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ABSTRACT

Angular dlitributloni of several groups of charged panic le« 
resulting from the bombardment of carbon with 31-Mev protons bars 
been obtained.

The angular distribution of eUeticaUy scattered protone is in 
good agreement with the prediction of the Born approximation at 
forward angles, Diffraction effects are compared with the results at 
lower energies and show th u  the aagtee for which they occur are notx
strictly  proportional to ^  over the energy range 10 to 31 Mev.

The angular distributions of two inelastic proton groups from 
the reaction

'; p ♦ CU •• p1 ♦ CU\
leaving C*** with 4.45 Mev and 9.60 Mev excitation* have been analysed 
in accordance with the theory of Austern, Butler, and McManus. The 
theory apparently Is Inadequate for the 4 .45»M*v level, in which both 
total angular momentum and parity for initial and final etntes are known. 
The shape of the angular distribution of the scattered pretons correspond­
ing to the 9 .60-Mev level agrees with the theory and ieadn to a* assign­
ment of J ' s  0% |% or 2*.

A deuteron group from the reaction 
p . C U - d * C 11

hns been identified nod the angular distribution has been compared with 
the stripping theory of ft. T. Butler by means uf the principle of detailed 
balancing. The agreement found indicate* that the ground state of C 11 
Is characterised by J * 5/2*.



ANGULAR DISTRIBUTIONS OF CHARGED PARTICLES 
FROM H-Uav PROTONS ON CARBON

George J. H«chi
Radiation Laboratory 

University o (  California 
Berkeley, California

April 21, 195$

INTRODUCTION

A  Sc altar in i Pioc<m h

Tha acattaring of high-energy protons Hat baan used tinea about 
1940 to Investigate tha energy atructura of nuclei and to provide at laatt 
qualitative concepts of tha nature of nuclear (orcaa. Tha experiments 
fall Into two ganaral classifications! resonance acattaring tad Inalaatlc 
acattaring. Tha anargy rnUtloaahlpt In tha two processes ora shown U 
Fig, L Tha original ayatam Z A ♦ p constating of targat nucleus and 
incident proton haa a vast anargy E^j kinetic anargy E^ of tha ayatam 
la plotted v e r t i c a l l y  abova thla raforanca and corresponds to tha tacit** 
tlon E of tha compound nucleus. U tha compound nucleus rmlta a

• A
proton of anargy E ' lata than E and goaa to tha ayatam Z  a p* fin*

P P
alaatlc acattaring), tha diffaranca in anargy In tha cantai -of-mass 
ayatam batwaan E^' and E^ la tha excitation of tha target nucleus. Thua, 
observation of tha anargy spectrum of Inalaatically acattarad protona 
ravaala tha aacttad levels of the targat nucleus. U kinttir anargy la 
conserved than tha ayatam returns to Z *  4 p. Thai If E^ Uaa naav a 
level of tha nucleus (Z ♦ l)A * \  tha croaa faction for tha alaatlc 
proctaa might ahow a peak *» tha Incldant anargy E^ la varied through 
thla raglon (resonance acattaring). It is aaan that In raaonanca scatter* 
ing tha binding anargy Eg of tha proton to tha compound nuclaua detar- 
mints tha lowaat ohaarvabla amount of excitation abova tha ground state 
of tha nuclaua (Z ♦ t)A 4 \  while In inalaatlc acattaring all excitations 
of tha targat nuclaua Z* up to £  a r t  aval labia.

/  I
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B. Angular Distribution*

Early experiment*, using either method, were concerned p r i­
marily with revealing the preeenct of excited levele and determining 
their energies and energy densities, whereat more recent experiments 
are concerned with the angular distributions of the scattersd particles.
The angular distribution yielde information about ths spine and parities 
of the levels involved*

I ,  In e la s tic  S ca tte ring

In the inelaetic scattering process, two general mechanism• are 
recognised. The first postulates the formation of tho compound nucleus, 
which latte long enough for the incident proton to share its energy with 
all the nucleons.* K proton will be emitted when the energy imparted 
to it by successive collisions becomes great enough for it to escape the 
nuclear well and penetrate the Coulomb barrier. The level deneity of 
excited states of the target nucleus increases with energy and atomic 
weight so that for heavy elements, the energy spectrum of emitted 
protons is continuous and exhibits the Maxwell-like distribution of a 
statistical system at a characteristic temperature.* Applying conserva­
tion of parity ana »otai angular momentum as well as of s component of 
angular momentum yields the angular distribution of the scattered protons* 
Theory5* 4 states that it is symmetrical about 70° in the center-of-maee 
system in cnees w here  the level deneity is high enough to Justify taking 
a statistical average and assuming that interference term s between out­
going wavns of different parity cancel out.

