W. Chupp and E. M. McMillan, Phys. Rev. 72, 873
(1947).
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wide. The shielding system was extended 10
inches in front of the carbon blocks, and at this
position there was another aperture which ad-
mitted all trajectories of horizontal angle up to
+10° which could strike the 1%-inch by 2-inch
opening at the carbon blocks. The horizontal
angle of a trajectory refers to the horizontal
angle at which the trajectory leaves the target,
the direction of the deuteron beam being taken
as zero. As shown in Fig. 1, the protons leaving
the target describe an arc of 150° before striking
the detectors. At the 150° position, the trajec-
tories at various horizontal angles do not come
together as nicely as they do at 180° position.
However, the 150° position is sufficiently close
to the 180° position so that the spread in energies
at the detectors is only about 9 percent for all
energies under consideration. The magnetic field
of the 184-inch cyclotron is about 5 percent
smaller at a radius of 80 inches than at the
center. In order to find the effect on the proton
trajectories of this change in magnetic field,
several trajectories were plotted graphically. The
effect of the variation in magnetic field was found
to be much smaller than the +9 percent energy
spread mentioned above.

The activity in the carbon detectors is a re-
sultant of the effects of protons, deuterons, and
neutrons. The deuterons come from the vicinity
of the target, where they are scattered from the
edge of the dee. They can pass through varying
thicknesses of copper in the dee depending on
their angle of incidence, and hence can appear at
the detectors at any momentum position. At any
given detector position the deuterons have the
same momentum as the protons and hence have
half the energy. The method of separating the
effects of the protons, deuterons, and neutrons
was to measure the activities of three plates at
each detector position. One plate, at or near the
position where the beam first strikes the stack
of plates, measured the total effect of the protons
plus the deuterons plus the neutrons. Another
plate, placed beyond the end of the deuteron
range but not so far along that the protons had
energies less than 60 Mev, measured the effect
of the protons plus the neutrons. Still another
plate, placed well beyond the range of the
protons, measured the effect of the neutrons only.

With the detectors in place in the cyclotron, a
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copper target of thickness 15 inch was bombarded
with 190-Mev deuterons for about 20 minutes.
The carbon plates were then removed from the
vacuum chamber, and activities were measured.
The activities were all corrected to some ar-
bitrarily chosen time after bombardment. Each
plate was counted at least five times to check
the decay curve. Two runs were made, the
second run to obtain points approximately mid-
way between those of the first. The first run
showed that there were many deuterons present;
large numbers of deuterons at the detectors are
objectionable because of stripping of the deu-
terons in the detectors, with a consequent
increase in the neutron background. The deu-
terons were largely removed from the region of
the detectors during the second run by inserting
a C-shaped defining slot in the dee 90° ‘‘ahead”
of the target. The open end of the slot was
directed toward the ion source, and the hori-
zontal arms defined the deuteron beam to a 3 inch
vertical height. This gave a 1-inch clearance from
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FiG. 1. Arrangement of apparatus used with carbon ac-
tivation method. Top: plan view of cyclotron showing
carbon detectors in position. Middle: portion of front view
of cyclotron showing carbon detectors in position just
below the dee. Bottom: detail showing carbon detectors
surrounded by lead shielding.
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TaBLE I. Data from carbon activation method.

Proton First run
activity only data
multi- multiplied

plied by by 0.94
Ac- Ac-  Total Ac- ius  to corre-
tivity  tivity activity  tivity and late with
Posi-  radius E  dueto dueto d,p,and dueto normal- second
tion  inches Mev p+n n n P ized run
572 2300 250 2300 2050 0.212 0.200
24 31.75 64.1 1220 74 1290 1146 0.282
33.5 70.5 5300 158 5300 5142 0.595 0.560
3% 35.25 78.7 2800 53 3000 2747 0.751
37 87.0 7600 122 7800 7478 0.955 0.90
4 3875 954 3380 49 3520 3331 1.00
0.5 104 5000 107 5200 4893 0.683 0.643
5% 42.25 113 1400 46 1700 1354 0.443
6 44 123 1625 115 2700 1510 0.230 0.217
63 45.75 133 490 46 870 444 0.157
7 47.5 151 710 73 5200 637 0.105 0.099
8 510 165 3056 95 7300 210 0.037 0.035
9 54.5 188 273 150 15500 123 0.023 0.022

the top and bottom of the dee. The removal of
these deuterons did not change the observed
proton distribution noticeably.

