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INELASTIC SCATTERING OF 12-Mev PROTONS
ON LITHIUM, CARBON, MAGNESIUM, AND SILICON
Homer E. Conzett
Radiation Laboratory
University of California

Berkeley, California

April 6, 1956

ABSTRACT

The angular distributions of protons from the reactions

Li’(p, p')Li"¥, " Q = -4.61 Mev;
cl2(p,pclt2*, Q = -4.43 Mev;
Mg“(p,p‘)Mg?—‘l*, Q = -1.36 Mev; and
5i28(p, p')5i28*, Q = -1.78 Mev

have been measured, and the cross sections for the reactions have been
obtained.

The lithium distribution has been analyzed in terms of,
(a) inelastic scattering proceeding through formation and decay of the
compound nucleus, and (b) direct inelastic scattering of the Austern,
Butler, McManus theory, the selection rules of which permit the
assignment of J = 1/2, 3/2, or 5/2 and odd parity to the 4.61-Mev
level of Li’. . The carbon, magnesium, and silicon distributions indicate
that the statististical theory of the compound nucleus does not apply
and, also, that the direct interaction type of scattering is negligible.
It appears that the reactions involving these nuclei proceed through
only a few or several levels of the intermediate nuclei.

For each reaction, the cross section has been comparéd with

estimates of the cross section for formation of the compound nucleus.

. The results are in qualitative agreement with the theory of decay of

the compound nucleus through competing channels.
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I. INTRODUCTION

v " The inelastic scattering of protons was first observed in
1940,‘1 resulting from the bombardment 6f aluminum and neon with
6.9- and 4-Mev protons respectively. Sincé then, the t'vechnique of
inelastic scattering has been embloyed extensively and has been a
valuable method for the determination of nuclear energy levels. The
scattering nucleus is excited at the expense of the kinetic energy of the
incoming proton; the vma}v:imum pbssibie excitation is the available
energy in the center-of-mass system. Thus the excitation energy of
the residual nucleus is equal to the proton energy loss, measured in
;che center-of-mass coordinate system. Angular distributions of these
inelastically scattered particles can be expected to give more detailed
information coricerning the nature 'of the process because these dis-

- tributions must reflect the additional requirements of conservation of
ahgula.r ‘momentum and parity.

At present, two theories exist that attempt to explain and
- predict angular distributions of nuclear reaction products, including
inelastically scattered particles. The first is based on the Bohr
assumption2 of the formation and subsequent decay of a compound
nucleus, applicable for bombarding energies below 50 Mev. The
incident proton and target nucleus form an intermediate (compound)
system whose lifetime is sufficient to allow the energy brought in by
the incident particle to be shared among all the nucleons. Among the
competing modes of decay of this system, that of proton emission,
leaving the residual nucleus in an excited state, is the mechanism of
" inelastic scattering. On the basis of this Bohr assumption, a detailed
partial-wave analysis of nuclear reactions3 yields the theoretical
angular distributions. If the reaction proceeds through a single level
of the compound nucleus, the distribution is symmetric about the
center-of-mass scattering angle 6 = 900.' If more than one level is
important in the reaction, the distribution can become more complex
because interference terfns betweé_n outgoing waves of different parity
are present in the expression for the differential cross sections.

Finally, if the reaction proce'eds through the continuum region of the
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compoﬁnd nucleus, the region of excitation where the level width ex-
ceeds the level spacing, and many levels are involved, the theory4
takes a statistical averige over them and assumes that the interference
terms between outgoing waves of differént parity cancel out; this again
results in an angular distribution that is symmetric about 6 = 90°

The second theory, proposed by Austern, Butler, and McManus,5
can be applied to (n, p),. (p,n), (n,n'), and (p,p') reactions in the 10-to-
30-Mev enefgy range. T:hey consider the mechanism to be a direct
interaction between the incident proton (for 1nelast1c proton scattermg)
and a nucleon in the surface region of the target nucleus the interaction
taking place outside of the nuclear potential well. That is, if the con-
cept of the nuclear shell model  is appiied, the bound nucleon partici-
pating in the collision is consideréd to be in a state of definite orbital
angular momentum, this state being described by a single-particle wave
function with an exponentially decfeasing tail outside the potential well.
During the time this nucleon spends outside the nucleus, the direct
proton- _nucleon scattering can occur, uninfluenced by the presence of
the rest of the m_lcleus, This treatment results in angular d1str1but10ns

of inelastically scattered protons of the form

_chO'_ «< F[Cl‘ll qa.)]

where { represents the change of orbital angulatl' momentum (in units of
1) between the ground state and excited éfate of the target nucleus and
is restricted to-the values Ii + If >4 > | Zi - lf |, where .ﬂi and !Zf
designate the orbital momentum values of the single-particle ground
and excited states. Conservation of parity requires that £ take only

all odd or even values in this range. For given values of li and Zf,

Cz is a coefficient depending only on £; jl(qa_) is the regular spherical

Bessel function of order £;

q= IK-F,l = [k -k)° + 4k k; sin’ 9/2]1/‘2

fl
is the magnitude of the vector difference between the wave numbers of
the incident and scattered proton; and a is the radius of the target

nucleus. Since the total angulaf momentum carried by the single
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nucleon in each of the two states is
ji = !Zi + 1/2 and jf ='£f + 1/2,

the possible magnitudes of the vector

- - -> - .
Ii -‘If.a_re Iji - Jg + 1| where 1 arises from cases
invoking spin flip. Also,

- >

iy -T]Pf =J; - ._'ff » where J, and J; are the initial and

final spins of the target nucleus, so the possible valuesof £ are given by

Ji+Jf+1 >4 > I.Ji+..Jf+ 1 lmin,

and £ can take only odd or even values corresponding to a change or
no change of nuclear parity.