The second mechanism assumes that ths incident proton stays la 
the vicinity of the nucleue for a time of ths ordsr of its  transit time 
acrose ths nucltar diameter. The Interaction ie viewed as a nucleon- 
nucleon scattering event taking place in the peripheral region of the 
nucleus aad resulting in an angular distribution that is peaked at forward 
scattering angles. This process is favored at higher incident energies 
where the absorption length* in nuclsar matter Is longer. Rhoderick4 
first observed such a nonsymmetrlc distribution for tke Inelastic scatter­
ing of 4.7-Mev protons from magnesium. Later experiments on carbon 
aad magnesium 7*4,4 with protons of from 7 to 10 Mrv and on beryllium 
aad carbon at HMev*4 confirm the character of the distribution.

£92 (<»



Experiment a on the heavy elements lead, gold, tantalum, and tin11 at 
31 Mev a lto  revealed anisotropies in the angular distribution as well as 
showing that tha energy distribution of the inelastic protons waa almost 
flat rathar than Maxwellian.

A theory for such peripheral scattering, proposed by Austern, 
Butler, and McManus, 12 relates the observed cross sections to the mini* 
mum allowable change In angular momentum of the proton (In i  units of 
ft). They glva

where and kf are the wava numbers In the center-of-mase system 
before and altar acaltering, a ia tha radius of the peripheral shell of 
the nucleus, and j j  ia the regular spherical Bessel function of order | .  
Since this theory fte based on the impulse approximation, a good fit with 
experiment can be expected only at small forward scattering angles. If 
the theory ie valid, It provides a fairly powerful method of determining 
tha total angular momentum and parity of excited levels when the corre­
sponding quantities a rt known for the ground etate. Finks13 lound fits 
with this theory for the excited levels of beryllium. In this case the 
probability of peripheral scattering is enhanced, since there is a very 
loosely bound nuclsoa circulating about a closed core of nucleoni (a* 
particle modal). ** The tightly bound structure of carbon, on the other 
hand, might be expected to suppress peripheral Interactions and provide 
am ors stringent test of the theory.

2. Plastic Scattering
The familiar Fraunhofer diffraction pattern of an opaqus disk ia 

a good approximation to the predictions of the optical modal of tha 
nucleus 5 when applied to cases in which nuclear Interaction far 
exceeds Coulomb scattering. For carbon, tha ratio of total to Ruther­
ford scattering approaches 50. The Born approximation applied to the 
wave functions representing incoming and outgting protons produces 
essentially the same diffraction pattern. Consequently, the actual ob­
served distribution would not be expected :o agree with this theory at 
Urge scattering angles, where the Born approximation does not hold.
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Cohen^ has found many diffraction maxima and minima In elastic 
angular distributions at 22 Msv. From the optical analogue, one expecte

| r
diffraction effects to be proportional to -g where t  is the wave length 
in the center of mass and R the nuclear radius. Cohen finds this l/R 
dependence to hold for elements from beryllium to thorium. In this 
experiment many carbon elastic data were taken with good accuracy.

C. The Production of Deuterons

The production of deuterons from a  target bombarded with 
proton* may be regarded as the inverse reaction to the stripping of 
d.ut*ron. by » tergal ZA * *, At SI Mar Butlar .tripping tfeaory17 U 
appropriate, and the shape of the angular distribution of the cross sec­
tions for production Is Inferred from thst for stripping if the principle 
of detailed balancing is invoked. In the inverse reaction, the shape of 
the angular distribution of the pickup deuterons provides a measure of 
the angular momentum change and parities. Daltch and French** demon­
strate the equivalence of the Butler theory end the results of applying 
the Born approximation. They also show that if the Interaction Is con- 
sldsred to extend over the entire nuclear radius instead of taking place 
only in n peripheral region (the Implicit assumption in the Butler theory) 
a modification in the shape of the angular distribution results which de­
pends on :he depth of the nuclear well for neutrons.

The tnsrgy Q (Fig. 1) is the minimum kinetic energy that must 
be given up in the canter-of-mass system to produce deuterons. If 
energise higher than Q are lost the residual auclsus 7.A ‘ * Is left In an 
excited state.



EXPERIMENTAL METHODS

A. Beam Definition

The beam from the linear accelerator hae an angular divergence 
of 10** radiant, an energy spread of about l percent (full width at half 
maximum), and a diameter of 1/4 inch. The beam it then further 
collimated by the system shown in Fig. 2. It consists of a remotely
operated four-jaw premagnet collimator C .. an analysing magnet which

«  •

deflects the beam through 20 , and an adjustable four-jaw postxnagnet 
collimator (set at aperture 1/8 inch by 1/8 inch), all primarily for 
restricting the energy spread. Beam shaping is accompli sw*d by the 
collimator system Cy  consisting of a 1/8-inch circular iperture in a 
carbon disk followed at one-foot intervals by 5/32-inch and 3/16-inch 
apertures which limit slit scattering. The system C^ may be retracted 
for initial alignment without breaking the vacuum. The time-average 
beam current at the target le a maximum of 3 x 10** amperes with a 
maximum diameter of 3/16 inch. A picture of the beam, burned into a 
glass plats at tht exit port of the scattering chamber, together with the 
postmagnet collimator, determines the beam line along which a telescope 
can be sighted to perm it accurate alignment of the system C ̂  and the 
scattering chamber centerline.

