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THE DIFFERENTIAL .CROSS SECTIONS 
OF THE ALPHA PARTICLES FROM CARBON 

INDUCED BY 31.8-Mev PROTONS 

H. B. Knowles 

Radiation Laboratory 
University of Califor.nia 

Berkeley, California 

April 9, 1957 

ABSTRACT 

The differential range spectra of the alpha particles origina-

.. tingfrom 31.8-Mev proton bombardment of carbon have been measured. 

Complete spectra were taken every 30° and partial spectra every 

15°. The two- 'pody reacti6ns corre spending to the formation of the 

well-known ground state and 2.37-Mev level of B 9 have been identified 

and the differential cross sections measured. The ground state. was 

best fitted by an 1 = 2 knock-on direct interaction, and the 2.37-Mev 

level could not be fitted. A previously unreported level in B 9 at 

7.0 ± 0.2 Mev has been tentatively identified. The background alpha 

particles have been identified as coming from direct four-body 

breakup, a process which accounts for most of the alpha-particle 

cross section of carbon at this proton energy . 



INTRODUCTION 

Before the present successful independent-particle shell model 

of the nucleus was developed, several other models .of the nucleus 

were considered. One of the earliest was the alpha-particle model, 

which was developed with methods taken over from the physics of 

molecules. 1-
4 

The experimental foundations for such a theory are, 

first, the presence of alpha particles as independent entities inside 

heavy nuclei, which was inferred from their alpha decay, and second, 

the great stability of most of the light nuclei, which are composed of · 

the same (even) number of protons as of neutrons and can in principle 

be separated into an integral number of alpha particles. Ten such 

nuclei are known, counting He 4 as the first. The second, Be 8 , 

conspicuously lacks the stability found in the remaining eight multiple

alpha nuclei, which terminate with Ca 
40 

If an alpha-particle model 

with the simplest geometry is used, a simple calculation of the strength 

of the binding of any contiguous alpha-particle pair leads to roughly 

2.40 Mev ~er bond, 
5 

again excepting Be 
8

, which is unstable to alpha 

d7cay by 96 kev. This agreement appears to be merely fortutious, 

because the independent-particle model leads to a much better qualita

tive under standing. If the closure of shells or sub shells is used as a 

stability criterion, then, of the first four multiple -alpha nuclei, He 4 

lies at the closur~ of the ls 
1
;

2 
shell for both neutrons and protons, 

C 
12 

at the closure of the lp
3

/
2 

sub shell, and o 16 
at the closure of 

8 
both the lp

1
/

2 
subshell and the lp shell. Be , on the other hand, has 

only two lp
3

/
2 

states filled for either kind of nucleon, and thus con-. 

tains two hag ..... occupied subshells. Incomplete subshell closure does 

not of itself prohibit stability for nuclei of masses greater than A~ 16, · 

but in heavier nuclei there are many more bonds for each nucleon. 

It is, however, occasionally informative to consider the alpha

particle model for certain of the light multiple-alpha nuclei. In part-

icular, c 12 
has recently been re-examined by Glassgold and Galonsky

6 

in the light of more complete experimental information on the excited 
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levels. The carbon nucleus is considered to be formed of three alpha 

particles arranged in a triangle whose two possible modes of vibra

tion are mixed with the rotational modes. The number of allowed 

modes of rotation is limited because of the requirement that Bose 

statistics be followed for an assemblage of alpha particles. In con

sequence, there' should be very few low-lying energy levels in carbon 

(or in any multiple-alpha nucleus) and this predicti~n is confirmed by 

experiment. The above calculation is rather successful in obtaining 

most of the known energy levels, although one difficulty is that it 

predicts an excited level at about 5.53 Mev, which has not been 
7 . 

observed. The calculated levels are presumed to have isotopic· spin 

T= 0, and the T = 1 levels to correspond to states that do not resemble 

three alpha particles. As in all recent alpha-particle models, the 

assumption is that the alpha clustering appears and disappears in a 

random fashion, but acts through the requirement of Bose statistics 

to restrict the number of levels allowed by the independent-particle 

model. 

Therefore, it is of some interest to observe the alpha-particle 

energy spectrum from ~dequately excited carbon nuclei. An alpha 

particle requires less energy for separation from carbon than any 

other simple c~nstituent particle (Q = -7.374 Mev), 
7 

but _at the exciting 

energies commonly available its residual range is very small and its 

detection correspondingly difficult. Consequently, many of the 

experiments have been done with nuclear emulsions or cloud chambers. 
' 

The photopartition of carbon into three al'pha particles has ·been 
8-16 

extensively .studied at gamma energies of from 17.6 Mev to 70 Mev. 

The mechanism can usually be shown to proceed in a stepwise reaction: 

(a) c12+'1 -+ c12*, 

(b) C
12* 8 

-+ a+ Be , 

(c) 8 Be -+ 2a, 

in which the Be 8 may be in its ground state, excited to 2. 90 Mev, or 

excited to one of a group of levels near 17 Mev. · The higher levels of 
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Be 8* dominate the reaction after their threshold has been passed, 

suggesting that the excited states of C 
12

* involved are in a T = 1 

state, (which is consistent with electric dipole photon absorption), 

and indicating that the corresponding level or levels of Be
8

* are also 

in a T = 1 state. 
15 

It is of interest here to remark that transitions 

through the Be 8 ground state are no more than one-third as frequent 
8>:C 

as those through the 2.9-Mev level of Be . 

Similar experiments on carbon tripartition have been done 

with heavier particles. The 10- to 14-Mev neutron experiments by 

Green and Gibson 17 were later re-analyzed 
16 

and found to be con

sistent with 

c12+n-c12*+n', 

followed by either 

(a) c 12 * (9.6 Mev) - a+ Be
8 

(ground) 

or, preferentially, 

12* . 8* 
(b) C (11.8 Mev) - o. +Be {2.,9 Mev), 

in which equations the parenthetical numbers indicate the excitation 

above the ground state. A later.experiment
18 

using neutrons of from 

12 to 20 Mev was in essential agreement with Process (a), but 

suggested that carbon excited to higher levels decays to the ground 

state of Be 8, rather than as in (b), above. The calculated Be8 

excitation had valid peaks at 0 and 2. 9 Mev (again with the 2. 9-Mev 

states predominating) for all energies of incident neutrons, However, 
I 

above about 14 Mev neutron energy, the data were also generally 

consistent with the direct breakup process (C 
12

* - 3a) except for 

a small amount through the ground state and 2.9-Mev level. No 

event appeared to involve any level of Be 9 . Overlapping both of the 

above neutron energy regions, Jackson and Wanklyn 19 examined the 

tripartition process with a neutron beam of from 8 to 45 Mev. Their 

results can be summarie;ed thus: 
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12 12* (40%} C + n -+ n' + C (9.6 Mev), 

Neutron energy < 20 Mev: 12* +Be8 C ~ -+ a {ground); 

(60o/o) C 
12 + n -+ n' + 3a; 

Neutron energy > 20 Mev: 
12 . 12* ' 

C +n ·-n'+C (?} 

c 12 >!' (n -+ a+ Be8':'(2. 90 Mev); 

. . 

and appear to be generally consistent with the other information. 

If proton tripartition of carbon is considered, the reaction can 

proceed in one of several fashions. 

(a) Should the proton be inelastically scattered, resulting in the 

excitation of carbon to some level above the alpha-particle separation 

energy, the excited nucleus can: 

(i) decay by alpha emission to some lower level of Be 8 : 
12"" 8>!< 

C -+Be +a; 
12>!< 

(ii) decay into three alpha particles directly: C -+ 3a. 
. 12 

(b) Direct four-body breakup may occur: C (p, p 1
} 3a. 

(c) Direct three-body breakup to some energetically possible state 
8 . 12 8>!< 

ofBe, ispossible: C (p,p 1a}Be . 

(d) Direct two- body breakup to some state of B 9 can happen if the 
12 9* proton "sticks 11 to the nuclear fragment: C (p, a) B . 

(e) The unlikely direct two-body breakup, C 12 (p, Li5 } Be8 , must be 

considered (complications resulting from highly improbable internal 

gamma radiation of any of the excited nuclei are omitted). 