Angular distributions of protons scattered inelastically from
A>Mg2‘4, exciting the nucleus to 1.368 Mev, have been measured at
proton energies of 4.7, 7.3, 9.6, and 10 Mev. 7-10 They are all
asymmetric about 6=90°, and Fischer's analysis of his 10-Mev results
is based on a combination of distributions. given by the statistical theory
of the co‘méound nucleus and by the direct interaction theory. Similar
8,11,10,12 have been done on the 4.43-Mev level of Clz |

at 7.3, 9.5, 10, and 31 Mev. The shape of the distribution changes

experiments

little in going from 7.3 to 10 Mev, but that at 31 Mev is peaked strongly
at forward angles, thereby showing the predominance of a direct-
interaction type of scattering. Similarly, results on the 822-kev level
of Fe5v at 17 Mev13 and on several levels of Be9 at 3‘1 Mev14 are .
peaked near the forward direction.

The experiments described here were undertaken to extend
the measurements on C12 and Mg24 to the energy region of 12-Mev
protons and to investigate in‘ the same manner the inelastic scattering
from levles in Li7 and Sizs. The observed angular distributions are

compared with those derived from the existing theories.



II. EXPERIMENTAL METHOD

A. General Procedure

A diagram of the experimental arr'angemeht is shown in Fig. 1.
The external 12-Mev proton beam of the Crocker lLaboratory 60-inch
cyclotron was directed at a thin target located at the center of an
evacuated scattering chamber. After passing through the target, the
beam was collected in a Faraday cup located behind the chamber.
Protons scattered from the target were detected by a telescope of
three proportional counters contained within a single vacuumtight unit.
- A remotely controlled absorber changer, permitting insertion of
variable amounts of aluminum absorber, was located between the
telescope and an aperture defining the solid angle for scattering.
Protons of the particular energy under investigation were required to
pass through an appropriate amount of absorber and to stop in the
range foil Separating the second and third counters: Thus, per unit
of charge collected in the Faraday cup, the protons with a range
between R and R + AR were counted. A plot of these counts versus
range gave the differential range curve of the proton group. Since the
~area under such a curve is propo-r'tional to the number of protons that
stopped in the range spanned by the curve, measurement of these areas
as a function of scattering angle yielded the relative differential cross
sections. ‘Determinations of target thickness, the solid angle for
scattering, and the AR of the detector provided the information necessary

: for the calculation of the absolute differential cross sections.

B. Beam Alignment

The deflected cyclotron beam passed through a 1/8-inch
collimating probe slit and was centered on the cyclotron target port.
A magnetic shielding channel was then positioned to bring the beam
through the ffinging magnetic field and to center it at the channel exit.
The beam then traveled through a 1.5-inch-diameter brass pipe to the
scé.ttering chamber, located outside the water shielding. A strong-
focusing magnetic quadrupole lens, located at the entrance end of the

brass pipe, focused the beam to a 1/4-inch-diameter épot at the target
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position in the center of the chamber. A collimating section containing
three carbon slits, located inside the chamber, reduced the beam
diameter at the target to 1/8 inch. -

Nuclear emulsion burn patterns were used to define the beam
position, and when the focused beam had been centered at the exit end
of the brass pipe, the scattering chamber was adjusted to the beam
line. This was done by mounting a telescope on the chamber exit port,
aligning it with the collimator section, and then adjusting the chamber
until the line of sAight was coaxial with the brass pipe. Finally, burn
patterns were taken at the exit end of the collimating section with the
slits removed. Fine adjustments were made on the chamber position,
if necessary, vto center the beam in the collimating section, and the
slits were replaced. With the collimating slits in position, beam
magnitudes of 0.5 microampere through the target could be obtained

at normal cyclotron operation.

C. Scattering Chamber

The scattering chamber is 13 inches deep and 36 inches in
internal diameter. It contains a remotely controlled rotating table
which can be positioned in angle to within 0.1°, its position being trans-
mitted to the control station by means of a selsyn repeater systerh.

The counter and associated equipment were mounted on the table on a
radially scribed line which parallels the beam position when the table
positioﬁ is set at 0°. An accurate check on the detector position was
made by rotating the table to 180° and sighting on the detector aperﬁufe K
with the previously aligned telescope. The detector dimeﬁsions per- '
mitted measurements at scatte‘ring angles from 7° to 167°.

A remotely controlled target holder is mounted on the lid of
the scattering chamber. This proyvides vertical travel, for the place-
ment of different targets in the beam; rotation about the vertical axis
permitted changes in the target angle, accurate to 0.2°.

A local pumping syétem, consisting of a refrigerated 6-inch
diffusion pump backed by a Kinney mechanical pump, maintained

pressures near 10-4 mm of Hg during operation.

~
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D. Beam Monitoring and Beam-Energy Determination

. A Faraday cup mounted on the exit port of the scattering
chamber collected the beam. .. It was isolated from the.chamber by an
aluminum foil and was evacuated by a separate pumping system. A set
ofvvtwo C-shaped permanent magnets provided a field of about 200 gauss
to prevent loss of secondary electrons ejected from the beam-stopping
plate under proton bombardment. The collected charge was integrated
on a capacitor of known value, and the potential across the capacitor
was measured by a dc feedback electrometer whose output was fed into
~a Speedomax recording voltmeter. The capacitors used were calibrated
against one whose value was certifiéd by the Bureau of Standards within
0.1%. “The system consisting of the electrometer and recording voltmeter
was calibrated against a known inpﬁt voltage, measured to within 0.2%
with a Leeds-Northrup potentiometer.- .