'  #

B. Scattering Chamber

The scattering chamber is 24 inches in diameter and contains a 
table which can be positioned in angle by remote control to within 0.1°. 
The Hi of the chamber is provided with a remotely controlled target 
holder which can be positioned in angle to 3° and holds as many as six 
targets. If only one target angls is to be used for a run, it is possible 
to determine this angle to 0.2° by placing a front-surfaced m irror at 
one of ths target positions and rtadlng tht table angle necessary to form 
an image oi a reference point mounted on the table as teen through the 
telescope. P rts su rt ineids the scattering chamber is maintained at 
less than 10"* mm of Hg by a local vacuum system.





C. T a r i f f

A 3-mll polystyrene (CH) (oil w n  the primary target. However, 
the p-p scattering from the hydrogen In this target completely vnaeks 
several ol the levels of carbon at various forward scattering angles. 
Consequently, an almost pure carbon target was used at these angles. 
This target was prepared by gluing n thin block of carbon to the face 
plate of a lathe with Duco cement and then very carefully facing down 
the block to about 3 mile thickness. The cement was dissolved off with 
ether, and the target was carefully waehed In alcohol and water and 
mounted la a metal frame. This process left some hydrogen (less than 
l percent), but no other impurities detectable In concentration to more 
than 1 percent. Targets prepared in thin way from brittle substances 
like carbon are not entirely uniform in thickness over nmall areas, so 
that normalisation to ths CH elastic carbon cross section at 60° was 
made experimentally each time the target was used.

The targets were sufficiently thin eo that lees than 1 percent of 
the incident proteae failed to be collected in the Faraday cup because of 
multiple Coulomb scattering. A useful approximate formula giving the 
multiple Coulomb scattering in thin targets to within 15 percent is

T 2 . d E  z
_  9  *  - m n r  •

where SZ l .  th . mean .quire .en tering  angle and dE 1. the energy lo«> 
of a proton of energy E In traversing a foil of atomic number Z.

D. Detectors and Electronics

Two separate counting systems are employed: (1) pulse-height 
analysis of edntilUtioa counter pulses, and (2) a differential-range 
proportional-counter method.

1. Scintillation Counter and Pulse-Height Analyser
The scintillation counter coneieted of a fast plastic scintillator 

(terphenyl in polystyrene) mounted on the face of a DuMont 6291 photo­
multiplier. The thickness of the scintillator is  greater than the range 
of full-energy protons in thle material. Output pulses are delay-line- 
clipped to about 1. Ops^c in a cathode-follower clipping preamplifier.
then fed Into a linear amplifier the output of which drivee the pulse-height



u
analyser, fig , 3A. The analyser consists of a pulse subtracter, a 
window amplifier, and a pulse stretcher.*0 The output is then passed 
into ten 1024 scalers modified for differential pulse-height analysis with 
appropriate coincidence and anticoincidence circuits in each unit so that 
any particular count must fall In one and only one channel. Channel 
widths are adjustable from 0.1 to 10 volte. A great deal of effort was 
expended In stabilising the analyser and removing long-term drifts. 
Over-all window stability is better than one percent for one- or two- 
volt windows. Since only ten scalers are available, a full pulse-height 
spectrum (0 to 100 volte) must be taken by sliding the windows along 
successive portions of the spectrum if reasonable window widths ( 1 to 
2 volte) are  used. The process of sliding the windows through many 
steps is not entirsly reproducible and leads to uncertalntise at low 
pulse heights • Enough sc ale re  to record the entire spectrum simulta­
neously should eliminate this difficulty and decrease the required count­
ing time ns well/-'*

Pulse-height resolution is  as good as 1.5 percent (full width at 
half maximum) for ll-Mev protons stopping in the crystal, Whsn the 
plastic scintillator is replaced byapulsed light source of comparable 
light output a resolution of one to two percent i t  observed, indicating 
that the fundamental limitation in resolution is the variation of conver­
sion efficiency (ionisation energy into light). Total light collected for 
ll-M ev protons represents sufficient quanta to produce saturation in 
the output of the photomultiplier if operated at recommended voltages. 
Consequently reduced values of hv were employed; the actual value used 
was determined by maximising the energy resolution and the linearity 
over the energy range 10 to 31 Mev. Better energy resolution could 
probably have been attained by using n sodium iodide crystal, but with 
the concomitant evils of surface impurity effects and higher background 
response to gamma radiation. The observed energy levels of carbon are 
sufficiently well spaced to obviate this need.