The carbon tripartition by 29-Mev protons from the Berkeley 

linear accelerator has been studied by Need. 20 His findings are 

summarized in Table I. The groups A2, and A
2 

are fairly clear as to 

their mechanism: excited states of C 1 are produced by inelastic 

scattering and decay through either of the two lower levels of Be
8 a 

the 158 events in the Band C groups, about 101 of them are consis

tent with the same sort of process at high carbon excitations and the 

remaining 57 are not. If any of these unexplained events had gone in 

the same way through a higher level of Be8 (about 7.5 Mev), it wouid 
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Table I 

Need's data on 200 events induced by 29-Mev protons 
··-

Group Number A!parent Events dlfcaying Unknow 
of events · cl excitation through Be excitation decay 

n 

(Mev) .. 

:scheme 

0 Mev 490 Mev 

Al 21 9.6 21 0 0 

A2 21 10.8 to 12.8 9 12 0 

B 43 13 to 17 3 40 0 

cl 44 17 to 21 5 I"'' ' 
I" ' 

., 

c2 37 21 to 24 3 aboutAO >about 5 

c3 34 24 to 26.5 lOa 
! 

Totals 

Events 200 51 92 57 

(Fer cent (1 00%) (25%) (46%) ·. ('29%) 

aFive of the ten in this group are associated.with B 9 (ground state) 

decay. 

7 
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have been obscured by the necessary treatment of the data. An attempt 

was made to find evidence for the two-body reactions (d) and (e). 
' 

Clear evidence existed for five events: which went through the ground· 

state of B 9 (which are included in the B 8 ground- state events under 
9 group c 3 ~ but no higher levels of B were weJ.l resolved. Twelve 

events seeme.d to fit an excited level at about 3 Mev, which appears 

to decay with equal probability through either of the two lower levels 
8 9 of Be . The "B events" are, therefore, dynamically possible alter-

nates in 17 of the 58 ''understood" cases. Inspection for c 12 
(p, Li

5
) 

Be 8 indicated that no mo~e than 5o/o of group C, that is, 5 or 6 events, 

could be accounted for by this reaction. 

The alpha-particle reactions are seen to proceed principally 

by inelastic proton scattering. Hecht has independently examined the 

levels so produced by 31.5-Mev protons on carbon, and measured the 

differential eros s sections of the 4.43-Mev and 9.61-Mev levels. 

Levels at 14.98 and 21.9 Mev are also reported as present, as well as 

an indication of low-intensity excitation over the region of from 11 to 

20 Mev. Because the inelastic cross sections should not change very 

much from 29 to 31.5 Mev, some inference can be drawn about the 

eros s section for the tripartition reaction. The 9.61-Mev level in

elastic proton differential cross section can be integrated to give the 

total cross section which is, roughly, 12.2 ± 1.2 millibarns. Energet

ically, the 9.61- Mev level can emit only alpha particles or gamma rays, 

and no gamma rays from this level have .ever been observed. 
20 

They 

should be forbidden by the isotopic-spin transition rule for gammas. 

Because proton excitation of the 9.61-Mev level corresponded to 21 of 

the 200 events observed by Need, the total cross section for the 

tripartition reaction can be estimated to be about 116 ± 29 millibarns. 

The differential-cross section for inelastic proton excitation of the 

higher levels at 14.98 and 21.9 Mev appear to be of approximately the 

same size as the 9.61-Mev cross section, or slightly smaller. These 

would correspond to groups Band C
2 

of Need's data, in which these 

groups each are indicated to be about twice as strong as the A groups 
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for alpha-particle emission alone. Therefore it appeared possible 

that there must be some other tripartition mechanism, which might be 

identified if the energy spectra of the high-energy alpha particles were 

better known. 

For examination of the alpha-particle spectrum, a counte'r 

experiment using 32 Mev-protons from the Berkeley linear accelerator 

seemed to be indicated. Although unable to compete with the cloud 

chamber or emulsion techniques in obtaining the details of a many

body reaction, a counter can collect many more data in the same time 

intervaL 

In the particular case above, the two-body reaction (d) leading . . . 9 
to the proton-unstable nucleus B was of interest in itself, because 

only the ground state and one excited level (at 2. 3 7 Mev) had ever been 
. 7 . 

observed with any certainty. These two levels had previously been 

produced by the reactions 

B10(p,d)B9 

and 

. 23 24 
with 18 -Mev protons from the Princeton cyclotron. ' The differen-

tial cross section of the (p, d) reaction could be fitted with the pickup 

theory originally proposed by Butler, 
25 

and indicated negative parity 

and spin greater than 1/2 for. both levels. The (p, a) reaction yielded 

an isotropic distribution of alphas with the differential cross section 

3±1 rnillibarns per steradian for the B 9 ground state, and an app~oxi
mately isotropic alpha distribution from the 2.37-Mev level with a 

somewhat lower differential cross section. There was a possibility of 

obtaining niore information from the ( p, a) reactions at a higher proton 

energy. Specifically, the appearance of previously unobserved levels 

of B 9 was important, as were the differential cross sections of all 

levels. No formal theory has as yet been given for the medium-energy 

{p, a) reactions, perhaps because there are so few experimental data. 
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EXPERIMENTAL APPARATUS 

Choice of Method 

If an experiment is to detect particles from a nuclear reaction, 

in contract to a scattering experiment, the detecting apparatus must 

be able to separate the reaction products clearly from the primary 

particles. In general, the primary particles are much more numerous, 

especially at small angles to the incident beam. The particular prob

lem in this experiment is to separate alpha particles from protons,' 

and at the same time to obtain good resolution of the alpha-particle 

esergy, in order to examine the spectrum for levels of the B 9 

nucleus. 

Magnetic analysis is inherently capable of the best energy 

resolution, but it was not possible to obtain a sufficiently strong mag

net at the time that it was needed. Pulse-;size analysis of scintillator 

pulses to determine energy, together with measurement of the stop-e 

ping power from a very thin front counter, is often used. Unfortun

ately, the energy resolution of such a system lies between 3o/o and So/o, 

and the alpha particles always. saturate the scintillation centers of the 

crystal, so that one obtains a nonlinear relation of pulse size to 

energy. This greatly complicates the analysis of data. Furthermore, 

even if the energy- recording crystal is exceedingly thin, it still 

counts all the low-range protons, and the resulting pile-up must then 

be eliminated by beam reduction. ·Differential range counting has the 

following feature: it is easy to select against proton pulses in any 

counter, and because the system of counters is necessarily thin, the 

high-energy protons traverse the counters and produce very small 

pulses. Differential range was therefore used, because of its good 

particle discrimination. The resolution is also somewhat better than 

for pulse-height analysis, as is shown in the next section. In order 

to determine energy from range, it proved necessary to re-examine 

the alpha-particle range-energy relation in aluminum, as shown in 

Appendix I. 
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L 

Resolution 

Differential range-energy analysis inherently has rather poor 

resolution for protons, because of straggling. It has been shown by 

Livingston and Bethe
26 

that if a particle of mass M, charge z, and 

initial velocity v has a mean range R, its straggling s is given by 

I 1/2 -2 s R ·:= M z g(v), 

in which g(v) is some function of the initial velocity. Because the 

range can be given as 

-2 R = M z F(v), 

where F(v) is another function of the initial velocity, the protons and 

alpha particles of the same range have almost the same initial vel

ocity, and thus the same g(v). Therefore, if s/ELfor alpha particles 

is compared with s/R for protons, we have 

(s/R)a = (1/Z:) (s/R)p (for the same range), 

and the alpha-particle range straggling is below 2o/o in the region of 

interest. 

Besides straggling, the important contributions to the resolu

tion are: target thickness, thickness of the "range bite" (range 

element separating the last coincidence counter from the anticoinci

dence counter), the inhomogenety of the beam energy, and the energy 
' 

spread in angle caused by the kinematics of the reaction, ·combined 

with the angular acceptance of the collimating system. All other 

effects are negligible compared with the five above. 

If the beam is collimated to be approximately circular in 

shape, the angle to the beam of the target normal should always be 

one-half that of the counter so that the beam spot will appear as a 

circle to the counter collimator, and not as an ellipse. Turning the 

target has the effect of thickening it by about 40o/o (the maximum 
0 

angle of the target normal to the beam never exceeds 45 }, but does 

not spoil the resolution as much as leaving the target fixed at one 

a'ngle, in this experiment. 



• •. 

-14-

The equipment was designed in such a way that the various 

contributions to the resolution were kept roughly equal. The straggling 
r 

is, of course, the greatest contribution at small angles, and decreases 

in absolute magnitude as the counter angle is increased, so that at 
0 

angles greater than 90 , the range bite and target thickness become 

more important. The resolution was found to be about 2. 9o/o at 15°, 
.· 0 0 
S.Oo/o at 90 , and 7.2o/o at 165 . 