- An auxiliary monitor consisted of a Nal crystal scintillator
viewed by a DuMont-6292 photomultiplier tube. Placed outside:the
scattering chamber, this counter detected particles scattered through
.an angle of about 18°. 1ts amplified output pulses, RC clipped to 2
microseconds, were fed into a gate—.forming circuit. These gate pulses
were monitored with a scaler in the counting area and, in addition, were
fed into a counting-rate meter located in the cyclotron control room.
This indicator aided the operator in his control of the beam into the
scattering chamber.

The energy of the beam was measured by determining its
range in alﬁminum absorber. Two remotely controlled, 'twelve-
position foil wheels were located between the scattering chamber and
the Faraday cup. The appropriate foil in one wheel was placed in the
beam to reduce its residual range to about 10 mg/cmz° The other
wheel provided foils in steps of 1.53 mg/cmz; - As this wheel rotated,
the Faraday cup current was plotted on the recorder chart, giving the
integral number-range curve of-the beam. The mean range was readily

determined to within 0.4%.
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An estimate of the energy spread in the beam was obtained
from the integral range curve. That is, the width of the differential
curve derived from it was measured. Comparison of this spread with
the theoretical spread due only to range straggling yielded the spread
in beam energy. For example, the largest measured percentage

width ) was 3.37%. Unfolding the theoretical

mean range
range straggling of 2.95% results in a 1.63% range spread in the beam

range spread (100 x

itself, This corresponds to a 0.93% spread in the beam energy at a
mean energy of 12 Mev,

E. Detector and Electronics

A schematic diagram of the detector arrangement is shown in
Fig. 2. The remotely controlléd absorber changer, located between
the collimator and the proportional counter telescope, consisted of
twelve aluminum absorbers. The thinnest was 0.30 mg/cmz and each
succeeding one was very nearly twice the value of its predecessor; the
thickest one was 615.4 mg/cmz, Any desired combination of these
absorbers could be inserted from the control station in the counting
area. |

The three proportional counters were .contained in a common
enclosure filled with a mixture of argon and 4% carbon dioxide to a
pressure of one atmosphere. The sensitive volume of each was 0.5
inch deep and approximately 2 inches square. The counters were
operated near 1500 volts, with each counter having a separate high
voltage supply regulated to 0.1%. A detailed description of this counter
telescope and its characteristics has been given by Ellis. 15

The counter pulses were delay-line clipped to 1 microsecond
and then fed into preamplifiers at the scattering chamber. After
further am.pliﬁcation by linear amplifiers, the signals were passed
through pulse-height discriminators and variable-delay circuits and
formed into gates for use in the coincidence circuits. A simplified
block diagram of this arrangement is shown in Fig. 3. - Double
coincidences between the first and second counters.and triple coincidences
among the three counters were monitored with scalers, The differencé

between the doubles and triples gave the number of particles that had

e
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stopped in the AR range foil between the second and third counters. In
addition, counts obtained with the first two counters in coincidence and
the third in anticoincidence were monitored, but it was found;that this
circuit was not reliable when the doubles and triples counting rates
‘were simultaneously high. Therefore, the doubles and triples were

+always recorded and their differences taken.

F.. Targets _

Special techniques were émployed in making and handling the
lithium té.rget so that contamination was minimized. In.an argon-
filled dry box, a freshly cut piece of lithium was sandwiched between
two polished steel flats and pressed to the desired thickness of 3 to
: 4'm‘ils. This was mounted on a target frame, and the assembly was
placed in a container which sealed the lithium-bearing section of the
frame in an argon atmosphere. The exposed end of the target frame
was connected to the target holder in the scattering chamber. After
the chamber had been pumped down, the target holder was raised while
the container was held in a fixed position, thus separating the two. The
target was then adjusted vertically until it was centered on the beam
line. Since the target could not be handled for weighing, its thickness
(in i'ng/cmz) was determined indirectly. The beam's mean range in
aluminum was determined with the target in the beam (perpendicular
to it) and with the target removéd. The difference in range gave the
thickness of the target in aluminum equivalent. This was converted to
mg/cmz of lithium, using the range-energy data of Aron, Hoffman,
and Williams, 16 It is believed that this determination of the target
thickness was accurate to 5%. »

A 2-mil polystyrene (CH:)n foil was used for the carbon target.
The proton group corresponding to excitation of the 4.43-Mev level of
»Clz could be resolved from the protons scattered from the hydrogén
in the target at all scattering angles except 40°. Thus, this point does
not appear in the angular distribution.
The magnesium target was a 0.7-mil foil of ;'normal isotopic

material.
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Silicon targets were made by employing the vacuum evaporation
technique. Silicon monoxide was heated by radiation from tungsten
filaments at approximately 2000°C. The evaporated monoxide was
deposited on an acetate film, backed by a thin sheet of Electromesh,

a fine nickel-plated copper screen mesh, lapped smooth to receive the
deposit. . The acetate film had been formed by spreading a few drops
of a solution of DuPont cement dissolved in amyl acetate on a water
surface. After the silicon monoxide was deposited to the desired
thickness, a target frame was cemented to the monoxide surface. The
backing was then removed by dissolving away the acetate film in a bath

of acetone.