The results of the activity measurements are
given in Table I. The activities in this table do
not give directly the numbers of protons in the
various momentum intervals because the de-
tectors, being of fixed height, do not subtend the
same vertical angles. It can be shown that the
number of protons striking an area A4 at the
detector is proportional to 4/L, where L is the
length of the trajectory from target to detector.
If R, is the radius of the proton path, then for the
150° position

L=57R,/6.

Thus, in order to find the numbers of protons in
the various momentum intervals, it is necessary
to multiply the observed activities by the proton
trajectory radii. The products of the observed
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F1G. 2. Distribution measured with carbon detectors.
Ordinate gives numbers of protons in various momentum
intervals. Crosses, run 1; circles, run 2. 6, =horizontal angle
at which trajectory leaves the target. The curves are calcu-
lat%d ldistributions on the basis of a transparent nuclear
model.

CHUPP, GARDNER, AND TAYLOR

activities and the radii have been plotted in Fig.
2. The data from the two runs have been nor-
malized to fit on a smooth curve. Corrections for
target loss have been applied to the calculated
distribution curves, as will be explained in
Section 4.

In order to be able to compare the experi-
mental points of Fig. 2 with the calculated curve,
we measured the proton energy at one detector
position by means of the proton range. At the
position used for the measurement, the proton
trajectory radius was 37} inches, and the energy
was found to be 88 Mev. From the radius and
the energy it is possible to calculate the effective
magnetic field. The value found in this way was
14.62 kilogauss, which corresponds very closely
to the average of the magnetic field at the center
of the cyclotron and the magnetic field at 80
inches from the center.

3. PHOTOGRAPHIC PLATE METHOD

When photographic plates®® were used as
detectors, the numbers of protons in the various
momentum intervals were found by counting
individual tracks in the developed plates. The
plates available at the time the experiments were
done were not sensitive enough to record the high
energy portions of the tracks, and it was neces-
sary to slow the protons down and then count
the low energy ends. We used Ilford Nuclear
Research plates,” type B.1. These plates show
recognizable tracks for low energy protons (e.g.,
20 Mev), but for protons of energies of the order
of 100 Mev the number of developed grains per
unit length of track is so small that the tracks
get lost in the general background of developed
grains. The method of slowing the protons down
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Fi1G. 3. Photographic plate “‘sandwich.”
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to a velocity such that they make recognizable
tracks was to allow the proton beam to strike the
edge of a ‘‘sandwich,” as shown in Fig. 3. The
sandwich is made up of two photographic plates
placed emulsion to emulsion, with additional
glass plates placed above and below. The photo-
graphic plates are wrapped in black paper, as
shown in the figure. The dimension of the plates
in the direction of the proton beam is greater
than the range of the protons, so that the protons
slow down and stop in the sandwich. It is
assumed that protons scattered out of the emul-
sion are compensated for by others scattered in.
This is only approximately true, since some
protons make nuclear collisions in which they
lose so much energy that they are effectively
lost from the beam. The number of protons lost
in this way would be expected to depend on the
range, and hence on the energy of the protons.
Plates to be studied under the microscope were
given an exposure in the cyclotron of about half
a minute, and on these plates only a faint darken-
ing was visible to the naked eye. In one of the
early experiments, a set of plates was given a
much heavier exposure in order to produce a
more pronounced darkening. One of these plates
is shown in Fig. 4. The dark streak on the plate
is about one inch wide, corresponding to a one-
inch slit through which the protons passed. The
streak extends for about one and one-half inches
from the edge of the plate and ends in a heavily
darkened region at the position where the protons
slow down and stop. At about a quarter of an
inch from the edge of the plate there is an addi-
tional darkening, attributed to deuterons which
were scattered from the dee but not broken up.
The slit system used with the photographic
plate method is shown in Fig. 5. The first slits,
and also the second slits, were one-half inch
wide, and the two sets were about 12-inches
apart. The photographic plates were arranged
in sandwiches as previously described. The
shielding and slit system was made of copper,
shown by the shaded areas of Fig. 5. The plates
were set at a height such that all of them received
protons which left the target at an angle of 21°
down from the median plane. The photographic
plates, with their shielding and slit system, were
placed in the cyclotron in approximately the
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Fi1G. 4. Photographic plate showing darkening caused
by protons and deuterons.