Counter 

With the resolution demands taken into account, the counter 

was designed to have a "range bite" ofabout LO mg/cm
2 

of aluminum, 

and to be as thin (in total mg/ cm
2

) ·as possible before the range bite 

was reached, in order that a radioactive source of alpha particles 

might be used for counter calibration. In order that coincidence 

accidentals could be monitored, and Landau effect for protons over

come by absolute identification of alphas, it was 'necessary to use 

two counters in coincidence followed by an anticoinciqence counter. 

Because of the high neutron background, proportional counters filled 

with 96o/o argon..-4o/o carbon were used; they were operated at pressures 

of from 6 to 10 em Hg absolute pressure (the choice of pressure is 6f 

some importance in determining both the range bite and also the 

absolute range, as shown in Appendix II). The three counter.s·were 

formed by alternating three multiwire grids with four grounded foils, 

spaced so that each counter was 3/8-inch thick from foil to foil, and 

the .grid was halfway between the foils. The first and second foils 

were of an exceedingly thin aluminum decorators' leaf, about 

0.20 mg/ cm
2 

in weight, which was surprisingly uniform but very 

fragile. The third foil, comprising most of the range bite, was from 

a sheet of about 0.90-mg/cm2 aluminum.* The last foil, which had 

only to be a ground plane, was of ordinary commercial 0. 00025-inch 

aluminum foil. 

For which I wish to thank Dr. Albert Ghiorso, who donated a section 

of a specially ordered foil. 
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All foils were mounted over 1. 5-inch-diameter circular aper

tures in 2-inch squares of 0.031-inch brass plate, and the grids (of 

eight equally spaced 1-mil tungsten wires) were fabricated on 

0.020..rinch copper plates over 1. 5-inch-diameter apertures. The 

plates that held the foils and grids were positioned with respect to 

one another by slipping two opposite edges into snugly fitting slots. 

milled into pieces of .teflon. The two teflon spacers were fastened to 

either inner side of a brass frame which supported the counter 

assembly, and just fitted into the outer shell of the counter. This 

"filing cabinet 11 construction avoided breaking the thin foils when 

putting the counter together. The foils were all grounded to the frame 

by small wires and silver paint, and the grids each individually 

connected to the inner wire of a Kovar insulator, which had a guard 

ring. All internal electrical connections were made with very short 

1-64 brass machine screws, to avoid contaminating the counter sur

faces and for ease in assembly. 

The entrance foil was of 0. 0005-inch aluminum, clamped to a 

polished brass surface over a gasket of 0.030-inch gum rubber ( 11dental 

dam 11
). From the entrance foil to the third counter there was a total 

thickness of only 5.27 mg/cm 2 Al, including the aluminum equivalent 

of the counter gas. 

The counter entrance was 3/4 inch in diameter, which was 

calculated to be big enough to accept 98% of the most energetic alpha 

particles entering the counter collimator and spreading out because of 

multiple scattering as they approached the ends of their ranges. The 

same requirement of 98% efficiency determined the size of the "active 

area 11 of the internal foils and grids. The outside electrical leads 

terminated in four 11banana plugs•• fitting a proportional counter base 

which had been previously used for many proton- scattering experi

ments. The interior of the base was open to atmospheric pressure so 

that the high-voltage components could be kept out of the Geissler

discharge pressure region. The outer shell of the counter was of 

1/ 4-inch brass, which is thick enough to stop 32-Mev protons. 
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The grid wires were of somewhat smaller size than commonly 

used, in order that proportional multiplication might be obtained at a 

rather low voltage. Combined with the low operating pres sure, the 

small wire size gave the counters a tendency to go over into the Geiger 

region if run at 1000 volts; therefore the normal operating range was 

from 600 to 700 volts" 

Filling System 

Because of the thin entrance foil, the counter could not be 

evacuated and then filled before installation in the scattering chamber. 

Several entrance foils ruptured under test conditions" An additional 

difficulty when the experiment was first attempted was the tendency 

of a filled counter to leak its gas away when placed in the vacuum 

chamber, and even small pressure variations can change the pulse 

height considerably. Both these problems were circumvented with a 

supplementary vacuum system (Fig. 1 ), which was construCted prim-
'-

arily out of 1/ 4-inch copper tubing made up with hard- solder joints" 

The valves were Hoke and Kerotest vacuum types, soft- soldered to 

,the appropriate solder fittings" Vacuum gauges reading from zero to 

30 inches were used, and the glass manometer was sealed to the 

copper tubing with short pieces of gum rubber hose and vacu'um grease. 

In use, the ''Cleanout" and "Filling" valves were closed after 

the installation of the counter, all other valves opened, and the 

scattering chamber and its connections slowly pumped down, first by 

a mechanical house vacuum system, and then by the oil diffusion pump 

on the vacuum package connected to the scattering chamber. The 

counter was simultaneously evacuated through the open valves "A" 

and ''C", and the entrance foil was subjected to no pressure difference. 
' -5 

When a scattering- chamber vacuum of about 2 x 10 mm Hg had been 

reached, valve "A" was closed and the counter line thus isolated from 

the scattering chamber. The counter was then .filled very slowly, the 

gas pas sing through the dry-ice ..,.acetone trap, which kept mercury 

vapor out of the counter (carbon dioxide gas will not freeze out at dry 
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ice temperatures unless pres sure s much higher than an atmosphere 

are reached).· The reference side of the manometer was at vacuum, 

thereby eliminating the need for a simultaneous rea.ding of the atmos

pheric pres sure. The gas could then be removed by opening the 

"Cleanout" valve, 'and the system was normally flushed out twice with 

clean gas before each use. When the chamber had to be opened to 

atmospheric pressure, it was done slowly enough to permit the 

counter to be simultaneously filled to about 1 em more than an atmos

phere of counter gas, thus protecting the foil and keeping the counter 

and filling system clean~ 

Ordinarily the same gas filling was used for two or three days. 

It was found that if it was used for a week, there was a marked deter

ioration in the pulse shape, probably due to contamination and, possibly 

also to the consumption of the carbon dioxide by the large number of 

charged particles traversing the counter. Valve C was closed over

night or when the equipment was left for any similiar period of time 

in order to prevent damage to the counter by some unexpected leak 

in the counter line. If the entrance foil had ever ruptured in either 

dii-ecti_on because of an excessive pres sure difference, all the internal 

foils would have been ruined at the same time. 

Variable Range and Collimation 

The range of the most energetic alpha particles produced by 
- 2 

32-Mev protons on carbon does not exceed 70 mg/ em . A remotely 

controlled range changer, previously built for proton experiments, 

was used. As has been elsewhere described, .2? ten aluminum 

absorbers were arranged on independent solenoid-operated slides, 

and each could be positioned "in" or "out". The thinne:st was approx

imately L 5 mg/ em 2 in weight, the next 3 mg/ em 
2

, and so on, on· a 

binary scale. Because of the high alpha-particle stopping power, an 

absorber of about 0. 75 mg/ cm2 of aluminum was added to the set, 
. I 2 and' those above 48 mg em were not needed for this experiment. 

This thinnest absorber was made of four pieces of the previously 

' ) 
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mentioned decorators 1 leaf sheared and washed together. The open 

area of all absorbers was 0. 75 inch square. They were arranged with 

the thickest absorber closest to the counter, and mounted in a frame 

that fitted between the counter ar:td a 1/ 4-inch brass plate into which 

the 3/16-inch collimating hole was reamed. This hole size was 

chosen to be the same as the approximate diameter of the beam spot 

at the target, and the plate could be adjusted so that it would line up 

. with the center of the counter. No other collimation was required at 

laboratory angles greater than 15°. At 15° and below, a baffle plate 

was needed to keep protons scattered by the beam-collimating system 

out of the counter. 