G. Measurement of Proton Groups

At a convenient angular position of the detector, sufficient
absorber was inserted to place the peak of the elastically scattered
proton group in the range bite AR of the detector. Counter voltages
and linear amplifier gains were adjusted to give pulses of 50 volts
mean height from the first and second counters. Discriminator curves
were then run 6n these counters and the discriminator levels set for
operation. Figure 4 shows typical discriminator curves with the levels
for operation indicated. The curve for counter No. 2 doés not show a -
real plateau because part of the sensitive volume of that counter was
included in the detector range bite. That is, a proton was counted as
‘having stopped in the range bite whenever the pulse height from counter
No. 2 exceeded the discriminator level, with no corresponding pulse
from counter No. 3. As that bias level was lowered, the proton was
required to penetrate counter No. 2 less deeply in order to be counted.
The effect was that of increasing the detector range bite, and this
effect can be seen in.the curve of Fig. 4B. The discriminator level
for the third counter was set just above the noise level so that triple
coincidences were registered for all particles passing through AR.

'Differential range spectra were obtained by plotting counts
(doubles minus triples) against absorber thickness for a unit of charge

collected in the Faraday cup. At least one complete range spectrum
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was run for each target so that the various particle groups could be
noted and identified. Figure 5 shows the spectrum of protons scattered
from the polystyrene target at a scattering angle of 50°. The elastic
group from carbon was used in the experimental determination of the
detector range bite for that run. The quantity measured at each range
point R was (g—I—IjAR), the product of the number of particles stopping

in unit range interval and of the range bite. Thus, the area under the
peak is equal to the product of AR and the total number of particles
stopping”in the range interval spanned by the peak,

A=J (g_g AR) dR = N/AR.

A determination of N was then made as follows:. Absorber cporresponding
to the value just below the peak was inserted; for example, 160 mg/cmz
in Fig. 5. The discriminator levels of counters No. ! and No. 2 were
lowered to the point where the pulse heights formed by all the particles
in the elastic gfoup exceeded the discriminator levels. Then, the
number of doubles coincidences formed per unit of charge collected

was just the total number of particles in the group, N. This value,
comb1ned with the area under the peak normalized to the same un1t
charge collected gave AR. Values of AR ranged from 3.09 mg/cm

to 3.32 mg/cm . . These variations from run to run are explained by

the fact that the discriminator level for counter No. 2 was not always
the same. When this level was set for a particular run, the AR remain-
ed constant, ‘

Differential range spectra including just the proton group of
interest were then taken over the entire range of scattering angles.
available. In Fig. 5, this was the group corresponding to the excitation
of ch to its 4.43-Mev level. Plotting the relative areas under the
peaks against scattering angle, gave the angular distribution of the
relative differential cross section in the laboratory system.

In order to avoid errors introduced by po.ssible nonuniform
target materials, target movement during the runs was minimized.

" In runs on ca.rbon and silicon the targets were 'positioned at an angle
of 45° to the beam for the entire angular distributions and were not

moved during the taking of data. ‘This was done by taking measurements
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from 70 to 90O on one side of the beam direction, and from 900 to 1670
on the other side.  In the lithium runs, measurements at angles forward
of 45° were made with the target perpendicular to the beam direction.
On magnesium, this procedure was followed at angles forward of 30°.
In each case, data were taken at the same scattering angle both before
and after the change in target angle was made. In this manner, the
relative angular distribution for the forward angles could be normalized
to that for the angles surveyed before the target was moved.

At regulaf intervals during the taking of data, especially when
the counting rates were the highest, counts were taken with the gate
pulse of counter No.v'Z_delayed several microseconds. The accidental

coincidences obtained were always negligible.

III. REDUCTION OF DATA"

A. Differential Cross Section

The differential cross section is given by the expression

do Ns

o " NpAe |
where Ns is the number of particles scatteréd into the solid qngle AQ,
N is the number of particles incident on the target,
p is the number of target nuclei per square centirmeter,

AQ is the solid angle subtended by the detector collimator at

the target.
" In terms of measured and kﬁown guantities,
‘AT F ’
P 7 NMcos Bt ’

where A is Avogadro's number, T is the target thickness in g/cmz,

F is the fractional isotopic abundance of the particular target nuclei
under investigation (e.g., 0.9248 for Li7 in the lithium target), M is
the molecular weight of the target material, and Gt is the angle between
the beam direction and the normal to the target surface. Also,

_ A _CV
NS—ER_~ and N = e R
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where A is the area under the peak of the differential range curve, AR
is the detector range bite, C is the beam-integrating capacitance in
farads, V is the electrometer potential in volts, and e is the charge of
the electron in coulombs. When these equations are combined, the
differential cross section in the laboratory system is
do  _ e M A co;; 0¢
® ~ (x Traran ) v

The term in parentheses was constant for the run on each of the targets,

cmz/stera’dian.

and Gt was changed only during the runs on lithium and magnesium,
taking the values 0° and 45°.

Thus, to determine the differential cross sections the
differential range curve of the appropriate proton grobup was taken at
each angular setting of the detector. Smooth curves were drawn
through the experimental poiﬁ_ts, and the areas under the curves were
calculated by use of Simpson's one-third rule. Typical range curves

I
of the proton groups measured are shown in Fig. 6. The calculated

!

cross sections were then converted to the center-of-mass system,

and these data comprise the final experimental results.

B. Errors
The expression for the differential cross section has the form

of the product of several terms,
a.
- i
y =7?—xi ,

for which the law of propagation of errors gives

‘ ' Ox: 2. 1/2
Bz ) 1Y

In the following discudsion the errors in the individual terms are
. considered separately/;. '

The error in A, the area under a differential range peak, was
from two contributing sources. One was the error in the estimate of
the background subtraction. A _sm'oo"ch»curve, usually a straight line,
was drawn through t'he minirﬁa. or the. exténded backgi'bund level on

both sides of the pelak, thus defining the background level under the
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distributions were obtained.