same position as that shown in Fig. 1 for the
detectors in the carbon activation method.
The low energy ends of the tracks are recog-
nized under the microscope by their close grain
spacing, which makes the tracks appear nearly
continuous. A portion of a field of view in the
region of the low energy ends is shown in Fig. 6.
The count was made by moving the field of view
along the tracks (i.e., from left to right in Fig. 6)
and adding up the number of low energy ends
which stop in the emulsion. The numbers of
tracks counted are shown in Table II. In addition
to the statistical errors, there are also errors
arising from the fact that the observer must use
his judgment in deciding whether a track stops
in the emulsion. It was assumed that the emul-
sion thickness was the same for all of the plates,
and any variation in this thickness will introduce
an error in the measurement. In the plates
which we used, all of the tracks did not end at
the position where the main group of tracks
ended, but a few tracks were found at a much
greater distance from the edge of the plate. Thus
the observer had to use his judgment to decide
how much of this ‘“‘tail” to include in the count.
The presence of this tail is explained by assuming
that some of the proton trajectories lie partly
in the black paper or in the open space caused by
the folds in the black paper. The protons evi-
dently pass through a short section of black
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F1G. 5. Slit system used with photographic plate method.

paper or open space, and then through the glass
part of the photographic plate, and then into the
emulsion. (We realized after the experiments
were done that we should put the paper on the
outside of the entire package instead of just
around the photographic plates.) Difficulties of
this nature could, of course, be eliminated by
placing in front of the sandwich a block of
copper, or other material, of such thickness that
most of the proton trajectory was in the block
and only the last little bit in the sandwich. This
refinement was not made in the runs from which
the data of Table II were taken. The real dif-
ficulty with the photographic plate method as
applied to this problem is that it takes so much
effort to count a large number of tracks. There
is plenty of plate area which could be used, and
more tracks would undoubtedly be counted if
there were no other method of getting the in-
formation. Since, however, the carbon activation
method is able to get thousands of counts by
automatic methods, it was not thought to be
worth while to spend the time necessary to get
really good results with photographic plate
method.

The photographic plate data given in Table 11
have been plotted in Fig. 7. As in the case of the
carbon activation data, the observed numbers of
counts have been multiplied by the radius.
Copper targets were used in both of the runs,
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the thickness being % inch for run 1 and §¢ inch
for run 2. In order that the data from the two
runs could be compared with each other and
with the carbon activation data, the values
from run 2 have adjusted on the abscissa scale
to the positions they would have had if a #-inch
target had been used. In Fig. 7 the photographlc
plate data are compared with a calculated energy
distribution which will be discussed in the next
section. The irregularities in the plotted points
are attributed to statistical errors, and other
errors mentioned above.

At the time that the photographic plates were
placed in the tank to study the protons coming
from the target, additional plates were placed in
positions to receive any negatively charged par-
ticles which might be coming from the target.
Numerous straight, parallel tracks were found in
these plates, but subsequent experimentation
showed that they were not due to particles from
the target at all but were due to neutral particles
coming from the vicinity of the center of the
cyclotron. The particles causing the tracks were
later identified by L. W. Alvarez as deuterium
atoms, presumably formed by a process in which
a deuteron acquires an electron near the center
of the cyclotron and moves outward as a neutral
particle.

