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ANGULAR DISTRIBUTIONS OF CHARGED PARTICLES 
FROM- 31-Mev PROTONS ON CARBON 

George J. Hecht 

Radiation Laboratory 
University of California 

Berkeley, California 

April 2 1, 1 9 55 

ABSTRACT 

Angular distributions of several groups of charged particles 

resulting from the bombardment of carbon with 31-Mev protons have 

been obtained. 

The angular distribution of elastically scattered protons 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 ahow that the angles for which they occur are not 

strictly proportional to ~ over the energy range 10 to 31 Mev. 

The angular distributions of two inelastic proton groups from 

the reaction 

P + c12 _ p' + cl2*, 

leaving c
12

* with 4. 43 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. 43 -Mev level, in which both 

total angular momentum and parity for initial and final states are known. 

The shape of the angular distribution of the scattered protons correspond­

ing to the 9. 60-Mev level agrees with the theory and leads to an assign­

ment of J' = 0-, 1-, or 2-. 

A deuteron group from the reaction 

p+Cl2-+d+Cll 

has been identified and the angular distribution has been compared with 

the stripping theory of S. T. Butler by means of the principle of detailed 
11 

balancing. The agreement found indicates that the ground state of C 

is characterized by J = 3/2-. 
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ANGULAR DISTRIBUTIONS OF CHARGED PAR TICI~ES 
FROM 31-Mev PROTONS ON CARBON 

George J. Hecht 

Radiation Laboratory 
University of California 

Berkeley, California 

April 21, 1955 

INTRODUCTION 

A. Scattering Processes 

The scattering of high-energy protons has been used sinee about 

1940 to investigate the energy structure of nuclei and to provide at least 

qualitat<ive concepts of the nature of nuclear forces. The experirnents 

fall into two general classifications: resonance scattering and inelastic 

scattering. The energy relationships in the two processes are shown in 

Fig. 1. The original system ZA + p consisting of target nucleus and 

incident proton has a rest energy E ; kinetic energy E of the system 
.. 0 p 

is plotted vertically above this reference and corresponds to the excita-

tion E of the compound nucleus. If the compound nucleus emits a 
E 

proton of energy E 1 less thanE and goes to the system zA + p' (in-
p p 

elastic scattering), the difference in energy in the center-of-mass 

system between E ' and E is the excitation of the target nucleus. Thu:3, 
p p . . 

observation of the energy spectrum of inelastically scattered protons 

reveals the excited levels of the target nucleus. If kinetic energy is 

conserved then the system returns to ZA + p. Thus if E lies near a 

level. of the nucleus (Z + l )A+ 1, the cross section for t~e elastic 

process might show a peak as the incident energy E is varied through 
,P 

this region (resonance scattering). It is seen that in resonance scatter-

ing the binding energy EB of the proton to the compound nucleus deter-

. mines the lowest observable amount of excitation above the ground state 

of the nucleus (Z + l )A+ 1, while in inelastic scattering all excitations 
A of the target nucleus Z up to E are available. 

p 
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B. Angular Distributions 

Early experiments, using either method, were concerned pri­

marily with revealing the presence of excited levels and determining 

their energies and energy densities, whereas more recent experiments 

are concerned with the angular distributions of the scattered particles. 

The angular distribution yields information about the spins and parities 

of the levels involved. 

1. Inelastic Scattering 

In the inelastic scattering process, two general mechanisms are 

recognized. The first postulates the formation of the compound nucleus, 

which lasts long enough for the incident proton to share its energy with 
1 all the nucleons. A 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 density 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. 
2 

Applying conserva­

tion of parity and total angular momentum as well as of z component of 

angular momentum yields the angular distribution of the scattered protons. 

Theory
3

' 
4 

states that it is symmetrical about 90° in the center-of-mass 

system in cases where the level density is high enough to justify taking 

a statistical average ,and assuming that interference terms between out­

going waves of different parity cancel out. 

The second mechanism assumes that the incident proton stays in 

the vicinity of the nucleus for a time of the order of its transit time 

across the nuclear diameter. The interaction is viewed as a nucleon­

nucleon scattering event taking place in the peripheral region of the 

nucleus and resulting in an angular distribution that is peaked at forward 

scattering angles. This process is favored at higher incident energies 
5 6 

where the absorption length in nuclear matter is longer. Rhoderick 

first observed such a nonsymmetric distribution for the inelastic scatter­

ing of 4. 7-Mev protons from magnesium. Later experiments on carbon 

and magnesium 7' S, 9 with protons of from 7 to 10 Mev and on beryllium 

and carbon at 31 Mev1 0 confirm the character of the distribution. 