Radioactive Alpha- Particle Source 

It was clearly desirable to have a source of alpha particles. 

sufficiently energetic to penetrate all three counters, in order to 

determine the approximate levels at which alpha pulses should be 

accepted, 

A source of the long--lived artificial isotope, americium- 241, 

whose alpha particles have approximately 5.5 Mev energy, was plated 

in a layer (in thickness of a few f.Lg/ cm2 ) on a piece of stainless 

steel foil. After some necessary trimming, about 104 counts per 

minute were recorded as the intensity. The source was placed out

side the counter collimating· hole, from which location the alpha 

particles entered the counter in the same direction as would those 

coming from the target. The trimmed foil holding the source vyas 

cemented to a small aluminum. plate, which could be quickly positioned 

in front of the collimating hole, or removed by means of a remotely 

operated two-position solenoid, identical to those used in the range 

changer. The solid angle of the entrance foil was such that about 100 

~lphas per minute traver sed the counters. 

' By interposition of an additional 1. 5 mg/ em 2 with the range 

changer, the alpha particles from the source could be made to stop 

between the second and third counter, and could therefore be used to 

\ 
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measure the counter thickness. Analysis of pulse heights from the 

counters with various absorbers in position assisted in the choice of 

a range-energy relation, as is noted in AJ?pendix I.. 

Pulses from the source were used to set the high voltage and 

the linear amplifier gains. It was found that the pulses from a fresh 

filling of counter gas were about 20o/o smaller than those froni the 

same gas some 6 to 12 hours later. The pulse-height increase con

tinued, but more slowly, for about 24 hours thereafter. The cause 

of the pulse-size rise was definitely in the gas filling, because the 

other pas si ble causes were thoroughly investigated and finally 

eliminated (variation of proportional-counter pulse size with time 

appea!s to be a rather well-known but little-discussed phenomenon). 

After considerable experimentation, it was determined that there is 

an apparent "baking out" of the gas under high voltage, and that the 

pulse size could be most effectively stabilized by reducing the high 

voltage, rather than the linear-amplifier gains. In fact, the pulses 

in all thr.ee counters could usually be adjusted to the heights initially 

set by resetting any one of them through high-voltage reduction, 

leaving the linear amplifiers at their original gains. In this way, 

constant pulse sizes could generally be achieved.within 6 hours after 

a filling. Never the less, the pulse sizes were subsequently checked 

with the americium source at least once in every 3 hours of counting 

time. 

Target 

The target was a thin piece of polystyrene. It was prepared 

by dissolving styrofoam in benzene to form a liquid of the consistency 

of thin syrup and dipping a cover-glass slide into the liquid several 

times, allowing it to dry between clippings. Removal from the glass 

could be accomplished by immersing the glass in 98% alcohol and 

then quickly freeing the foil with a razor blade. Polystyrene foils 

prepared in this fashion' appear to be quite uniform in thickness, 

although air bubbles form if a freshly mixed solution is used. The 

target used in taking all the data presented here was measured by 
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computing the area and weighing; and found to be 0. 598±. 019 mg/ em 
2 

in thickness. 

Beam Definition 

The defining geometry is shown in Fig. 2. Before entering 
' 

the scattering chamber, the linear-accelerator beam was first con

stricted by a four-jawed collimator C 
1 

with independently movable 

jaws, then bent 17.5° in a rectangular analyzing magnet and pas sed 

through a second collimator C 
2 

whose four jaws move simultaneously 

and always form a square aperture. Immediately after the C 
2 

collimator so that slit scattering from the c2 jaws co~ld be supressed, 

the beam was passed through a set of three graphite disks c
3

, spaced 

a foot apart, in which holes of, successively, 1/8-inch, 5/32-inch, 

and 3/16.;.inch diameters had been drilled. 

T.he proton be~m, on leaving the linear accelerator, is known 

to be roughly 3/16 inch in size and to have an angular divergence of' 

approximately a milliradian. Because the "analyzing'' magnet has 

rectangular pole tips, it has almost no angular focusing properties, 

and consequently the angular divergence of the beam is perpetuated 

and appears at collimator C 
2 

as a horizontal space spread. It can 

therefore be shown that such an analyzing system with infinitely 

narrow slits at C 
1 

and c
2 

would have an energy acceptance whose full 

width at half maximum would be greater than 600 kev. This is so 

much greater than the k!J.OWn beam energy spread of about 100 ke.v 

that the dimensions of collimators C 
1 

and C 
2 

cannot select an energy, 

but act primarily to limit the beam intensity. The magnet is really 

a switching device and not in any way an analyzing device. Consequently, 

both C 
1 

and C 
2 

were set at 3/16 inch for this experiment, in order to 

obtain the high-intensity beam that was needed. As a result, a beam

energy variation of almost 0. 90 Mev would have resulted in no more 

than a 50o/o attenuation of the beam intensify. Energy selection was 

done by a stabilizing device which is described below. The collimators 

C 
2 

and c
3 

were aligned optically, and the beam was then steered 
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I 
through for maximum intensity. 

The 32-Mev proton beam is sometimes contaminated with 

8.0~Mev protons from H
2 

+, which is deflected by the magn,et exactly 

as is a 32- Mev proton. No attempt was made to eliminate them, 

because the reaction threshold exceeded 8. 0 Mev. 

Scattering Chamber 

The 24-inch scattering chamber used for experiments at the 

linear accelerator has been previously described. 
27 

The chamber 

was optically aligned and the angular calibrations were checked once 

before and once after the experiment (the chamber was opened to 

atmospheric pressure only once during the course of the experiment). 

All settings of the movable table could be reproduced within ±0. 1°, 

but the indicating selsyn for the target angle was not working, and the 

exterior stem calibration, which could be read no more closely 
0 

than ± 0. 5 , had to be used. 

Electronics' 

The electronics is shown in block diagram in Fig. 3. All 

components de scribed are standard Radiation Laboratory units 'for 

microsecond pulse work. The 0-to- 2-kilovolt high-voltage supply 

was stable to- 0. 01 o/o, and was connected through a high-voltage filter 

located close to the counter. Each of the three signals was isolated 

from the high-voltage supply through a high resistance and shunted 

through a condenser~to a preamplifier, which had a cathode-follower 

output. Each signal (a negative pulse) was then fed into a linear 

amplifier (putting out a positive pulse), next through a variable delay, 

_and then through a discriminator into a variable gate and delay unit. 

The output of the variable gate and delay unit connected to the second 

counter (after this to be referred to as "variable gate 2"} was divided 

and the two branches were fed into two more variable gate and delay 

units, whose discriminators were set well below the level of the 

pulse from variable gate 2 originating with an acceptable count 
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coming from the second counter. The two gate-pulse-driven variable 

gates were called variable gate 2C (coincidence) and variable gate 

2D (delay). The outputs of variable gates-! and 3 were both divided 

as shown. Variable gates 1 and 2C were connected in coincidence 

and variable gate 3 in anticoincidence, on one half of an eight- channel 

quadruple mixer; and variable gates 1, 2D, and 3 were similiarly 

connected on the other half. With the above arrangement, the variable 

gate 2C and variable gate 2D were identical in pulse size acceptance, 

which was then solely determined by setting the discriminator of 

variable gate 2. The settings of th~ discriminators on variable gates 

.1, 2, and 3 are explained in Appendix IL 

The output gates from variable gates 1, 2C, 2D, and 3 were 

lined up in time by feeding an artificial pulse (1 fJ.Sec long and 5 to 

10 mv high) directly into the inputs of the preamplifiers as shown. 

The coincidence gate pulses from variable gates 1, 2C, and 2D were 

about 0. 75 fJ.Sec long and the anticoincidence gate pulse from variable 

gate 3 almost 2.0 fJ.Sec long, to overcome a time jitter that occurs if 

some incoming pulses lie just above the variable-gate discriminator 

settings. After the three pulses on each half of the 8-channel quad-
. 

ruple mixer were put in coincidence, the gate pulse from_variable 

gate 2D was given an additional arbitrary delay of about 5 fJ.Sec. 

Actually the counting rate was so low that the coincidence circuit 

using the delayed pulse (accidentals) rarely recorded a count, but 

the accidental circuit served as a stand-by replacement for the·other 

coincidence circuit (totals) in the event of the failure of a component. 

Single rates from the variable gates 1, 2, and 3 were monitored 

continuously, as were the rates from variable gate 2C and variable 

gate 2D, which were checked against the counts from variable gate 2. 

All the above scalers, as well as the "totals'' and "accidentals;" 

were gated to count only during the 300-:-fJ.Sec beam pulse by a variable 

gate and beam-monitoring unit triggered by the linear accelercitor. 

On a few occasions when the scalers were inadvertently left ungated, 

no perceptible increase in the counting rates was observed. 



...... 

.. 