Examples of the proton groups whose angular
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peak. The possible error in the definition of this level was estimated,
and the related error in A was calculated. The other source was the
statistical counting errors on the points through which the peak itself
was drawn. ‘The relative error in the area, calculated by applying
the law of propagation of errors to Simpson's formula, was related
to the relative error in the peak point of the curve. This was . done
for several of the curves for each target. For each target, then, the
determined relative error in area under a peak was plotted against the
corresponding relative error in the peak point. Subs'equently, smooth
curves.drawn through these plots were used to determine the relative
error in area, corresponding to the knbwn relative error in the peak
point, for all the remaining range curves. Finally, the two contributing
errors in the area were combined quadratically.

- After several independent calibrations on C and V, the error
in their product was estimated to be 0.5% in relative values and 0.75%
in absolute values. |

The maximum difference between indicated target angle and

measured target angle was estimated to be 0.2°. This yields

(cos Gt)-

cos t

= 0.35%
for 6, = 45°. |
AQ2 was calculated from measurements of the diameter of the
detector collimator aperture and its distance from the point where the
beam passed through the target. The estimated uncertainty in these
measurements gave
0 (AQ) _ o g
| g - 0.9_70, ' o o |
The range bite AR was calculated from measurements of the
area under a differential range_cufvé and of the total number of
particles in the corresponding group. Both these measurements in-
cluded statistical counting errors. The combined errors gave
AR) _ .
5 (RR) =u.0‘90/‘o, Sty

<

as a typical result.
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"With the exception of lithium, the target thickness!..T: was
determined from measurements of the area and the weight of-.a target
section through which the beam had passed. The indirect method of
measuring the lithium target thickness has been described previously.
The results of estimated errors in the measurements were _6%‘ =5%
for lithium, 0.5% for carbon, 2.0% for magnesium, ‘and 2.5% for
silicon.

- In making the transformation of the differential cross section
from the laboratory system to the center-of-mass system, one
multiplies by £(8), a function ‘of the laboratory scattering angle. Thus,
the error in the deterndihation of 6, 0 6 = 0,10, yields the result

8£(6) ~ g 19
gy = 0-1%

IV. RESULTS AND CONC LUSIONS

A. General Considerations

Tables I through IV contain the experimentally determined
differential and total cross sections for the inelastic scattering of
12 -Mev protons to the 4.61-Mev level of Li7, the 4.43-Mev level of
CIZ,’ the 1.368-Mev level of Mg24, and the 1.78-Mev level of Sizsu
Because the analysis of the results is concerned primarily with the
shape of the angular distrib‘tl‘ltion of the differential cross section, the
errors in both the relative and absolute values of the cross sections
were calculated. The relative errors alone are indicated on all
plots of differential cross section versus center-of-mass scattering
angle. This procedure serves to define more clearly the shape of the
distribution. ‘

At a laboratory angle of 30°, a differential range spectrum
- was taken which inciuded the proton group corresponding to-the
excitation of the 7.65-Mev level of CIZ., This spectrum is shown in
Fig. 7. Hech‘c12 had been unable to detect this group in the bombard-

ment of carbon with 31-Mev protons. From the areas under the two -
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.Table I-

_Diff.ere'nt'ial cross sections for the reaction Li7(p,"p')Li7*,':Q' =4.61

Mev, in t'he”c'enter'-fof—mas"s 13Yste'm‘. . Elab = 1"1.,95 +0.13 Mév.

‘ QC ‘ dO/dQ ‘ "% errors
(degrees) - (mb/sterad) - (do/dQ)relative (do/dQ)absolute
9.3 9.18 3.8 6.4
11.8 9.45 3.4 6.2
17.7 9.93 2.2 5.6
29.6 10.07 1.9 5.4
41.2 9.73 2.8 5.9
52.7 "~ 9.28 2.0 5.5
64.0  8.84 1.6 5.4
75.0 7.97 1.5 5.4
85.6 7.38 1.7 5.5
93.4 6.78 1.4 5.3
101.1 6.50 1.5 5.4
110.9 6.54 1.4 5.3
120.4 6.43 1.3 5.3
129.5 6.43 2.8 5.9
138.4 6.16 2.2 5.6
147.0 5.84 1.3 5.3
185.4 5.44 3.8 6.5
163.7 5.23 5.9 7.8

Total cross section, 0, =95.1 3.1 mb.
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Table II

Differential cross sections for the reac‘tionclz(p, p")Clzi_*,. Q =-4.43"
Mev, in the cénter-of-masssystem. : Ela.b =11.79 £ 0.14 Mev.

6. - do/de | a % errors
(degrees) (mb/sterad) (do/dQ)relative (doASHabsolute
1.7 0.2 5.7 5.9
11.0 41.3 45 4.7
13.1 40.7 2.7 3.1
16.3 39.3 3.3 3.7
21.9 38,5 2.8 3.2
27.4 35.2 2.8 3.1
32.8 32.7 2.0 2.5
38.1 28.90 1.4 2.0
49.0 22.53 1.1 1.8
54.3 20.46 2.0 2.5
64.9 16.01 1.9 2.4
75.3 12.64 1.4 2.1
85.6 10.60 1.3 1.9
95.6 9.82 1.4 2.0
105.6 11.08 1.8 2.3
115.3 14.84 1.7 2.0
124.9 18.97 1.7 2.2
134.3 23.47 1.2 1.9
143.7 28.10 1.1 1.9
152.9 30.8 1.3 2.0
162.0 33.3 1.9 2.4
166.5 32.9 2.4 2.8

1]

Total cross section, 0'i 246.0 £ 6.0 mb.