Experiments on the heavy elem~nts lead, gold~ tantalum 9 and tin
11 

at 

31 Mev also revealed anisotropies in the angular distribution as well as 

showing that the energy distribution of the inelastic protons was almost 

flat rather than Maxwellian. 

A theory for. such peripheral scattering~ proposed by Austern~ 

Butler,. and McManus 9 

12 
relates the observed cross sections to the mini­

mum allowable change in angular momentum of the proton {in .E units of 

n). They give 

£f -~£ ( j-tf -J\ I a~ 2 

• 

where ki and kf are the wave numbers in the center-of-mass system 

before and after scatte:ringg a is the radius of the peripheral shell of 

the nucleus 9 and j .E ·is the regular spherical Bessel function of order ,E. 

Since this theory is based on the impulse approximation, a good fit with 

experiment can be expected only at small forward scattering angles. If 

the theory is valid, it provides a fairly powerful method of determining 

the total angular momentum and parity of excited levels when the corre­

sponding quantities are known for the ground state. Finke
13 

found 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 nucleon circulating about a closed core of nucleons (a­

particle mod~l). 14 
The tightly bound structure of carbon, on the other 

·hand, might be expected to suppress peripheral interactions and provide 

a more stringent test of the theory. 

2. Elastic Scattering 

The familiar Fraunhofer diffraction pattern of an opaque disk is 

a good approximation to the predictions of the optical model of the 

nucleus 
15

g 
5 

when applied to cases in which nuclear interaction far 

exceeds Coulomb scattering. For carbon, the ratio of total to Ruther-

ford scattering approaches 30. The Born approximation applied to the oJ 

wave functions representing incoming and outgoing protons produces 

essentially the same diffraction pattern. Consequently, the actual ob-

served distribution would not be expected to agree with this theory at 

large scattering angles 9 where the Born approximation does not hold. 



'I 

-8-

Cohen 
16 

has found many diffraction maxima and minima in elastic 

angular distributions at 22 Mev. From the. optical analogue, one expects 

diffraction effects to be proportional to i where ~ is the wave length 

in the center of mass and R the nuclear radius. Coh~m finds this 1/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 ZA bombarded with 

protons may be regarded as the inverse reaction to the stripping of 

deuterons by a target ZA- 1• At 31 Mev Butler stripping theory
17 

is 

appropriate, and the shape of the angular distribution of the cross sec­

tions for production is inferred from that 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. Daitch and French 
18 

demon­

strate the equivalence of the Butler theory and the results of applying 

the Born approximation. They also show that if the interaction is con­

sidered to extend over the entire nuclear radius instead of taking place 

only in a peripheral region (the implicit assumption in the Butler theory) 

a modification in the shape of the angular distribution results which de·­

pends on the depth of the nuclear well for neutrons. 

The energy Q {Fig. 1) is the minimum kinetic energy that must 

be given up in the center-of-mass system to produce deuterons. If 

energies higher than Q are lost the residual nucleus ZA- 1 is left in an 

excited state. 
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EXPERIMENTAL METHODS 
i 

· ! A. Beam Definition 

The beam from the linear accelerator has an angular divergence 

of 10-
3 

radians,. an energy s·pr·ead of about l percent {full width at half 

maxi:l:num), and a .diameter of l/4 inch. 19 The beam is then further 

collimated by the system shown in Fig. 2. It consists of a remotely 

operated four-jaw premagnet collimator c
1

, an analyzing magnet which 
. . . 0 

deflects the beam through 20 , and an adjustable four-jaw postmagnet 

'collimator c
2 

(set at aperture l/8 inCh by 1/8 inch)D all primarily for 

restricting the energy spread. Beam shaping is accomplished by the 

collimator system c
3

, consisting of a l/8-inch circular aperture in a 

carbon disk followed at ~me-foot intervals by 5/32-inch and 3/16-inch 
- . 