-26-

Beam Integrator 

The circuit of the recording electrometer has been previously 

described. 
28 

The positive charge deposited on a Faraday cup in a 

vacuum chamber is collected on a precision capacitor, and the result

ing voltage is recorded continuously on a Leeds and Northrup voltage 

recorder, which is automatically calibrated to a standardized voltage . . 
The Faraday cup is ordinarily placed a few inches from the exit foil 

of the scattering chamber. Because energy stabilization of the beam 

was needed, it proved necessary to discard the Faraday cup ordinar

ily used in such experiments, and to use a newer Faraday cup with a 

larger front aperture, which was capable of collecting charge 

efficiently if moved somewhat farther back. The larger cup had no 

permanent magnet to keep electrons (which might be knocked out of 

its entrance foil by incoming protons) from getting to the cup and 

neutralizing some of the positive charge. 

Using as a standard the number of protons elastically scattered 
o· - - . 

at 30 fr-om a 0. 003 -inch polystyrene foil and counted by pulse -height 

analysis, the older (small aperture) and the hewer (large aperture) 

Faraday cups were compared. The large-aperture cup collected 

88.11 ±0.74o/o as much charge as the small-aperture cup for a given 

number of ela.stic protons. Although the small cup had been "considered 

a standard piece of equipment with well-known properties, there was 

still some doubt as to which cup gave the correct reading, because a 

number of effects, such as ioni'zation of any residual gas inside the 

cup, may cause collection of positive charge in excess of that of the 

entering protons. It could be shown that current leakage as a cause 

of the difference was not a possible explanation; if a charge was put 

on either cup and the decay constant measured, the same value was 

obtained for both cups. To test the possibility that undeflected 

electrons from its entrance foil were g~tting on the'large::..aperture 

cup, it was subjected to a strong transverse magnetic field from a set 

of large coils, and the charge collection efficiency was measured as 



'" 

-27-· 

a function of the field strength. The efficiency was found to increase 

as the field was increased, plateauing at about 300 gauss, at which 

field the most energetic electr~:>ns would just be bent away from the 

cup. The ratio of the efficiency under field-free conditions with 

respect to the plateau value of the efficiency was .measured as 

89.01 ± 0. 76 o/o. .The near equivalence of the two ratios indicated that 

the small-aperture Faraday cup was, in all probability, the more 

reliable of the two instruments, arid that the efficiency of the large

aperture cup was 88 .SS ± 0. 53o/o, an average of the two measured values. 

This effidency was consistent with a rough calculation of the number 

of electrons e sca:Ping the entrance foiL The measurements were 

tak,en in cooperation with Dr. Charles Waddell, for whom the large 

cup had been constructed. 

The space demand of the energy- stabilizer component pro

hibited the use of a correcting magnetic field during the collection of 

data. Therefore, the charge collected on the large-aperture cup was 

corrected in the calculations by the reciprocal of its efficiency. 

Beam ... Energy Stabilizer 

The high threshold of the alpha-producing reactions, together 

with the good in·strumental resolution at forward angles, introduced 

a new problem. At a laboratory angle of 15°, it could be calculated 

that the laboratory energy of the alpha-particle groups arising from 

the production of B 9 in its ground state would change by an amount 

equal to 0.870 of any change in the energy of the proton beam. The 

ratio dE~/ dEP is only slightly smaller at larger angles, and not 

very different for· the two-body reactions with 'thresholds a few Mev 

higher. At 15°, the B 9 ground- state alpha particles have a laboratory 

energy of about 22 Mev, and a stopping power in alumirum of 0. 216 Mev 

per mg/ em 
2

. If each absorber channel (range increment) is 0. 7 5 mg/ em 
2 

of aluminum, one channel at this energy corresponds to 162 kev of 

alpha energy, which would be caused by a change of 185 kev in the 

beam energy. Changes of this magnitude were not too uncommon, 
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and would move a narrow peak up or down by more than one-half of its 

width, which might be of the order of two absorber channels. The 

more common beam-energy changes, of the order of 100 kev, 

occasionally caused variations by factors d two in subsequent counts 

at the same range channel. The resolution inherent in the counter 

system was thus lost, and to such a degree that the first excited level 

of B 9 could just barely be detected. 

The causes of the beam-energy changes were investigated. It 

appeared that the instability of the plate-pulse voltage supply for the 

linear accelerator oscillators was an important contribution to the 

difficulty. Temperature changes in the linear accelerator tank also 

contributed to the variation, presumably because of small changes in 

shape of the copper liner, which would change the local tuning ofthe 

rf cavity. However, extreme variations of the injection energy of the 

protons coming from the Van de Graaff did not measurably affect the 

output energy of the linear accelerator. Characteristically, the beam 

energy did not drift, but rather jumped, to a new value. Energy 

variation occurred not only when the rf had been turned off and when 

a serious oscillator spark occurred, but also during running conditions 

when there was no other observed change in the operation. 

To correct the energy changes, an inverse -feedback system 

was designed on the model of that used on the 18-Mev Princeton 

cyclotron. 29 It was not practical to servo the .oscillator plate voltage, 

although doing so would probably have been quite a satisfactory solution. 

Instead, as shown in Fig. 4, a small copper paddle was installed just 

inside the rf liner of the linear accelerator, about 3 feet from the exit 

end. At this position it was nearly opposite the next-to-the-last 
0 

accelerating gap. When the normal to the paddle face. was at 0 to the 

axis of the liner, it lay along an electricaL equipotential and offered 

essentially no resistance. to the radio-frequency fields inside the 

cavity. If the paddle were turned through 90°, it would interfere with 

the peripheral circulating magnetic field and would therefore reduce 

the central electric field in that region of the linec;tr accelerator. 
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(At 200 Me, the effective magnetic permeability of any metallic sub-

stance is zero1 because of the small skin depth. ) In this manner the 

energy of t;he beam could be varied by about 250 kev. The energy of 

the linear accelerator was "measured'' by Coulomb-scattering a few 

of the protons out of the beam as it left the scattering chamber, and 

accepting some of these in an ionization chamber. The ionization 

chamber was operated at a pressure of approximately 30 psig of argon 

and had two electrostatically guarded collector plates opposite one 
):c 

high-voltage electrode, If enough range was interposed in front of 

the ionization chamber, the peak of ionization near the end of the 

proton range could be "centered" between the forward and backward 

collectors. The two .currents, each of which was much greater than 

the current of the entering protons because of gas multiplication, were 

connected to two sides of a difference amplifier. A 10- second RC 

time c_onstarit on each input of the difference amplifier was needed to 
. I 

smooth out statistical fluctuations in the proton current. In order to 

avoid a response to a major change in the beam intensity, good 

common-mode rejection was required of the difference amplifier, 

which is described in Appendix III. 

If the beam energy were to increase; the farther collector 

would receive more ions than the nearer, and the difference amplifier 

was designed to put out a positive current in this circumstance. The 

difference amplifier output current was then passed through an attenua

tion control that damped the oscillations of the servo loop. The 

attenuated current was next fed into a Brown chopper-amplifier, and 

the signal from the latter unit was connected to a Brown servomotor, 

built to operate on the output of the chopper- amplifier. The motor 

*The pres sure was actually adjusted as closely as possible for an 
. 3 

argon density of 5. 00 mg/ em . The high pres sure was used to keep 

the linear dimensions of the ionization chamber small, so that the 

Faraday cup might be as close as possible to the scattering chamber. 
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was geared down by a ratio of 1:128 to turn the paddle. Turning on 

the linear accelerator beam completed the servo loop. If the paddle 

were to move to either 0° or 90°, a limit switch would trip and dis

connect the input to the chopper.;amplifier. (Not indicated on Fig. 4.) 

If either of the limit switches was tripped while in operation, an 

indicator light flashed. The e:x;perimenter then had to switch the 

signal from the ionization chamber out of the circuit and reset the 

paddle by first giving the chopper-amplifier another feedback signal 

(designated as the "manual" signal) and then restoring the broken 

connection. The manual si~nal compared the voltage taken off a 

potentiometer slide connected to the paddle to the voltage taken off 

the slide of an identical potentiometer of opposite-voltage polarity, 

which could be set manually at the master control panel. Because a 

positive input to the chopper-amplifier drove the paddle toward 90°, 

the polarities of the two potentiometer signals were as indicated. The 

return voltage fr~m the paddle potentiometer was also read by a 

small voltmeter, which was calibrated in degrees and indicated the 

paddle position at any time. 