4., CALCULATED MOMENTUM DISTRIBUTIONS

The momentum distribution calculated from
the transparent model of the stripping nucleus
is given by Serber (reference 3, Eq. (9)) as
follows:

P(p)dp =(Mes)*/n*(Meatp*)*dp. (1

In this equation, P(p) is the probability that a
proton will have a momentum po+p, where po
is the momentum caused by the motion of the
center of mass of the deuteron and p that caused
by the motion within the deuteron. M is the
mass of the proton, and e; is the binding energy
of the deuteron. The small effect of the Coulomb
deflection of the deuterons and protons in
passing through the target has been neglected.
The experimental results given in previous
sections apply to the protons whose trajectories
lie within the limited angular ranges admitted
by the defining slits. The corresponding calcu-
lated distributions can be found from Eq. (1)
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by integrating over the appropriate angular
ranges. This integration will be done first for
the carbon activation method, and then for the
photographic plate method.

In the carbon activation method, the vertical
angle, 6,, at which the protons must leave the
target in order to be detected varies from 6.9°
for the detector nearest the target to 4.3° for
the detector farthest away. For this range of
angles the momentum distribution is not very
sensitive to small changes in 6,, and the average
value of 6, is a fairly good approximation. We
introduce Cartesian coordinates with the z axis
in the direction of the deuteron’s motion, the
x axis vertical, and the y axis horizontal. In this
system the x-component of the momentum is
given by

P2~ Dobo. (2)

The slit system admits protons whose trajec-
tories lie within a horizontal angle =6, where
0,~10°, so that

[ pu| <= pobh. (3)

The magnitude of the proton’s momentum, p,
is approximately equal to po+p.. By writing
p.=p—po in Eq. (1) and integrating over p,

TaBLE II. Data from photographic plate method.

Radius Number of counts

(inches) run 1 run 2
33.2 — 81
34.1 228 107
35.1 218 250
36.0 240 249
36.8 322 238
37.8 339 270
38.8 252 421
39.6 189 497
40.5 90 211
414 46 167
42.3 41 163
43.2 37 78
44.1 — 76

between the limits %5, we find

P(ps, p)dp-ap~ {pp[ Meat+p+ (p—po)* 1™

X[ Meatps+pat+ (0 —po)* 1™

+[Meatpt+(p—po)* T

Xtan='pp/[ Meatps*+(p—po)* 1} dp.dp. (4)
In this equation, and in other equations which
follow, the constant factors have been omitted
because we are interested only in the shape of
the distribution.

The momentum distribution taken over all
horizontal angles can be found from Eq. (4) by
setting p,— «. This gives

P(ps, p)dpdp~[Meatpi+(p—po)* 1 ¥dpadp. (5)

Fi1G. 6. Low energy ends of proton tracks (3-mm apochromatic objective lens). Beam direction is from the left.
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F1G. 7. Distribution measured
with photographic plates. Ordi-
E nate gives numbers of protons in
various momentum intervals.
Circles, run 1; crosses, run 2.
6,=vertical angle at which tra-
jectory leaves the target. The
curves are calculated distri-
butions.
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The momentum distributions given by Eqgs. (4)
(with 6,=10°) and (5) have been plotted in Fig. 2
for comparison with the experimental data from
the carbon activation method.

In the photographic plate method, the defining
slots cut out all the protons except those leaving
the target at a very small horizontal angle. Thus,
we can set p, equal to zero in Eq. (1) and get

P(pz, p)dpedp~[Meatps+(p—po)* T dp.dp.(6)

The vertical angle 6, has the value 2.5° for all of
the photographic plates. The distribution func-
tion given by Eq. (6) is plotted in Fig. 7 for
comparison with the photographic plate data.
Curves are given for 6,=2.5° and 6,=0.

The momentum distribution as calculated from
the opaque model of the nucleus is given by
Serber (reference 3, Eq. (18)). The integration of
this equation is greatly simplified if we consider
protons in the forward direction only, and in this
case we get

P(p)ap~[Meat+(p—po)’ I dp.  (7)

This distribution is plotted in Fig. 7. Equation
(7) gives a slightly more peaked distribution than
the one calculated using a transparent model, but
the difference is smaller than the experimental
errors, and it is not possible to say which model
gives the better agreement with the experimental
data. The distribution function for the opaque
model has not been worked out in detail for the

RADIUS (INCHES ) —»=

carbon activation geometry, but here, too, the
difference between the two models appears to be
smaller than the experimental uncertainty.