apertures whiCh limit slit scattering. The system c
3 

may be retracted 

for initial alignment without breaking the vacuum. The time-average 

beam current at the target is a maximum of 3 x 10- 9 amperes with a 

maximum diameter of 3/16 inch .. A picture of the beam, burned into a 

glass plate at the exit port of the scattering chamber, together with the 

postmagnet collimator,. determines the beam line along which a telescope 

can be sighted to permit accurate alignment of the system C
3 

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 lid 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 ol!lle target angle is to be used for a run, it is possible 

to determine this angle to 0. 2° by placing a front-surfaced mirror at 

one of the target positions and reading the table angle necessary to form 

an image of a reference point mounted on the table as seen through the 

telescope. Pressure inside the scattering chamber is maintained at 
-5 less than 10 mrn of Hg by a local vacuum system. 
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BOMBARDMENT GEOMETRY 

24" 
SCATTERING 

CHAMBER 

IONIZATION 
CHAMBER 

; FARADAY CUP 

MU-8590 

Fig. 2. Bombardment geometry 
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C. Targets 

A 3-mil polystyrene (CH) foil was the primary target. However, 

the p-p scattering from the hydrogen in this target completely masks 

several of the levels of carbon at various forward scattering angles. 

Consequently, an almost pure carbon target was used at these angles. 

This target was prepar~d by gluing a 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 mils thickness. The 'cement was dissolved off with 

ether, and the target was carefully washed in alcohol and water and 

mounted in a metal frame. This.process left some hydrogen (less than 

1 percent), but no other impurities detectable in concentration to more 

than 1 percent. Targets prepared in this way from brittle substances 

like carbon are not entirely uniform in thickness over small areas, so 

that normalization to the CH elastic carbon cross section at 60° was 

made experimentally each time the target was used. 

The targets were sufficiently thin so that less than 1 percent of 

the incident,protons 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 

2 dE Z 
e = E 18od • 

Where a
2 1· s th tt . 1 d dE . th 1 o e mean square sea er1ng ang e an 1s e energy oss 

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 scintillation counter pulses, and {2) a differential-range 

proportional-counter method. 

1. Scintillation Counter and Pulse-Height Analyser 

The scintillation counter consisted 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 this material. Output pulses are delay-line­

clipped to about 1. 0 j.LSec in a cathode-follower clipping preamplifier, 

then fed into a linear amplifier the output of which drives the pulse -height 
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analyser, Fig. 3A. The analyser consists of a pulse subtractor, a 

window amplifier, and a pulse stretcher. 
20 

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 volts. A great deal of effort was 

expended in stabilizing 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 volts) must be taken by sliding the windows along 

successive portions of the spectrum if reasonable window widths ( 1 to 

2 volts) are used. The process of sliding the windows through many 

steps is not entirely reproducible and leads to uncertainties at low 

pulse heights. Enough scalers to record the entire spectrum simulta­

neously should eliminate this difficulty and decrease the required count­

ing time as well. 

Pulse -height resolution is as good as 3. 5 percent (full width at 

half maximum) for 31-Mev protons stopping in the crystal. When the 

plastic scintillator is replaced by a pulsed light source· of comparable 

light output a resolution of one to two percent is observed, indicating 

that the fundamental limitation in resolution is the variation of conver­

sion efficiency (ionization energy into light). Total light collected for 

31-Mev 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 maximizing the energy resolution and the linearity 

over the energy range 10 to 31 Mev. Better energy resolution could 

probably have been attained by using a 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 first used by Benveniste 
21 22 . 

and Cork. • A remotely controlled absorber changer 1s located 



-13-

: ' 

PULSE HEIGHT 
ANALYSER 

I 
I I 
I I 

PM- PHOTOMULTIPLIER 
CF- CATHODE FOLLOWER 
LA- LINEAR AMPLIFIER 
Sub- PULSE SUBTRACTOR 
WA- WINDOW AMPLIFIER 
PS- PULSE STRETCHER 