In use the paddle was first _put at about 30° by the manual 

signal, and two absorber wheels were turned until the output of the 

difference amplifier was minimized .. · The absorber wheels contained 

110 increments of 1 mg/cm
2

, each equivalent to about 15 kev of 

proton .energy. Then the system was switched from '~Manual'' to 
\ 

"Ionization chamber" and the interlocking of the servo loop was checked 
·. 2 
by varying the proton absorber about 3 mg/ em above and below the 

estimated mean value, ''meanwhile making sure that the paddle moved 

in the appropriate direction, Because beam interruption would break 

the energy- stabilizing loop, another connection automatically threw 

the system back to ''Manual" whenever the flip gate of the Van de Graaff 

was closed. 

By observing the correcting motion of the paddle on the position 

indicator meter, it was estimated that the resulting stabilization of 
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the beam energy was within ±30 Kev. Some unavoidable response of 

the difference amplifier to the common-mode current from the two 

collectors would vary the stable position by approximately 20 kev 

when the beam current changed by a factor of two. This stability was 

adequate for the demands of the experiment. Absolute range measure

ments of the proton energy were -not successful, primarily because 

the argon pres sure in the io-nization chamber could not be reproduced 
<. < 

with any exactness. Relative beam-energy changes measured by 

rotation of the absorbed wheels agreed with the values that could be 

calculated from the dynamics of the reaction C 
12 

(p, a}B 9. Each peak· 

of an alpha-particle range spectrum was taken at the same beam 

energy, in order to maintain accuracy on the eros s- section measurements. 

Because of the 10-second time con'stant in the feedback loop, 

particular care had to be taken to achieve critical damping, ·as is 

shown in Appendix IV. 
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RE])UC.TION OF DATA 

Alpha- Particle Energy Determination 

The alpha-particle range-energy curve for aluminu!r). was 

re-examined and corrected as shown in Appendix L The mean range 

of alpha particles being counted on any range channel was taken to be 
I' 

the sum of the thicknesses of all absorbers, including those in the 

counter, up to one-half the ·range bite. The mean energy correspond

ing to each absorber channel was tabulated. At any angle, one-half 

the target thickness normal to the counter was included to determine 

the true energy of the alpha particles from the reaction C IZ(p, a)B 9 . 

This reaction was the energy standard, and the most recent value of 
7 

Q = -7.559 Mev was used to calculate the proton energy. 

The m'ajor uncertainty in the total range is in the evaluation of 

the aluminum equivalent of the argon- carbon dioxide counter gas, for 

alpha particles. After consideration of all the available information 

(see Appendix II) the argon stopping power was taken to be equal.to 

the aluminum stopping power. Because the amount of counter gas up 

to the range foil is about 0.48 mg/cm
2

, a IOo/o error in assuming the 

ratio to be unity produces a very small error in the total range 

(O.Io/o to LO<¥o); this is much less than the error in the corrected range-
/ 

energy curv~, which is estimated to be about 2.5o/o. 

Kinematics 

I. Transformations 

In the formulae presented below, the unprimed symbols 

(e. g., E, 8), refer to quantities measured in the laboratory system, 

and primed symbols (e. g., E', $ 1 ) refer to the same quantities in the 

center of mass of the reacting particles. 

a. Laboratory energy to center-of-mass energy transformation .. 

If a particle of laboratory energy E I and mass MI collides with 

a particle of mass M
2 

in the laboratory system, and as a result a 

particle of mass M
3 

is ejected from the moving (MI, M 2 ) center of mass 
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with center-of-mass energy E3, then, as shown in Fig. 5, 

Lab Beam 

\ 

Fig. 5. Kinematics in laboratory system and in 
center- of-rna s s system. 

\ v 'd8' 
3 

e•-e 

be.cause the velocity of the (M
1
+M

2
} center of mass in the lab'oratory 

system is 

u 
(

2M E )1/2 1 1 
= (1) 

the velocity of M
3 

in the center-of-mass system is 

(2) 

and the velocity of M
3 

in the lab system is 

v3 = (2E3/M3)1/2' (3) 

by .the trigonornet:Hc relation 
2 2 2 

v 1 = u +v 3 3 2 u v3 cos e (4) 

(where e is the laboratory angle). 
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Then, by defining the quantity u3 as 

= (6) 

one obtains 

(7) 

which expresses U:e center-of-mass energy in terms of observable 

quantities. Equation (7) may be solved for E
3 

to obtain 

E
3 

= u
3 

cos28 t E 3 ' + 2 cosevu3 (E
3

1
- u 3 sin

2
e) , (8a} 

which, if E'
3 

1 is calculable, can be used to determine the energies in 

the laboratory system. It can also be written in the less familiar form 

or 

E3 = [VE3' -U3sin
2 e + cos evu,j ?_ 

b. The angle transformation 

The lab angle e is related toe' by 

sin e• = ( v3/v3 ')sin e 

sin e 

c. The solid-angle transformation 

(8b} 

(9a) 

(9b) 

If a number N of particles (of mass M
3

) are counted in a 

small finite laboratory solid angle ~ fJ :::- drl, then it can be shown that 

the number N 1 originating in the center-of-mass solid angle dQ' is 

in which we have 

dQ 
N'- drl' N' ( 10) 
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= sin d) d 0 
sinO' d 0 1 

' 
(11) 

because the azimuthal angles <1> and <1> 1 are equal. Referring to Fig. 5, 

for Small displacementS Of 0 and 0 I, We find 

v v dO' 
3 

By the relation 

cos 0) = 

and with the aid of Eq. (9a), we obtain 

= 

or, in- energies, 

sinO d 0 
sinO' dO' 

= 
E' 

3 

~ J u 
l - E~' z· sin 0 

which, for many reactions, is almost equal to E
3 
'/E

3
. 

d. The transformation for the quantity (d2N/ dE dQ) 

( 12) 

( 13) 

(14b) 

In order to examine the heavy alpha-particle background, it 

was necessary to co~pute (d2Ni/ dE
3 

'dQ') in the center-of-mass 

system .. It is clear that the transformation is 

cin 1 dE 1 
3 

Differentiating Eq. ,(8b) with respect to E 3'-t, _ one obtains 

_- JE3' -U 3 sin
2

0 +<?OS 0;-;;;-
- JE:;v - u3 sin2 0 



.,. 

-37-

And therefore, also, (17a) 

E' 
3 

~ 

E 
3 ' -~E ~ 3' 

\ E3 

or 

= ( 17b) 

which is the nonrelativistic statement of the theorem: if p is the 

momentum of a group of particles, the quantity (i ~~~E) is a . 

1 . . . . . t 30 re at1v1shc 1nvar1an . 

20 Calculation of the Center-of-Mass Energy E 3~ 
In the preceding section, no assumptions have been made 

regarding the origin of the. M
3 

particle. Because an alpha-particle 

spectrum can be produced by many reactions, their kinematics are 

now consideredo The total energy available in the center-of-mass 

system is given as Etotv = E 1 [M/(M1+M 2 )] in all cases. 

ao Two-body reactions 

If we have M
1 

+ M
2 

-+ M
3 

+ M
4 

+ Q 

then it can be easily shown that we also have 

E i - M4 . (E Y + Q) 
3' - M

3
+M

4 
tot ·' 

( 18~) 

( 18b) 

in which' Q includes the excitation of M
3 

and (or) M
4

; E
3 

1 has a 

unique value. 

b. Three- body reactions 

( 19a) 

the energy distribution in the center of mass at any one center-of.,. 

mass angle is given by 

dE 1 

3 
( l9b) 
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in which 

E i = I II ' (E i + Q) 
( 

M + M \ 

3 M 3 +MI.+ Mil) . tot 

is the maximum energy available to particle M
3

. 

c. Four-body reactions 

Here we can write 

M 1 + M
2

-+ M 3 + Ma + ~ +Me; 

The center -of-mass energy has a distribution 

p (E v) d E ' = C r;3 v (E ' - E v )2 d E ' 3 . 3 vj!,~ 3 3 3 

( 19c) 

(20a) 

(2<Jb) 

which may, like the three-body reaction, be of different intensities 

at dif~erent angles. The maximum energy E 3 
1 is similarly given as 

E' 
3 

a. c 
( 

M +Mb+M ) 
(E'tot + Q). (20c) 

Iri all the above formulae for E
3 

1, the excitations have been 

assumed to have the shape of delta functions. If the true center- of

mass distribution is to be calculated, the above distributions must be 

folded with the gaussian spread of the energy levels involved in the 

reaction. 