The experimental data given in Figs. 2 and 7
have been plotted directly as a function of radius.
The observed intensities were multiplied by the
radius in order to take account of the vertical
spread of the protons (i.e., to reduce the results
to constant dp.), and the resulting distributions
were normalized but no corrections applied. In
order to be able to plot the calculated curves on
the same radius scale, the energy of the protons
was measured for one value of the radius. Since
a relationship between the radius and the energy
was thus established directly, it was not neces-
sary to correct for inhomogeneities in the mag-
netic field or for radial oscillations of the deuteron
orbits. It is, however, necessary to correct for the
energy lost in the target, and this correction has
been applied to all of the calculated curves. The
energy lost from ionization by a 190-Mev
deuteron in passing through the %-inch copper
target is about 7 Mev. This loss is shared by the
proton and the neutron in the deuteron, but
after the deuteron is broken up the ionization
loss is all taken by the proton. This means that
the average loss by the protons will be about
5 Mev. The Coulomb barrier effects discussed by
Serber account for an average energy gain of
3.5 Mev, and hence the average total energy lost
by the protons in passing through the target is
about 1.5 Mev. This target loss has been taken
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account of by shifting all of the calculated curves
toward the lower end of the radius scale by an
amount equivalent to 1.5 Mev.

From Figs. 2 and 7 it is seen that the experi-
mental distributions are in general agreement
with those calculated from the stripping process
described by Serber. The experimental data are
not good enough to permit us to make a choice
between the transparent model and the opaque
model.
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In many crystalline insulators there is a temperature proportional displacement of the long
wave-length absorption limit towards longer wave-lengths. These are crystals which have a
broad, nearly structureless absorption which is caused by the transition of an electron from a
full to an empty electron band. Previous attempts to explain this phenomenon have shown
that the effects of thermal expansion are far too small to account for the observed shift. In
this paper it is shown that there is a broadening of electron energy levels due to collisions with
the thermally vibrating lattice which results in reducing the effective width of the “forbidden”
energy region between occupied and conducting bands. Calculations indicate that, in polar
crystals for which the observations have been made, this effect is of the proper magnitude
to explain the experimental data. In non-polar crystals the effect would be very small. However,
no absorption shift in non-polar crystals has been observed.

1. INTRODUCTION

(a) General Discussion of the Shift of Absorption
with Temperature in Insulating Crystals

T is well known that in many crystalline
insulators there is a displacement of absorp-
tion toward longer wave-lengths with increasing
temperature.t? This is manifested in many cases

* Adapted from a dissertation submitted to the faculty
of the Graduate School of Arts and Sciences of the Catholic
University of America in partial fulfillment of the require-
ments for the degree of Doctor of Philoso%hy.

1F. Moglich and R. Rompe, Zeits. f. Physik 119, 472
(1942), containing data of the shift of the absorption
limit. H. Fesefeldt, ¢bid. 64, 623 (1930) the data of which
;I)i'(l))bably pertains to shift of excitation lines (see Section

2 There is also a much larger shift which sets in suddenly

by a deepening of the color. For example, Znl,
white at room temperature, becomes yellow at
higher temperatures. This is due to the fact that
the absorption, which at room temperature
starts about 3600A and extends far into the
ultraviolet, shifts into the blue at higher tem-
perature.

The shift toward longer wave-lengths at higher
temperature applies to excitation lines as well as
to the long wave absorption limit of the main
absorption. However, this paper treats the latter
case primarily, although, as indicated at the end

at higher temperature. Méglich and Rompe state that
this is due to “multiple collisions.” Naturwiss. 29, 105,
Feb. 21, and 120, Feb. 28 (1941).
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F16. 4. Photographic plate showing darkening caused
by protons and deuterons.
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Fi1G. 6. Low energy ends of proton tracks (3-mm apochromatic objective lens). Beam direction is from the left.