CLIPPER ~ 

S1 -s~0- SCALERS 
hv- HIGH VOLTAGE SUPPLY 

L__---+;-ihV 
BOMBARDMENT . I COUNTING 

AREA ~ AREA 

PC- PROPORTIONAL COUNTER 
PA- PRE-AMPLIFIER 
VD- VARIABLE DELAY 
VG- VARIABLE GATE 
CC- COINCIDENCE CIRCUIT 

FROM MACHINE 
GATE 

a - PULSE HEIGHT ANALYSIS 
METHOD 

}SINGLES 

REAL COINCIDENCES 

ACCIDENTIAL 
COINCIDENCES 

· FROM MACHINE 
GATE 

b - DIFFERENTIAL RANGE METHOD 
MU-9306 

Fig. 3. Electronics, block diagram 

'"'!'• 

r./ 



-14-

immediately in. front of the telescope and behind an aperture which de­

fines the solid angle for scattering. For a particular energy group of 

scattered particles., nearly enough absorber (R) is introduced to stop 

the group. The degraded particles pass through two proportional cou,nt­

er s, forming a coincidence, and stop in a .6.R foil (..., 6 mg/cm 
2

). A 

third p.roportional 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 root-mean-square scattering angles for the worst case of scattering 

encountered. Thus all particles with a range between R and R + .6.R are 

counted. A plot of counts versus range yields the differential range curve 

of the group. Particles that stop in .6.R produce pulses in the first two 

counters many times higher than the average noise pulse,height, conse­

quently a discriminator level may be set for pulse acceptance (plateau 

measurement). Discrimination level for the third counter is set just 

above the noise level in order to count all particles passing through .6.R. 

Ashby
23 

gives a complete analysis of this type of counter. 

The three proportional counters are supplied by a common hv 

supply regulated to 0.1 percent. The preamplifiers (PA), linear ampli­

fiers (LA), and variable gate (VG) units (Fig. 3B) are all of standard 

laboratory design. Gate widths from the first two counters are 0. 5 fJ.Sec, 

while the gate width from the third counter is 1. 5 fJ.Sec and overlaps both 

1 and 2 in time. The worst jitter in electronics is in the response of 

Gate 3 with respect to Gates 1 and 2, and is 0. 5 fJ.Sec. The 0. 75-f;Lsec 

overlap is sufficient cover for this jitter. Gate pulses are mixed in a 

diode coincidence circuit of time resolution of the order of 0.1 fJ.Sec. 

Coincidences and singles are monitored with scalers (S). A fourth 

variable gate, fed by the delayed output of LA 2, is mixed with ·VG 1 and 

3 in another coincidence circuit to monitor accidental coincidences. 

E. Beam Monitor 

A Faraday cup at the 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 de 

feedback electrometer and a recording millivoltmeter. Permanent 
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magnets at the entrance of the Faraday cup prevent e~scape of secondary 

electrons formed within the cup. 

REDUCTION OF DATA 

A. Calibration of Pulse Height vs Energy 

A typical pulse-height distribution of the charged particles from 

carbon bombarded by 31-Mev protons appears in Fig. 4. The peaks 
' . - . . 
(from right to left) correspond to the elastic peak, the 4. 43-Mev level, 

the 9. 6-Mev level, the i 5-Mev level, and deuterons associated with the 
. l 1 

ground state of C . In particular, the energies for the first three peaks 
·' 

can be 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. 5. It is seen that the dependence is linear to below 10 Mev. Some 

deuteronpoints are shown on this plot to illustrate that deuterons with 

dE/dx greater than that for protons at the same energy produce less 

light at 'the photocathode, a saturation effect of the scintillator. This 

type of energy calibration, although sufficient for the region of the first 

three peaks, is inadequate at lower energies for the precise determination 

of the energies of new levels, since the pulse-height analyser introduces 

uncertainties in regions of low pulse height (cf. Sec. D above). 

B. Range-energy Dependence 

For a more precise energy determination of a particular group 

the range counter is used and a differential range spectrum is plotted .. 

The energy is obtained from the range at the center of the peak by using 

S . h' .. . 24 . b 15 h m1t s range-energy plot. For energ1es a ove Mev t e derived 
. 13 

express1on 
·L 778 2 

R = (antilog 0. 4362) EM + 2. 0 mg/cm ev 

is employed. 

C. Kinematics 

{1) Transformation from labor:?-tory to center-of-mass system 

For the reaction 

.. 

/j 
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M l + M 2 + Ep - M 3 + M 4 + .e + Ef, 

where E is the nuclear excitation energy, 

M 1 and M
3 

are incident and outgoing particles, 

M 2 and M
4 

are target and residual nuclei, 

Ep is the laboratory energy of the incident particle, 

Ef is the kinetic energy of the system after collision .. 