30 Nomograph for the Kinematics 

To permit rapid calculation of the center-of-mass energy of 

any alpha particle, a nomograph was prepared, 
31 

which solved 

Eqso (7) and (l8b), (refer to Fig. 6). The alpha particle was 
12 

assumed to origi-nate from C , and the proton energy to be 31.50 Mev 

as an average value. The error in E ,1 from the assumption of 
a 

constant beam energy is easily corrected by a table of the derivative 

dE 1 

a 
dU 

a 
= l 
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Fig. 6. Reaction energy nomograph. 
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and a first-' order measurement of !::. U The resulting correction of 
a. 

Ea: 1 was almost always less than 0.05 Mev for the m'ost energetic 

alpha particles. 

Correction for Overlapping Channels 

It has been noted that the range bite D.R was equal to 

1.06 mg/cm
2 

Al, and that the average range increment D available 
2 . 

the range changer was about 0. 75 mg/cm . Because the range bite 

exceeded the range increment, a count on absorber channel ''m" 

counted some of the distribution also normally counted on channel 

on 

"m + l ", i.e., the next higher channel in range. Moreover, inspection 

of the absorber values revealed that the range increments D varied . m 
from 0.86 to 0.45 mg/cm

2 
in a rather irregular fashion. If a very . . 

narrow range peak happened to fall on the thinnest channel, a simple. 

sum of the counts under the peak would yield an overlarge differential 

cross section. 

The correction was done by parabolic interpolation. As shown 

in Fig. 7, the true counting-rate distribution in range over any set of 

three channels was assumed to have the form 

d n 
'"Cl"r = 

in which r is taken from the low ;range of the mth range channel. One 

wants to know 

f (r) d r, 

0 

but the quantity that has been measured is 

I 

f (r} d r, · (.6 =range bite) 

0 
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Fig. 7. Correction for overlapping range channels (n is to be 
derived from n +1' n ' and n 1). m . m m m-
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which includes some sizeable fraction of the counts in the (m + 1 )th 

range· channel. But because n + 
1 

and n 
1 

have also been 
. m m-

measured, it is possible to determine the constants a, 13, and '(from 

the three counts, which can be expressed in terms of the D ·'sand the m 
n' s. One then integrates to get n - -The ·resuftfng correctio-n can be 

m 
expressed as 

n = am nm. ,L 1 + b n + c n 1' m , m D;'l m m-

in which we have 

a = 
m 

D 
m 

-2~ 

b 
m 

D 
m 

= 
~ 

c = m 

D 
m 
~ · m-1 

1 + - 2 
(~ 2 _ D 2) 

m 

(~ 2 _ D 2) 
m 1 

+ 2 
6~ (Dm +Dm-1) 

(~ 2 :._ D 2) 
m 

6~(D + D 
1

) 
m m-

1 

The probable error in n is 

D 
(l +~ 

D 
m-1 

(21a) 

(21b) 

2 2- 2 2 ~ 2 2 2 
(on) =a (on' +

1
) + b (on) + c (on 1); (2lc) m m m m m m m-

(o n: ) / n is usually somewhat different from ( o n )jn because, in 
m m m m 

the correction, counts from an overlapping channel have been added or 

subtracted. The probable error on the sum of all counts under a peak 

does not change very much. 

The range channels repeated their pattern of irregular increment, 

so that it was possible to set up a set of correcting constants once and 

use it for every correction. The two alpha-particle peaks corresponding 

to states in B 9 were corrected in this fashion, after the backgrounds 

were determined and subtracted. 
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Differential Cross Sections for the Two-Body Reactions 

The alpha•particle counting rates (in counts per microcoulomb 

of collected charge) were corrected for channel overlap, and added. 

If u (e) represents the laboratory- system differential cross section 

at angle e, N the number of target atoms normal to the beam, and I 

the total number of protons, the sum of all events S is 

s = u (e) D. o N r. 

The Faraday cup has actually collected l' = T} I, in which T} 

is the efficiency of the cup. The target thickness is N = N 0 sec 13 

thick, in which 13 z e/2 is the angle of the target normal to the beam, 

The quantity (S/I') = ::E n is the sum of the counting rates, and the 
m m 

differential eros s section is therefore. 

u (e) = e 11 cos 13 ::E n 
N

0 
D. 0 m m 

(22a) 

. 60 o- 13 b 1n which e = 1. 2 x 1 fJ. coulom per proton, 

D.O = 
. 2 

1T (0. 187m) · 
4 (6.812m)2 

-4 
= 5. 95 x 10 sterradian, 

(mg/ cm
2

) X N A (atoms/mole) 

M (mg/mole) 
· · (proportion carbon\. 

x \by weight inCH } 

~ . fC12~ pr oport1on o · 
X 

in carbon by weight 
19 -2 

= 2.74 x 10 /em 

and as noted, 

1") = 0' 8 8 56 ± . 0 0 53; 

therefore we have 

u(e) = 8.71 cos 13 (f.l.b/stera ~~ount/f.J.coulomb)· [::E n ] . (22b) f < m'l m 
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The differential eros s sections so obtained were transformed 

into the center-of-mass frame by Eq. (14b), and the center-of-mass 

angles were obtained from Eq. (9b ). The necessary prior evaluation 
' I 

of Ea. was done by the nomographcand the first-order correction for 

beam energy. 

The Distribution of (d
2 u 1/ d0 1 dEtJ. 1 ) in the Center of Mass 

The range spectrum ru,n at any laboratory' angle 8 is actually 

(AS/ AnA R P ). On the assumption of one alpha particle per disinte

gration, we have 

· 8.11 cos 7 (As\ == 
A R {-dE~ dx ~) 

8.22 cos ) 
(-dE /dx 

a 

(23a) 

n, (23-b) 

in which the stopping power of ~lpha particles in aluminum (-d E a/ dx) 

is taken (in Mev· cm 2 /mg} at the mean energy of. the particular range 

channel, and n is the counting rate per microcoulomb. The introduc

tion of A R in the denominator automatically corrects the distribution 

for channel overlap. 

The laboratory- system distribution can then be transformed to 

the center -of -mass system by Eq. (17b), after nomographic calculation 

of EO.u. The reciprocal of the same transformation conveniently gives 

the center -of -mass angle for the particular range channel. The 

center-of-mass angle 8 1 is not constant for constant lab angle 8, but 

increases as the alpha-particle energy decreases. 

Discussion of Errors 

The principal errors in the calc~lations of d (8 1 ) and 

are, other than counting statistics, 
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(a) Counter efficiency error 
6e = 2.0%, estimated; --
E 

(b) Solid angle error = 2o3o/o; 

(c) Target thickness error 
6t ' 
-t- = 3o2 %; 

6cosl3 m 
A = tan 13 613 ~ L 0 10; cost-' 

(d) Error from the target angle 

(e) Range bite error 
5(D. R) 
D.R = 1.5o/o; 

(f) Integrator error, containing 0.6% in the Faradc:ty cup 

efficiency, Oo 1% in the collecting capacitor, and 0. 5% in 
. 51' 

the electrometer voltage: -p-·- = 0. 7o/o ; 

{g) Error in counter angle setting (± Oo 1 °) which induces a 

maximum error in the cross sections (because of rapid 

angular variation), 10 3% . 