2. Differential Range Telescope and Equipment
In the differential range method, particles are detected in a 

telescope of three proportional counters of a type f lrs t used by Benveniste 
and Cork. **'22 A remotely controlled absorber changer ie located

C6- 12



MCA
p m - p h o t o m u l t ip l ie r  
CF-CATHODE POLL WER CLIPPER 
L A - UNCAP AMPLIFIER 
Sub -  PULSE SUBTRACT©*
WA -  WINDOW AMPLIFIER 
P S -P U L S E  STRETCHER 
Si - *  S * -  SCALERS 
hi -  HIGH VOLTAGE SUPPLY

PULSE HEIGHT 
ANALYSER

T * i+ » O O U N T IN O

PROM MACHINE 
GATE

0  -  PULSE HEIGHT ANALYSIS 
METHOO

tr i - r1 1 u i1 * ; « .u:iy ».v- rSJ-[  ; ' !  ».v

SINGLES 

REAL COINCIDENCEStw ACCOENTIAL
COINCIDENCES

fivvl
COUNTING 

*  AREA
PC-PROPORTIONAL COUNTER
P A -P R E - AMPLIFIER
VO-VARIABLE DELAY
VO * VARIABLE GATE
CC * COINCIDENCE CIRCUIT

b  -  DIFFERENTIAL RANGE METHOO

FROM MACHINE 
GATE

HU4SOA

Fig. 3. Electronics block diagram

h  '

M i m



• 14.

immediately in front of the telescope and behind an aperture which de* 
fine 8 the solid angle for scattering. For a  particular energy group of 
scattered particles, nearly enough absorber (R) ie introduced to atop 
the group. The degraded particles pass through two proportional count* 
ere, forming a coincidence, and atop in a AR foil 4 mg/cm2). A 
third proportional counter provides an anticoincidence pulse if a particle 
travels too far. So that no particles are lost because of multiple scat­
tering in the counter foils, the counters have an aperture that subtends 
two ro o t - m e  a n - s q u a re  scattering angles for the worst case of scattering 
encountered. Thus all particles with a  range between R and R + AR are 
counted. A plot of counts versus range yields the differential range curve 
of the group, particles that stop in AR produce pulses in the firs t two 
counters many times higher than the average noise pulse height, cones* 
quently a  discriminator level may be set for pulse acceptance (plateau 
measurement). Discrimination level for die third counter is set Just 
above the noise lovel in order to count all particles passing through AR. 
Aohby23 gives a complete analysis of this type of counter.

The three propordoaal counters are supplied by a common hv 
supply regulatsd to 0.1 percent. The preamplifiers (PA), linear ampli­
fiers (LA), and variable gate (VO) units (Fig. IB) are all of standard 
laboratory design. Oats widths from the f irs t two counters are 0.5 psec, 
while the gats width from the third counter is 1.5 pssc and overlaps both 

y t  and 2 in time. The w orst jitter in electronics is  in the response of 
Gate 3 with respect to Gates 1 and 2, and is  0.5 pssc. The 0 .75-psec 
overlap is sufficient cover for this jitter. Oats pulses are mixed in a 
diode coincidence circuit of time resolution of the order of 0.1 psec. 
Coincidences and singles are monitored with scalers (S). A fourth 
variable gate, fed by die delayed output of LA 2, is mixed with YG 1 and 
3 in another coincidence circuit to monitor accidental coincidences.

E. Beam Monitor

A Faraday cup at die exit port of the scattering chamber collects 
the beam. The charge is integrated on a capacitor of value known to 
0.1 percent. The potential across the capacitor is  measured by a dc 
feedback electrometer and a recording mill!voltmeter. Permanent



magnet! at the entrance of the Faraday cup prevent escape of secondary 
electrons formed within the cop.

■

REDUCTION OF DATA 

A. Calibration of Pules Height ve Energy

A typical pulse-height distribution of the charged particles from 
carbon bombarded by U-Mev protons appears In Fig. 4. The peaks . 
(from tight to left) correspond to the elastic peak* the 4.43-Usv level* 
the 9. 6-Mev level, the 15-Mev level, and deuterons associated with the 
ground state of C* \  In particular, the energies for the first three peaks 
can he calculated precisely for any scattering angle, as the excitations 
Involved are well known. Thus by varying the scattering angle one may 
generate a scintillator calibration curve of pulse height vs energy as in 
Fig. 9. It is seen that die dependence is linear to below 10 Mev. Some 
deuteron points are shown on this plot to illustrate that deuterons with 
dE/dx greater than that for protons at the same energy produce lese 
light at the photocathode* a saturation effect of the scintillator. This 
type of energy calibration* although sufficient for the region of the firs t 
three peaks, •" inadequate at lower energies for the precise determination 
of the energies of new levels, sides the pulse-height analyser introduces 
uncertainties in regions of low pulse height (cf. Sec. D above).