If a and <1> are the scattering angles (lab. and c. m. 

respectively), and dO and dw are the solid angle differ­

entials (lab. and c. m. respectively), 

the following nonrelativistic formulas apply: 

tan a = sin cp 
cos <1> + r 

and 

where 

cos <1> = cos a 
7"',1-~2-.-..,.2--.., . 2 a 
~ - T Sin a - r S1n 17, 

sin (<I> - 9) = r sin 9 , 

dw · = f?in cp d q, 
dO sin a d a 

J 2 2 ')2 = (r cos a+ ~ - r sin a 

J l - r2 sin2 e 

1 z= 
r 

2 
c .. 

(2) The lab •. energy of particles scattered at· angle. 9 is 

Ml M3 Ep [ j Z 2 ~1 2 
E9 = {M + M )2 2 r cos a + 1 - r sin 9 J 

1 2 r 
12 

For protons elastically scattered from C the incident energy 

Ep may be found from th~ ~cattered energy Ea and cp by 

E = 1. 1 7 4 E Sln a 
p 9 . 2 ... 

s1n "' 
·For deuterons leaving C ll in the ground state,. Ep is found 

from Ea and <1> by . 

E. = 1. 2803 sinz B E 17 86 M 
2 

a + • · ev. 
p . ... 17 

s1n "' 
(3) The excitation energy E of a level corresponding to a partic­

ular group of protons of energy EO is 

E = 0. 9166 Ep - l. 083 EB + 0. 1666 cos 8 j_Ep E;. 
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D. Differential Cross Section 

In the center-of-mass system the differential cross section 

corresponding to a particle group scattering at an angle e is 

where N is the total number of particles scattered into solid 
s 

angle .6.0, Putting the quantities in conv~ntional units and sub-

stituting for f(lJ) from the preceeding section, we have 

where 

~ 
36 ·~ J. \ 

da eM cos f)t x 10 l 2 . 2 f) 
::: - r s1n 

dw N s . c v t D.n · · r:;;:-..----,~;,_.,.,.z_....,Z.,..-'i 2 
tcosfJ+\11-r sinfJJ 

e is the charge of the electron in Coulombs, 

M is the mass of C 
12 

in gramsl' 

C is the beam-integrating capacitance in j.Lfarads, 

V is the electrometer potential in volts, 

tis the target thickness in mg/cm
2

, 

D.Q is the solid angle of the counter at the target. 

mb 
ster' 

When data are taken with the pulse-height analyser, N is simply 
s 

+(Ni - Bi), where Ni and Bi are the number of total counts and back-

ground counts in the ith channel, respectively. {Biis approximated by 

drawing smooth curves through the minima of the pulse-height spectra,) 

For the differential range method, 

. N s = ~ (A - B) = ~ [ r ( ~~ D-R) dR - B J 
where A is the area under a peak (gaussian) of the differential range 

curve and B is the total background (again estimated by drawing smooth 

curves through the minima of the spectrum). (~ D.R) is the quantity 

actually measured at each range point R. The area A is found by fitting 

a triangle through the experimental points. The area of a triangle whose 

sides are tangent to a gaussian at the points of inflection, is 0. 968 the 

area of the gaussian, 
I 
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E. Errors 

In terms of measured quantities the eros s section is given by 

d coset d: = N s c v D.o t f <e) · 
For a functional dependence of the form 

"'rT a. 
Y =J.Jx.J 

j J ' 

the law of propagation[ of errors gi;]e~/2 
k = I ~· 5) y . J X. 

J J ' 

Listing the terms separately, we find 

oc = 0.1o/o, --c 

ov --y = 0. 5o/o, 

O(cos tit) 

co.s et 
oe = 0. 2° = 0. 0035 radian, 

= 0. 35o/o, 

0( .6.0) 
.6.0 = 2. 6o/o' 

ot 
-t- - 0. 1 o/o for CH targets and -5o/o for carbon targets, 

Oi(tl) 
£(e) 

0 
:::; 0. 1% for oe = 0. 1 . 

If the cross section for a reaction is a rapidly varying function of angle, 

then the uncertainty of 0. 1° in table setting may contribute as much as 

0. 8 percent uncertainty in cross section (elastic scattering at 20°). All 

the above errors combine to give a relative error of 5. 7 percent. _ To 

this figure must be added the contribution to the error from N . For 
s 

the scintillation counter method J. \ 
ONS -~(Ni+Bi) 
~ is estimated by , 

s 4-(Ni- Bi) 
1 . 