-
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Table IIT

Differential cross sections for the reaction Mg24(p, p')M'g24*,’ Q=

' -1.368 Mev, in the center-of-mass system. BT 11.87+0.08 Mev.

6, « do/daQ '~ % errors
(degrees) (mb/sterad) (do/dQ)relative (dO/dQ)absolute
15.5 39.9 5.1 5.6
20.7 28.7 4.4 5.0
31.0 16.15 2.8 3.7
41.3 12.54 2.3 3.3
- 49.3 12.15 2.3 3.3
56.6 12.00 2.6 3.5
63.7 13.61 2.4 3.4
67.8 15.76 2.5 3.5
71.8 22.51 2.3 3.3
81.9 25.39 2.2 3.3
92.0 23.59 2.2 3.3
102.0 17.49 1.7 3.0
111.9 14.10 3.1 4.0
121.7 14.59 2.1 3.2
131.5 18.72 2.2 3.3
141.3 21.65 1.5 2.9
151.0 19.65 1.9 3.1
157.8 17.15 3.3 4.1
165.5 13.14 6.1 6.5

Total cross section, 0i = 232.2 £ 7.4 mb.,
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- : Table IV

Differential cross sections for the reaction Si28(p, p')SiZSA*, Q -_=

- -1.78 Mev, in the center-of-mass system. Elab': 11.84+0.15 Mev.

6. do/dQ , % errors
(degrees) (mb/steradian) (do/dQ)relative (do/dQ)absolute
15.4 24.44 6.2 | 6.8
20.5 23.74 3.7 4.7
30.9 22.67 1.9 3.5
41 .2 21.10 2.3 3.7
51.6 18.34 2.2 3.6
61.8 15.91 1.8 3.4
72.0 12.64 2.0 3.5
82.2 10.95 1.8 3.4
92.3 9.43 2.1 3.6
102.2 7.85 2.5 3.8
112.1 ~7.00 2.9 4.1
117.0 6.96 | 2.9 4.1
125.7 7.27 2.2 3.6
131.6 7.64 2.0 3.5
141.3 11.04 1.8 3.4
150.9 14.61 2.1 3.6
160.6 18.31 3.7 4.7
167.3 18.19 4.6 5.4

Total cross sectioh, oi = 164.8 + 4.4 mb.
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peé.ks in Fig. 7, one obtains directly the relative values of the
differential cross sections for inelastic scattering to the two corre-
sponding levels of carbon. Thus, at the laboratory angle of 30° the
cross section for scattering to the 4.43-Mev level is 35 to 40 times as
large as that for scattering to the 7.65-Mev level. No attempt was
made to obtain the angular distribution of the smaller proton group
because its mean range was below the range threshold of the detector
at scattering angles exceeding 50°. Vaughn17 has measured the
angular distributions of 48-Mev alpha particles scattered inelastically
from carbon, and his results are similar with respect to the ratio of
the cross sections for the scattering to the two levels.

As was proposed in the introduction, the angulaf distributions
have been analyzed in terms of the distributions given by the theory of
the formation and decay of an intermediate {compound) nucleus and by
the direct interaction theory of Austern, Butler, and McManus. This
analysis, 'in terms of simple addition of the contributions from the two
distinct mechanisms of inelastic scattering, is justified by the separate
natures of the processes. In the direct interaction process the out-
going scattered part of the incident wave packet passes a given radius
in a time t= Zhi': , where AE is the spread in beam energy. The
part of the incident pulse that forms a compound nucleus is not emitted-
before a time t. = -%— b'e -—,:1[—,- , where % is the '""period of motion'" in
the compound state, D is the average level spacing, and T is the
barrier transmission coefficient., The two outgoing pulses cannot
interfere if tc >t, or AE>DT. This condition is satisfied in the
cases covered by these experiments.

For each of the targets bombarded, the cross section for
formation of the compound nucleus has been calculated by use of the

asymptotic formula
a_ = n(a +X)° [1-V/E],
where
a=1.4xAY3 %1073 cm, v = ze2/(a+x),

and E is the incident proton energy. This expression reproduces the

more exactly calculated values within 15% for E/V >1.2. 3 These
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cross sections can be compared with the measured inelastic proton cross
gections to give an estimate of the fraction of the reaction cross section
contributed by this one decay mode. This expression for 0_ cannot be
used, of course, where there is no overlapping of levels in the region

of excitation of the compound nucleus.

B. Lithium

The angular distribution of protons correspending to the ex-
citation of the 4.61-Mev level of Li' is shown in Fig. 8. The excitation
ene'rgy of the intermediate nucleus, .Be8, was 27.69 Mev, with an energy
spread of about 120 kev in the proton beam. The statistical condition
is assumed to be satisfied at this high excitation, yielding a contribution
symmetric about 8 = 90° to the distribution. Because therexperimental
distribution shows a broad peak near the forward angles, Jo(qa) proved
to bethe: functionthat represented the contribution to the distribution from
vthe_d1rect interaction mechanism. In fitting the data, _](2) was calculated
over a range of values of a, the nuclear radius. Each calculated jS
was subtracted from the experimental distribution and the jg was

selected that give a resulting curve (dashed in Fig. 8) symmetnc about

90°. The best fit to the data was obtained with a = 1.25 Al/3 10 13cm,
but values of a in the interval from 1.20 A1/3 x1 1.3 cm to
1.35 Al/3 10 -1 cm gave sat1sfa.ctory agreement within the experi-

mental errors assigned to the data.