’ -v/'B. Range-energy Dependence

For a more precise energy determination of a particular group 
the range counter i t  used and a differential range epectrum ie plotted. 
The energy ia obtained from the range at the center of the peak by using 
Smith's range-energy plot.** For energies above 15 Mev the derived 
expression**

R ■ (antilog 0 . 4 J 6 2 ) E + 2 .0  m g /c tn2

is employed.

C. Kinematics

(l) Transformation from laboratory to center-of-masa system
For the reaction m
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Mj ♦ M2 ♦ Ep -  M3 ♦ M4 ♦ « ♦ E( ,

where  < la  the nuclear exci ta t ion  energy,

M j  and 14j  a r e  Inc ident and outgoing pa r t l c leo ,

M 2 Mid M4 a r t  ta rg e t and residual nuclei,
Ep is  the laboratory energy el the Incident p a rtic le ,
Sf is the kinetic energy of the system niter collision.
II 0 and 0 a r t  the ecattering angle* (lab. and c .m . 
respectively), and dQ and dm a re  the eolid angle d iffer­
en tia ls (lab, and C .m . respectively),

the following nonrelativistic form ulas apply:
tan  6 • H i tc o s p T r  f

i— i— r \  2cos 4  •  cos a  11 -  r  a la  0 - r -in 9, 
t in  (4  - # ) ■  r  i l n f ,

d e  « d 4
35T sliToTT

t r  c o s t *  i l  -  r^  sin4 (ft2
- r s i ? e

m 2 m 4

1 s
whs re

[•(V3 v]-
Q -  ((M j ♦ I* ,)  -  (M j 4 U 4j]  C*

(2) The lab . energy of p a rtic le s  scattered  at angle 9 ie

' . ' ( H p V  ^  [ r  c o . •  ♦ J l  - r ‘  .In2 • ]  2 .

For protone elastically  sca ttered  from  C 12 the incident energy 
Ep may be found from the sca tte red  energy Eg and 4 by

E •  1.174 En .
F !  sin4 4

For deuterons leaving C 11 In the ground state, Ep Is  found 
from Eg and 4 by

Eg 4 17.86 Mev.E -  1.2803 
Iw  sln“ 4

(3) The excitation energy c of a  level corresponding to  a par tic
ular group of protons of energy Eg is

t « 0.9166 Ep - 1.083 Eg ♦ 0.1666 cos 0 J S t j E  •
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D. Differential Cro>> Section

In the center -of-maa• system the differential cross section 
corresponding to a particle group ecattering at an angls 0 la

do
as*
do
“3S

_ do do _ do flgkX
jn r h« o t  ' l9)

■ N
coe 6

<ttte■ tVAb
where Ng is the total number of particles scattered into solid 
angls AQ. Putting the quantities in conventional units and sub 
stituting for f(0) from ths proceeding section, we have 

h u  co« 9
as* *

/•M  cose. K 1036 \
N. \  C V i  Ab /

1 - r  sin 1
r  coe e ♦4T^

mb
• t , r ’

where
e is the charge of the electron in Coulombs9 
M is ths mass of C12 in  grams,
C is  the beam-integrating capacitance inpfarads,
V is the electrometer potential in volte, 
t fte the target thlcknees in mg/cm2,
AQ ie the solid angle of the counter at the target.

When data are taken with tho pules-height analyser, Ng is simply 
- B}), where Nj and are the number of total counts and back­

ground counts in the^th channel, respectively. (B^ le approximated by 
drawing smooth curvet through ths minima of ths pulse-height spectra.) 

Tor the differential range roei.

sSt " ) “ * ■ ] •
. -  J

where A ie the area under a peak (gsussisn) of the differential range 
curve and B ie  the total background (again estimated by drawing smooth

JM
curvet through tho minima of the spectrum)* ( ^ -  AR) ie the quantity 
actually measured at each range point R. The area A ie found by fitting 
a triangle through the experimental points. The area of a triangle whose 
sides are tangent to a gaueeian at the points of inflection, is  0.968 the 
area of ths gaussian.

N.  ■a (A* B) “SR
ithod,

D 9

G o * l f tr

mm
iSSfliapLBiSil
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E. E ffort

In tirm i of measured quantities tho cross section i t  given by 
Am c o s t.