(counting statistics)_ 

For the differential range method 
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oN ~ 6(6R)r r/2 s \ ( 6(A- B)r , __ \ 

"'N t ~ 
.t.R. + A-B 

s i 
Here o(.~~R~ 5(A -B) depends on the counting statistics 

~R = 0. 9%, and A _ B 

but is 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 (elastic data), &JA ~B) is 3 percent while an average 
A-B 

value might be 7 percent. The total combined relative error becomes 

6. O% for lo/o statistics (best data) } 

7. 6 010 f ... r so-t . . d ) for the scintillation method, 
I' .... to statlshcs \average 

6. 5o/o for 3o/o error in A (best data_)} for the differential :range 
9. 6% foJr 1% error in A (average) method. 

It is seen that the total relative error in cross sectiotl. for the 

two methods is quite comparable for the best data taken. The calculated 

error, however, takes no account of contributions to the error in N 
s 

,due to background variations or to shifts in beam energy during runs. 

The former can. be detected when background shifts of more than 10 

percent occur and is a source of trouble common to both methods. The 

latter contributes no error to the cross section as determined by analysis 

of the pulse -height data, since all channels bracketing a peak record 

simultaneously, and thus no counts are lost or counted twice. Shifts in 

beam energy may introduce as much as 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 sections 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 a:r::nount 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. 

I 
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The differential range counter with its coincidence requirement 

is free from this limitation, and exhibits practically no target-out back­

ground. Its superior energy resolution (- l. 8o/o) permits estimation of 

energies of peaks to about 0. 1 o/o (0. 03 Mev at 30 Mev). 

An additional practical consideration in the operation of the 

scintillation counter is that the maximum counting rate is determined 

by the counting rate of all 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 have too low a dE/dx to contribute to pile-up. 

In the light of these considerations it is seen that the most ad­

vantageous way to employ the two methods is to restrict the use of the 

scintillation counter to that portion of the high .. ener gy region of the 

spectrum for which target-out background is negligible. 

RESULTS AND CONCLUSIONS 

A. Pulse-Height and Range Spectra 

Pulse-height distributions similar to those shown in Fig. 4 

were taken at 30°, 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 angles less than 45° 

and is masked by background at angles greater than 80°. A level of 
14 

7. 6-Mev excitation is known to exist · and considerable ef:f:iort 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. Sp:ectra 

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 g~oup and an average of 5 percent 

for the 4. 43 -Mev level. 
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Fig. 6. Pulse-height distributions of protons corresponding to 
ground state an:::l. first excited level of cl2 
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Complete differential range spectra were taken at 15°, 30°, 

45°, 60°, 90°, and 120°, some of which are shown in Fig. 7. Although 

these spectra are much more tedious to take (since only one range point 

is 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-Mev 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 large peak are 

those scattered by hydrogen in the CH target that was used for this 

particular run. These two groups (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" target and corresponds to 

less than one percent of the peak that would be present from a CH target. 

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 a 

steep function of scattering angle, and for the fixed angular aperture of 

the counters ( -1. 6°) a rather large energy dispersion results. 

In addition to the complete spectra listed, all data presented for 

the 9. 6-Mev level as well as those for the pickup deuterons were ob­

tained with the differential range method. The deuteron group observed 

is from the reaction p + C 
12 

-+- d + C 
11 

leaving C 
11 

in the ground state 

(Q = -16.49 Mev). Positive identification of the deuterons was made 

possible by taking advantage of the fact that the first two counters can 

be used to measure the dE/dx of particles that stop in .D.R. Since the 

dE/dx of deuterons, of the same residual range as protons, exceeds 

the dE/dx of protons by about 30 percent, a similar difference in pulse. 

height in the first 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/cm
2

) and the sus-

/ 
2 0 

pected deuterons (R = 165 mg em ) from the data taken at 30 . The 

plateau is definite in both cases and is seen to be about 35 percent longer 

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. 08 Mev, 

14.98 Mev ± 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. 
14 

B. Angular Distributions 

l. 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. 9 and compared.with the results of the Born approxima­

tion, which gives an angular dependence 

da = [j1 (2ka sin <1> /2) l 2 

dw 2ka sin <1> /2 J · 
The value for the nuclear radius producing a best fit to the experimental 

angular distribution at forward angles is a = 1. 80 x A 
1

/
3 

x 10-
13 

em. 