The selection rules given by the direct-interaction theory can
now be applied to give information about the 4.61-Mev level of Li7-. The
rule governing the change of angular momentum (spin) between the

"initial and final states of the nucleus is
Jo4 T +12021 T+ T, 4T,
and £ can take only odd or even values corresponding to a change or no
change in parity between the-l states. Writing I_J’i + Tfl = AJ results
in AT =£ or £ 1. The value £ = 0 has been determined from the order
of the Bessel function that fits vthe. data, therefore AJ = 0,. + 1 with no
parity change. The ground state of Li7 is known to be a (3/2, -) s1:a‘ce,18
that is, its spin is 3/2 and its parity is odd. Thus, application of the
selection rules above yields an assignment of J = 1/2, 3/2, or 5/2 and

odd parity to the 4.61-Mev lével of Li7.
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Levine, Bender, and McGr’uer19 have recently obtained an
angular distribution of 14.5-Mev deuterons scattered from this level
in Li7° The differential cross section increases with center-of-mass
angle in the interval from 17° to 90°, the extent of the distribution.
The authors reported that the distribution was not in accord with the
prediction of the theory of Huby and Newns, 20 which similarly describes
inelastic deuteron scattering in terms of direct interactions at the
nuclear surface.

The mieasured cross section for inelastic proton scattering
to this level is 0, = 95.1 + 3.1 mb, 80% of which is contributed by

the component symmetric about 6 = 90°. The result

indicates the strong competition provided by other modes of decay of
the intermediate nucleus, the principal ones being neutron or proton
emission leading to the formation of one of the several available states
of Be7 or Li7. '
: C.}Carbon

The angular distribution of protons corresponding to the ex-
citation of the 4;'43 -Mev level of C12 is shown in Fig. 9. Fischer's
data at 10 Mev10 are plotted for c"o’rnparison° Qualitatively, the shapes
of the distributions are similar, each exhibiting peaks at forward and
backward angles with the minimum near 95°. Also, the forward peak
is the larger, thus the distribution is not symmetric about 900. In
addition to the increase in the cross section at 12 Mev, the forward
peak has shifted approximately from 35° to 10° and the backward peak
from 140° to 165° with the change in energy. At proton energies of
7.3 Mev, 8 9.5 Mev, 11_ and through the range from 14 Mev to 19.5 Mev21

the distribution maintains the same general shape and indicates that
the direct-interaction mechanism plays no important role. At 31 Mev12
the distribution has changed markedly, ‘becom‘ing strongly peaked near

the forward direction.
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The ground state of C12 is a (0, +) and the 4.43.-Mev level is
a (2, +) state. 18 Thus, AJ = 2 with no parity change; therefore, any
- contribution t6 the angular distribution from dir-ect-interaction.—type
scattering would be given by jg(qa). This function is not peaked in the
forward direction, and it proved to be impossible to fit the data of
- Fig. 9 with a J; in combination with a curv,e_symmetriclz?,about 90°. .

The excitation of the intermediate nucleus, N7, was 12.82
Mev. There is little or no information available on the level structure
of N13 at this excitation, but it can be inferréd from the level sc:herne1
of its mirror nucleus, 'C13° It\is apbarent that no more than two or
‘three levels take part in the reaction, so the :statistical condition of
many states' being excited is not satisfied. The situation probably is
more nearly that one resonance in N13 is responsible for the major
part of the cross section, with small additions coming from the wings
of the neighboring resonances. This could explain both the near
symmetry of the angular distribution and the fact that this near symmetry :
is maintained over such a large energy interval. The shifting of the
peaks toward 6 = 0% and 6 = 180° with the increase in energy. shows that -
the partial waves of higher orbital angular momentum are contributing
. more strongly to the reaction, as is possible at the higher energy.

The inelastic cross section measurediwas O‘i= 246.0+£6.0 mb,.
and gave the results 0,/0, = 0.44 and 0,(12 Mev)/-ci,(lo Mev) = 1.6,
The threshold for the (p,n) reaction is 18.5 Mev, so the only competing
mode of decay of the compound nucleus was that of proton emission to
the ground state of Clz, the so;called compound elastic scattering,
which thus accounts for approximately 56% of the reaction cross
section. --We neglect the contributions of proton emission to the
7.65-Mev state (tﬁeasured to be small) and to the 9.61-Mev state, the
latter because of the small barrier transmission coefficients. A
calculation was made to determine whether or not the large
.O'i('12)/0.i(10) ratio could be explained in terms of barrier penetrability

-alone. Since OC(IO Mev) = OC(IZ Mev), one can make the approximation

0,(12) T(l?_")
;I Tiyg)

]
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the ratio of the barrier transmission coefficients, at the: two energies,

for proton emission to the 4.43-Mev state. With the value 1.4 x
Al/3 410713

lated from tables of Coulomb functions. 2; The calculated ratio was

cm for the nuclear radius, these coefficients were calcu-

T2)
T(10)

in fair agreement with the experimentally determined

= 1.5,

g.(12) . .
%(-1—07 . Also, it is quite reasonable that an increase
in the inelastic cross section at 12 Mev could result from a more nearly

resonant excitation of N13 at that energy.