• Mt c r a f t  t { 9 ) '

For a  functional d e p e n d e n c e  of the form

r .
the law of propagation of errors glvee^

h . m *

H I  U i  0 * « W I  ■

[ffc?n
Listing the term s separately , we find

i£- - 0.1%,
-  0.5%,

C(cos 6t )
__ 9  tan 0.69, 9, * 45° 69 * 0.2° ■ 0.0035 radian,COS0. t t t

0(co»«t ) 
cos 6. 0.35*,

~  * 0.1% for CH targete and 5% for carbon targets,

« 0.1% for 99 » 0 ,1°.

If the t r o ts  section for a  reaction is a rapidly varying function of angle, 
then the uncertainty of 0 .1° in table setting may contribute as much ae 
0.8 percent uncertainty in cross Section (elastic scattering at 20°). All 
the above errors combine to give a relative erro r of 5.7 percent. To 
this figure must be added the contribution to the erro r from N§. For 
the scintillation counter method «  %w. p vv

tt ”  i t  estimated by^i r 1..
^  p " r Bi>

For the differential range method

. (counting statistics)

S
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0.9%. and depends on the counting statistic•

for the scintillation method*

for the differential range 
method.

H*r* t j r *  *
but in estimated directly from the data by determining the range in 
value of (A - B) for possible triangles making good fits with the data.
Many independent observations impart confidence in the method. In 
the best cases (Mastic data), is l percent while as average

value might he 7 percent. The total combined rslatlvo error becomes

6. 0% for 2% statistics (best data)
7. 6%. far 3% statistic* (average)
6. 5% for 3% error in A (beat data)]
9. 6% far 7% error ia A (average)
It is sees that the total relative error in cross section for the 

two methods is quite comparable for the beat data taken. The calculated 
error, however, takes no account of contributions to the error in N# 
due to background variations or to shifts in beam energy during runs.
The former caa be detected when background shifts of more than 10 
percent occur and ia a source of trouble common to both methods. The 
Utter contribute* no error to the cross section sa determined by analysis 
of the pulse.height data, since all channels bracketing a peak record 
simultaneously, and thus no counts are loat or counted twice. Shifts in 
beam energy may introduce as much aa 20 percent uncertainty in cross 
section for data taken with the differential range method for processes 
with low cross section. Fundamentally then the scintillation counter can 
produce more accurate cross eections than the differential range method 
and requires much less running time. At low energies, however, back, 
ground due to neutron and gamma radiation from the linear accelerator 
becomes a serious problem in analysing the pulse height data, since the 
target.In—-target-out method requires the finding of a relatively small 
difference between two relatively large numbers. There is a physical 
limit to the amount of shielding that can be introduced to reduce this 
background. A thin proportional counter or very thin scintillator in 
front of the analysing crystal to produce a coincidence for heavy charged 
particles only would be an improvement.

•tx
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Th« differential range counter with its coincidence requirement 
ie free from this limitation, and exhibits practically no taxgtt-out back­
g ro u n d .  Us superior energy resolution permits estimation of
energies of peaks to about 0.1% (0.03 Mev at 30 Mcv).

An additional practical consideration in the operation of the 
scintillation counter is  that the maximum counting rate ia determined 
by the counting rate of ail particles stopping in the crystal* not just 
the group being analysed, in contrast to the proportional counter tele­
scope, where most of the particles passing entirely through the tele­
scope hare too low a  dJE/dx to contribute to pile-up.

In the light of these considerations it ie seen that the most ad­
vantageous way to employ the two methods is to restrict the uae of the 
scintillation counter to that portion of the high-energy region of the 
spectrum for which tar get-out background ie negligible.

RESULTS AMD CONCLUSIONS 

A. Pulse-Height and Range Spectra

Pules-height distributions similar to those shown in Fig. 4 
were Uken at 10°, 40°, 50°, 60°, 80°, 100°, 120°, and 140°. In all 
spectra the elastic peak and the peaks corresponding to the 4.43-Mev 
and 9. 6-Mev levels appear prominently. The peak corresponding to 
the 15-Mev level is too small to be Identified at angle* less than 45° 
and Is masked by background at angles greater than 80°. A level of 
7.6-Mev excitation ia known to exist** and considerable effort was 
expended In attempting to detect It in this experiment, but within rea­
sonable running times it could not be found above statistical uncertainty 
at any angle.

As noted previously, the pulse-height analyser is most reliable 
if restricted to the higher pulse-height regions. Consequently the an­
gular distribution of the elastic group and the group corresponding to 
the first excited level were taken from the pulse-height data. Spectra 
similar to those shown In Fig. 6 were taken at 5° Intervals at all angles 
from 10° to 170° in the laboratory system and with a statistical accuracy 
of at least 2 percent for the elastic group and an average of 5 percent 
for the 4.43-Mev level.