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 9 , a radius of 1. 90 x A
1

/
3 

x 10-
13 

em was required
13

), and 

is not considered a significant measure of true nuclear size. 

The ratio of the observed differential scattering cross section 

to the cross sect~on calculated for pure Rutherford ~cattering yields 

maxima and minima at angles that can be compared to the results at 

10 and 22 Mev. 9 • 16 If <j> CC 'h./R and if R is independent of energy then 

<j>E 
l = 

..KE 
1 

'KE 
2 

= fE;', 
J~ 

I 
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do- rv J, ga (NORMALIZED) 
dw ga 

g = 2 K sin ~/2 

a = 1.80 A13 x 1013 
em 

• • 
• 

• • • • 
' J 

!~!! 
0.1 L.__--:L:---....J_----1-:---~..__ _ ____L ___ L.J 

0 30 60 90 120 150· 180 

</>(CENTER OF MASS) 
MU-9310 

Fig. 9. Angular distribution of the different~al cross section 
for elastic scattering of protons from clZ. at 31 Mev (lab) 
and the Born approximation prediction 
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so that the angles at which the effects occur, at different energies, 

should be related by the factors 

l 

<l>22 = 1. 48, -..... -- = 1. 19, 
'~'31 

The factors actually found are listed below. 

· Angles at which effects occur <1>10 
--10 Mev 22 Mev 31 Mev <l>z2 

max, 50 36 34 1. 39 
min. -- 55 53 --
max. 120 88 80 1. 37 

= 1., 76 Ct 

cp2.2 <l>1o -
<1>31 <1>31 

1. 06 1. 47 

1. 04 --
1. 10 1. 50 

The results pro<;luce factors smaller than those predicted and might 

indicate that the nuclear radius cannot be considered to be independent 

of energy over this energy range. 

2. Inelastic Scattering 

Differential cross sections for inelastic scattering of protons 

from two excited levels of carbon have been mea:sured at a sufficient 

number of angles to make a good comparison to the theory of inelastic 
' 12 

scattering pr·oposed by Austern, Butler, and McManus, In this 

theory the angular dependence is 

~~ - ~£ (g.ir. 
where a is a measure of the radius of the peripheral region in which 

the scattering takes place and £ is the change in angular momentum 

of the incident and scattered protons. This change £ is related to the 

change in angular momentum . .6.J between initial and final nuclei by 

.6.J = £ ± 1 or 0 (i.e .• contribution due to proton spin is ± 1 or 0). 

However, the position of the first observed maximum in the angular 

distribution determines the minimum value of £ where 

~ 1::::. ~ ::::.1 £. = J+J.+l .. 
m1n mln 

I 
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The parity of the wave function representing the excited state is the 

same as ( £ even) or different from ( £ odd) that of the ground state. 

For c 12
p J:: 0+ for the ground state.

14 
Thus a peak in the angular 

distribution directly forward ( £ . = 0) would indicate that .t:.J nn1n . 
{ = [J- J'l) is 0 or 1 with no change in parity. If there is no peak 

directly forward ( .£ " > 0) then either AJ ? 0 with a change in parity 
> m1n . 

or .t:.J = 2 with no parity change. The general rule then is: 

if £min :. 1» then .t:.J = 0, 1, or 2; 

if £ . f l, then AJ = £ . • or £ . + 1. r.n1n rn1n rn1n 

The cross sections of the first excited level of c 12 
are well 

defined at all angles and produce the angular distribution shown in 

Fig. 10. Probable errors are as high as 50 percent for 10° and 170°, 

but.for most points are between 10 and 20 percent and include all 

sources of error in the absolute value of the differential cross section. 

Relative cross sections are nnore reliable by a factor of at least two. 
14 J = 2 for this level, so allowable values of £ are 1, 2, and 3. How-

ever, the parity is also known to be even, consequently the odd values 

of £ are eliminated and there results the unequivocal choice for £ of 

two units. Thus, for this level, instead of predicting a .t:.J and hence 

J', it is only necessary to see if the observed distribution nnatches 

that of j2 (ga). 