D. Magnesium

The angular distribution of protons leading to the excitation of
the 1.368-Mev level of Mg24 is shbwn in Fig. 10. The ground state of
Mg24 is a (0, +) state and the 1.368-Mev level is a (2, +) state. 18 Thus,
~as for CIZ, an appropriate fit to the data would be a combination of jg
and a curve symmetric avbout 90°. The increase in the cross section
forward of 40° ruled out this possibility.

Unlike the carbon distribution, the shape of the magnesium
distribution apparently changes quite significantl? with variation of the
.incident proton energy in the range from 4.7 to 12 Mev. 7-10 For ex-
ample, at 10 Mevlo, peaks appear near 60° and 140° with a slight
minimum at 105°. The differential cross section appears to be de-
creasing at 3'_00, but no data are plotted forward of that point. This
variation is readily explained by assuming that several levels of the
intermediate nucleus are excited, but not so many as to satisfy the
statistical condition. Then the outgoing waves of different parity can
interfere, giving asymmetric distributions. With the change in energy
of the incident bea;m a different group of levels would be excited, the
interference terms would have changed, and a completely dissimilar

distribution could result. The formula

W(E) = 0.43 exp [2(0.45 E)%/Z]/Mev
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Fig. 10. Angular distribution of protons from the reaction
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agrees fairly well with the experimentally determined average level
densities for A127 at 9.0 Mev excitation, and therefore it is used to
estimate the average level density for A125 at 13.68 Mev, the excitation
of our intermediate nucleus. The result is Vw ~ 60 levels/Mev, SO
we estimate that approximately seven levels of the intermediate nucleus
would be excited on the average. This hardly qualifies as "many" in
the sense of the statistical assumption, and the region of excitation is
certainly not the continuum where the level width exceeds the level
spacihg. Therefore, the statistical assumption probably should not be
made.
v The measured inelastic cross section was o, = 232.2 £ 7.4 mb

and Gi/cc ~ 0.35. The threshold for the (p,n) reaction is 14.6 Mev,
so the competing processes are essentially only those of proton
emission from A125* to the ground state and the several other available
excited states of Mg24, The smaller oi/oc compared with that for
carbon indicates the larger number of proton emission possibilities.
The ratio |

01(12 Mev)

0. Mev

i ; : _
was calculated by integrating over the range of angles covered by the
1

~ 1.1

10-Mev data, thus the forward peak at 12 Mev was not included.
This value is readily explained as a consequence of the slightly larger

barrier transmission coefficient at the higher energy.

- E. Silicon
- The angular distribution of protons corresponding to the
excitation of the 1.78-Mev level of Si28 is shown in Fig. 11. A
satisfactory fit to the data was made with the combination of a
contribution symmetric about 90° and a j?(qa) for a value of
a=1.25 Al/.3 X 10_13 c

variations in a because slight shifts in the position of the j% peak

m. The analysis was very sensitive to

destroyed the symmetry of the dashed curve. For example, values of
a=1.20 A3 % 107 3cm and 1.30 A/ x 10713 cm gave appreciably

poorer results in fitting the data.
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The ground state of Si38 is a(0, +) state and the 1.78-Mev
level is a(2, +) state. 18 Thus, AJ = 2 with no parity change between
the two states. As before, the selection rules require the order of the
Bessel function (describing the direct-interaction distribution) to be
£ =2. It was not possible to fit the data with a j; function because its
peak is too narrow when a is chosen so that the peak falls near 45°
as is required. The value £ =1 satisfies the selection rule on angular
momentum, AJ = £, £ + 1 but this odd value of £ is ruled out by the
selection rule on parity.

At the 14.14-Mev excitation of the intermediate nucleus, P29,
it is estimated that approximately 10 levels would be excited. In view
of the asymmetry of the magnesium angular distr‘ibutioﬁ, it would be
too much to expect that the statistical condition be met by the excitation
of several more levels in the case of inelastic scattering on silicon.
Howéver, the fact that the silicon distribution is somewhat closer to
symmetry about 90° suggests an approach toward that condition.

The integrated inelastic cross section was o, = 164.8 + 4.4 mb
and O‘i/O'C = 0.25. Since the threshold for the (p, n) reaction is 14.9
-Mev, there is again no neutron emission from the P25* nucleus
competing with the proton emission to the ground state and the available

excited states of Si28.-

F. Conclusions

The observed angular distribution of proténs scattered in-
elastically from Li7, leading to the formatioﬁ of the 4.61-Mev state,
is in agreement with the prediction based on the statistical theory of
the compound nucleus and of the Austern, Butler, and McManus theory.
Distributions of protons scattering to levels in Cl-z, Mg24, and Si28
are not explained by either or both of the theories. It.is thought that
the statistical theory is not applicable because the required condition
that the reaction proceed via the continuum region of the intermediate
nucleus is not fulfilled. " Since Clz, Mg24, and Si28 are tightly bound
even-even nuclei, it follows that the direct-interaction mechanism
could be almost completely suppressed and the incident proton be

captured by the target nucleus whenever it reached the nuclear surface.
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" It is suggested that the reactions involving these nuclei proceed by

way of only a few levels of the intermediate nucleus.

It is reasonable that the direct-interaction type of theory could
be applied more successfully to the inelastic scattering of deuterons
and alpha particles. Competition from formation and subsequent decay
of an intermediate nucleus would be slight, because once a deuteron
or alpha particle had been captured by the target nucleus there would
be little probability of its reemission. The experimental results of
inelastic alpha-particle scattering from carbon and magnesium,
inelastic deuteron scattering from carbon, 23 and inelastic alpha-

particle and deuteron scattering from beryllium24 confirm this belief.
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