22  •
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Fig. 6. Pulse-height distributions of protons corresponding to 
ground state and first excited level of C*2
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Complete differential range apectra were taken at 15°, 30°,
45°, 60°, 90°, and 120°, tome of which are shown in Fig, 7. Although 
these spectra are much more tedious to take (since only one range point 
ie obtained at a time), this method eliminated the possibility of finer 
structure in the peaks of the pulse-height spectra. In addition, inde­
pendent confirmation of the cross sections obtained from pulse-height 
data was provided. In the differential range spectrum of 60° the peaks 
are (from right to left) the elastic group, the 4.43-Uev level, the 9. 6- 
Mev level, the 15-Mev level, and a  small group of deuterons just to the 
right of the large peak of protons. The protons in this Urge peak are 
those scattered by hydrogen in the CH target that was used for this 
particuUr run. These two grotqps (deuterons and protons) would not 
have been resolved by the scintillator at this angle. In the differential 
range spectrum at 30°, there is a  small peak between the proton groups 
corresponding to the 4 .43-Mev and 9.60-Mev levels. This peak is due 
to the hydrogen impurity left in a "carbon'1 target and corresponds to 
less than one percent of the peak that would be present from a CH Urget. 
The width of the peak is greater than the width of the proton groups on 
either side because the energy of protons scattered from hydrogen is i  
steep function of scattering angle, and for the fined angular aperture of 
the counters (~1.6°) a rather large energy dispersion results.

In addition to the complete epectra Ueted, all data preeented for 
the 9 .6-Mev level ae well a t those for the pickup deuterons were ob­
tained with the differential range method. The deuteron group observed 
ie from the reaction p 4 C12 -* (lf C 11 leaving C** in the ground state 
(Q = -16.49 Mev). Positive identification of the deuterons was made 
possible by taking advantage of the fact that the firs t two counters can 
be used to measure the dE/dx of particles that stop in AR. Since the 
dE/dx ot deuterons, of the tame residual range me protone, exceeds 
the dE/dx of protons by about 30 percent, a similar difference in pulse 
height in the fire t two counters should be observable. Figure 8 shows 
the result of plotting counting rate against discrimination level of the 
first two counters for elastic protons (R ■ 1200 mg/cm2) and the sus­
pected deuterons (R = 165 mg/cm2) from the data taken at 30°. The 
plateau Is definite In both caeee and ie seen to be about 35 percent lunger 
for the second group, hence these particles are certainly deuterons.
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The excitation energies of the observed levels as measured 
from analysis of the differential range spectra are 

4.43 Mev * 0.05 Mev,
9.60 Mev * 0. 03 Mev,

14.98 Mev k  0. 11 Mev.
In addition to these levels, there is evidence suggesting the existence 
of a level of low cross section of 21.9»Mev excitation as well as the 
existence of several very broad levels or many sharp ones of excitation 
between 11 and 20 Mev which appear in the spectra taken at backward
angles, Many levels are known to exist in this region from experiments 
with deuterons and alphas as the bombarding particles. **

B. Angular Distributions

1. Elastic Scattering
The differential cross section for elastic scattering has been 

measured at 33 angles with the scintillation counter and confirmed at 
6 angles with the differential range method. The angular distribution 
is plotted in Fig.9and compared with the results of the Born approxima­
tion, which gives an angular dependence

lfcJt (2ka sin 4/2) 
ika sin 4/2

x 10 cm.
Clearly the behavior at large angles does not fit this simple theory. 
The rather large value of the nuclear radius required to fit the data at 
forward angles seems characteristic of this type of matching (in the
case of Be , a radius of 1.90 10*** cm was required**), and
Is not considered a significant measure of true nuclear sise.

The ratio of the observed differential scattering cross section 
to the cross section calculated for pure Rutherford scattering yields 
maxima and minima at angles that can be compared to the results at 
10 and 22 M e v . 16 If 4<Cl/R and if R is independent of energy then

■y —■■ * «||r—L  ,

The value for the nuc ear radius producing a best fit to the experimental 
angular distribution at forward angles is a * 1.80 x tA 1 *
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■o that the angles at which the effect! occur, at different energies, 
should be related by the factors

The lectori actually found are listed below.

Angles at which effects occur ♦iO ♦az *10
lOMev 22 Mev 11 Mev ♦zz ♦ si ♦ s i

max. 50 36 34 1.39 1.06 1.47
min. »  * 55 53 m  m 1.04 - -

max. 120 88 80 l .  37 1.10 1.50

The results produce factors smaller than those predicted and might 
indicate that the nuclear radius cannot be considered to be independent 
of energy over this energy range.