A plot of j
2 

for a= 1.82 x A 1/ 3 x 10-!3 em 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 j 2 is adjusted so that the~ maxirnunn falls at 15°, to correspond to 

the observed data, the value obtained for the nuclear radius is 4. 5 x 

A l/
3 

x 10 -l 3 em, 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 than 1. 8 x A 1/ 3 x l0- 13 em produces a max­

imum where none appears in the data and results in essentially only 

one lobe extending over most of the angular rangeo It nnight seenn 

that the plotted distribution could be considered a fit if there were 

evidence of sonne other process (e. g., slit scattering) contributing to 

the higher cross sections at angles less than 40°, but no such process 
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loor-----------------------------------~ 

do- [ ~2 
dw rv iz (ga)J 

g = j( k- k')2+ 4kk' sin2 f/2 
1f3 -13 

a= 1.82 x A x 10 em 

I 
II 

I 
!.!!! !II 

II 

I 
30 60 90 120 150 180 

cp (CI;NTER OF MASS) 

MU-9312 

Fig. 10. Angular distribu~ion of the differential cross section 
for the reaction p + <=; 1 .- p 1 + C 12* (4. 43 Mev) and the 
Austern, Butler, and McManus prediction 
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was found. The data are also 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. ll. Data were taken every 10° 

from 20° to 160° (lab) with the differential range spectrometer. The 

spin and parity of this level are not known. 

The general shape of the angular distribution at forward angles 

is given by j 
1

• Distributions for j
0 

are peaked at 0°.1> while j 2 and 

higher produce distributions which~> when normalized to peak at the 

experimentally observed value of 8 = 40°. are too narrow to fit the 

data. The best fit is given by j
1 

with a= 1.16 x A 1/ 3 x l0- 13 em. 

Poorer fits to the observed distribution could be made for a = 1. 20 x 

A l/3 x 10- 13 c:m as well as 1.10 x A 1/ 3 x 10- 13 em. The fit to the 

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 limits, i.e., between 

1. 0 and 2. 0 x A 1/ 3 em. That a fit can be made to the data at forwa:J;",d 

angles is significant in this theory, since this defines .£ . and thus 
nun 

introduces information about .6.J. In this case then J' = 0, 1 or 2 with 

a parity change. 

The deviation from j
2 

of the observed experimental angular 

distribution for the first excited level at forwp.rd 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, Austern9 

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 level. There would be real value in 

determining the spin and parity of the third level independently to see 

if the fit with j 1 is merely fortuitous. 

3. Deuterons 

The angular distribution of the pickup deuterons from the C 
12 

{p~ d)C 
11 

reaction has been compared with the prediction of Butler 
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if3 -13 a = 1.16 x A x 10 em 
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Fig. 11. Angular distribution of the qifferential cross section 
for the reaction p + c 12 ..... p' +ell* (9. 60 Mev) and the 
Austern, Butler, and McManus curve for 2 = 1 
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Ap, = 

-34-

{Fourier transform 
of qeuteron wave 
function) 

12 -1 
a = 2. 32 x 10 em g b :::. 6a9 

Z =}kd--kp')
2 + (4kdkpsin2 cp/2~ 

r = sum of the radii of deuteron and nucleus 

z.. 1. 4{A 1/ 3 + I) x 1 0 -l 3 em , 

2_ 
n=O 
k = s 

(P, + n)! (ksr + n + I) .. !· {£ + n)! 
' B = _......,._~------- ' 

n !. cg - n)! (2k r )n . .£ n! (.£- n) r (2k r )n 
s n=O s 

k -~2ME' . 
- .'fi • -ik n• 

25 3- 11 
If the shell-model prediction of J = T for the ground state of C 

is assumed, possible values of.£ (the angular momentum carried by 

the picked up neutron) are 1 and 3. 

Figure 12 is a comparison of a Butler -prediction curve for 

.£ = 1 and a curve drawn through th'e experimental points. Although 

more data points would be desirable. the character of the sharp rise 

at forward angles is definite and the similarity in shap~ at larger 

angles suggests a reasonable fit. Efforts to match Butler predictions 

for .£ = 0, 2. or 3 were unsuccessful. Thus, the results are consistent 
li 3 with the assumption that the ground state of C is 2 with odd parity. 
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15 

----- BUTLER THEORY 
--- MEASURED 
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Fig. 12. Angular distribution of the differential cross section 
for the production of deuterons by the reaction p + C 12 -+ 

d + C 11 and the Butler Theory prediction 
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