1. Inelastic Scattering
Differential cross sections for inelastic scattering of protons

from two excited levels of carbon have been measured at a sufficient
number of angles to make a good comparison to the theory of inelastic

12scattering proposed by Austern, Butler, and McManus. In this 
theory the angular dependence le

where a is a measure of the radiue of the peripheral region in which 
the scattering takes place and 1 la the change in angular momentum 
of the incident and scattered protons. This change J is related to the 
change in angular momentum AJ between Initial and final nuclei by 
AJ * f a I or 0 ( l .e ., contribution due to proton spin is a 1 or 0). 
However, the position of the firs t observed maximum in the angular 
distribution determines the minimum value of i  where



Tike parity of the ware function representing the excited state is the 
same as (4 ewen) or different from ( I odd) that of the ground state.
For J = 0* for the ground state. *4 Thus a peak in the angular 
distribution directly forward ( |  * 0) would indicate that AJ
( * | j  - J '|)  is 0 or I with no change in parity. If there is  no peak 
directly forward ( tm n̂ > 0) then either AJ S 0 with a change in parity 
or AJ « 2 with no parity change. The general rule then is:

if l min * I, then AJ * 0, 1, or 2;

“  *mt» * *• "  * ^min' -  * l*
The cross sections of the f irs t excited level of are well 

defined at all angles and producs the angular distribution shown in 
Fig. 10. Probable erro rs a r t  as higpi as SO psrcsnt for 10° and 170°, 
but for most points are between 10 and 20 percent and include all 
aourcei of erro r in the absolute value of the differential cross section. 
Relative cross sections are more reliable by a factor of a t least two.
J  * 2 for this lev e l,14 so allowable values of 4 are 1, 2, and 1. How­
ever, the parity is also known to be even, consequently the odd values 
of t  are eliminated and there results the unequivocal choice for |  of 
two units. Thus, for this level, instead of predicting a AJ and hence 
J ', it i t  only necessary to sss if the observed distribution matches 
that of J2(ga).

A plot of for a * 1.82 x A*^3 x 10*** cm is shown in Fig. 10. 
This choice of nuclear radius Is equivalent to requiring the maximum 
of the first lobe of the Bessel function to fall at 40°. If the argument 
of is adjusted so that th<f maximum falls at 15°, to correspond to 
the observed data, the value obtained for the nuclear radlua is 4.5 x 
A*/* x l<f13 cm, which has little meaning. Furthermore, the shape 
of the first lobe becomes far too narrow and many lobes appear over 
the angular range which bear no relation to the observed distribution. 
Going to values of a  less then 1.8 x A*/3 x 10**3 cm produces a max­
imum where none appears in the data and results In essentially only 
one lobe extending over most of the angular range. It might seem 
that the plotted distribution could be considered a fit If there were 
evidence of some other process (e .g ., silt scattering) contributing to 
the higher cross sections at aaglss less than 40°, but no such process
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v u  found. Thu data are a lto  verified by results from the differential 
range spectra for this level. The conclusion is  drawn that this simple 
theory is  inadequate.

* The angular distribution of protons corresponding to the third 
level (e •  9. 6 Mev) is shown in Fig. 11. Data were taken every 10° 
from 20° to 140° (lab) with the differential range spectrometer. The

i

•pin and parity  of this level are  not known.
The general shape of the angular distribution at forward angles 

Is given by Distributions for jQ are peaked at 0°, while and 
higher produce distributions which, when normalised to peak at the 
experimentally observed value of 6 * 40°, are too narrow to fit the 
data. The best fit Is given by with a 4 1 ,14 x A*/* x 10*** cm.
Poorer fits to the observed distribution could be made for a ■ 1.20 x 
A1/ 3 * 10*13 cm u  well >■ 1.10 > A1/ 3 * 10‘ 13 cm . Th. fit to th. 
data shown in Fig, 11 is about as good as any obtained for beryllium.
The value obtained for the nuclear radius perhaps should not receive 
any great weight but should be within reasonable lim its, l .e . ,  between 
1.0 and 2 .0  x A*/* cm. That a fit can be made to the data at forward

• angles is  significant in this theory, since this defines l mln and thus 
introduces information about A l. In this case then J* » 0, 1 or 2 with 
a parity change.

The deviation from Ĵ , tixc observed experimental angular 
distribution for the first excited level at forward angles may in part 
be due to the use of the impulse approximation in the theory. The wave 
function representing the incident proton is considered to be undisturbed 
by the presence of the nuclear potential. In their paper, Auetern, 
Butler, and McManus show that a  correction for the effect of the nu­
clear potential raises the height of the predicted distribution at small 
angles and shifts the first maximum somewhat forward, both of which 
effects seem to hold for this lev tl, There would be real value in

%

determining the spin end parity of the third Isvel independently to see 
if the fit with te merely fortuitous.

3. Deuterons
The angular distribution of the pickup deuterons from the C 

(p,d)Cl * reaction has been compared with the prediction oi Butler
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