These errors apply to the laboratory- system eros s section and, 

at worst, add up to 5.0% 0 An additional error in transforming to 

c.mo is the error in d0/c:ID 1, which is essentially the error in E 1/E . 
2 

· a a 
Because R is known to 2% and RoC E , we have 

a 

dE 
a 

E 
a 

and therefore, from Eq. (7), because U. is small, 
a 

dE I 
a 

E' 
a 

1 o/o 0 

The error in dO/ c:ll1 is lAo/o, and the total error (outside of counting 

* 2 statistics) is 6uu(e 1 )/u'(B') = s.mo. The errors in d u 1/(dn 1dE 1 ) 
a 

>';: 
To this 5omo error a noncalculable error of perhaps 3o/o (caused by 

oxygen contamination of the target) must be added. The problem is 

discussed in the next sectiono 
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are about the same, and the values of E 1 against which they are 
a 

plotted may have an absolute error of &E 1 = 0.05 Mev. 
a 
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RESULTS AND DISCUSSION 

Range Spectra 

Complete range spectra were taken at laboratory at1gles of 

30°, 60°, 90°, 120°, and 150°. Partial spectra were taken at the 

intermediate angles of 12.5°, 15°, 45°, 75°, 135°, and 165°, in order 

to include particles from the first excited level of B 9 and any ~ther 9 . . 
feature of interest. The B ground-state alpha peak alone was examined 

0 0 0 
at 52.5 , 67.5 , and 82.5 . Three representative range distributions 

are shown in Fig. 8. The counting errors shown are standard devia

tions, which are used in all subsequent figures. The peaks marked 

"ao" and "a 1" correspond quite precisely to the calculated positions 

of the alpha particles coming fr_om the formation of B 9 in .the ground 
0 

state and at an excitation of 2.37 Mev respectively. On the 30 spectrum 

(and at other forward angles), a steplike feature indicated as "X'' 

appears, and at a range value just below that of a, there is an unresolved 

formation, "Y''. At 30° and 90°, He
3

•s from the reaction 

C 12(p,He 3 )B 10 (Q---2.1.35M ). tdt tth 't' . ev are expec e o appear a e post tons 

indicated. 

Differential Cross Sections of the Alpha Particle from B 9 

The center-of-mass differential cross sections f:or the two 

identified reactions were obtained as previously described. The 
12 9 values of u 1 (e') for C (p, a)B are given in Fig. 9, and for 

12 . 9* . . ' C (p, a)B (2.37 Mev) m Ftg. 10. 

The ground- state differential cross section is observed to be 

strongly peaked forward with a small secondary maximum near 90°. 

One cannot determine from these data whether u 1 (81) is flat or decreas

ing, at angles less than 20°. This differential cross section is very 

different from-that measured by Reynolds at a lower proton energy. 
23 

The distribution for the 2.37-Mev level of B 9 appeared to be so 

curious that it initiated a search for a contaminating reaction. The . 
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10~~--~--------~--------------------------------~ 
DIFFERENTIAL RANGE SPECTRA 

MU-132.44 

Fig. 8. Differential range spectra of the alpha particles at 
. three laboratory angles. 
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Fig. 9. Differential cross section of C (p, a) B (ground). 
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Fig. 10. Differential cross section of C 12 (p, a.) B 9 ,;, (2.37 Mev.).' 
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differential cross section for this level is so small that a few percent 

by weight of a contaminant with the not unreasonable eros s section of 

5 mb/ sterad might contribute the peculiar maximum in the backward 

direction . 

Identification of the Contaminant 

It could be inferred that the reaction leading to spurious counts 

on the first excited level of B 9 was related to an interfering r,eaction 
. 0 

observed at two forward angles. The structure on the 30 data 

labeled "Y" (see Fig. 8) appeared again at 15° (refer to Fig. ll),' 

separated from the a1 peak, but no better resolved. Its kinematics 

are .not consistent with those of a B 9 level, and it was therefore 

inspected for a fit to a (p, a) or (p, He
3

) reaction from the l.lo/o isotope 

C 13 . In either reaction, it would have corresponded to a dubious or 
. . 13 

nonexistent excited level of the product nucleus, and C was thus 

eliminated as the source. 

Because oxygen is a common target contaminant, the proton

induced reactions leading to doubly charged particles from d 6 were 

examined., The (p, a~ reaction was rejected on th_e same basis a~ were 

the reactions from c 13 . It was found however, that d 6 (p, He 3 )N 13 

was in reasonable agreement with the kinematics for the feature 11Y" 

on' the, 15° and 30° data. At laboratory angles greater thane= 135°, 

these He 3 particles should begin to appear as alpha particles from 

the C 
12 

(p, a)B 9 ground- state reaction; The He 3 particles from 

d6 3 13* . 
(p, He )N (2.4 Mev), whose lab energies c;lo not vary so much 

with angle as do the lab energies of the alpha particles fi-om 
12 9 C (p, a)B (2. 37 Mev), would have the same range as the latter at 

e = 150° and be partially resolved (as background) at e = 135° and 

e = 165°.· This appears to be the explanation of the increase of both 

differential cross sections at large angles. The differential cross 

sections for both levels of B 9 are therefore not reliable at c; m. angles 
0 

greater than 135 . 
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Fig. 11. Appearance of the contaminant at 15°. 
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If the He'31 s from the excited level of nitrogen appear backward, 

they are also expected forward. They turn out to fall right on the 

feature "X" atl5° and 30° angles (Figs. 11 and 8 respectively}. 

However, they do not coincide kinematically with "X" at angles greater 

than 30° (as will be shown), and "X 11 required another explanation. 

The presence of oxygen in the polystyrene target is not under

stood, but is probably related to its manufacture from styrofoam. 

Theoretical Interpretation of CY 1 (8 1 ) 

The differential eros s section leading to the ground state 

of B 9 suggests a "direct interaction" process of the kind often observed 

in the medium-energy region. The theor·y developed by Austern, 

Butler, and McManus
32 

is particularly applicable to this sort of process. 

If ,a bombarding particle collides with a particle of equal mass on the 

surface of the nucleus, ejecting it and being itself captured, the 

differential cross section is given approximately by 

1. 
~ Cn n L(QR) r L 2 , .(. 1 L . : 

2 

in which 1. 
2 

= orbital of the :particle knocked out (initial orbital}, 

1.
1 

= orbital of the particle captured (final orbital}, 

the sum in I is from I J.i- 1. fl to £i +£f ' 

j1 is the s:J?heric~l Bessel function of order 1., 

(24·) 

R is the radius of the. "core" nucleus, which is not assumed 

t,p participate in the reaction. 

C ~ 1 = C £. (1., 0;0, 0}, the appropriate Clebsch-Gordan 
2' I 1 2• }. . · 

coefficient, and the average momentum transfer Q is a 

function of angle, 

Q = lk'l- k21 = (kl
2 

+k2
2

- 2klk2 cos8 1
)
1
/

2 
(25) 

in which ki and k
2 

are the magnitudes of the incident and 

outgoing center -of-rna s s momenta, respectively, in units of-11. 
/ 



-54-

The effects of Coulomb and nuclear potential distortion of the incident 

and outgoing waves are neglected. 

If can further be shown
33 

that if the incident and outgoing part

icles are unequal in mass, as when protons knock out alpha particles, 

then if the reaction Mi (m 1, m 2 )Mf occurs the average momentum trans

fer given in Eq. (31) must be modified to 

Q = ~) kl -~Mf~fml1 k2 (26) 

Thus for c 12
(p, a)B 9 , we .obtain Q = 1(8/12)~- (8/9W21 

The ground state of the nucleus of B 9, like its .mirror Be 9, is 

expected to be in a 3/2- state" Ai:negative parity and spin (l/2<I:S 9/2) 
' . 23 ~ 

have already been assigned from the (p, d) reaction" If the theory of 

Austern et al, can be applied to (p, .a) reactions, and if the ground 

state is actually 3/2-, there will be only an i. = l term in the sum in 

Eq. (24), because (a) the alpha spin is zero, (b) the C 
12 

ground state 

is known to be 0 +, and therefore the orbital of any alpha particle in

side the C 12 nucleus must be 1. 
2 

= 0 if Bose statistics are to be 

conserved, ·(c) the proton must then go into a p
3

/ 
2 

state about a core 

Be 8 nucleus that must have zero spin, and i. 
1 

= 1 is the only possible 

value that conserves angular momentum and parity" 

Upon attempting to; fit an 1. = 1 distribution to the data, how

ever, it proved impossible to obtain reasonable correspondence 

(refer to Fig" 12)" An 1. = 2 distribution (Fig. 13) gave the best fiL 

(The calculated disthbutions lack the forward minima expected for 

1. values greater than zero, because the alpha-particle momentum 

greatly exceeds the proton momentum, and the momentum transfer' 

Q at e = 0° is almost as large as the incident proton momentum k . 
p 

The nuclear radii are of reasonable magnifudes in either case. 

This reaction can also be interpreted as a pickup reaction, if 

one assumes that the carbon nucleus occasionally groups ins elf into a 
9 34 triton and a B nucleus. Following the treatment by Bhatia et al., 

the Mi(m 1m 2 )Mf reaction is expected to have the ¢-ifferential cross section. 
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Fig. 12. Bes~ fit fori. = l for the reaction c 12 
(p, a) B 9 (ground). 
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Fig. 13. Best fit for 1. = 2 to reaction c12 (p, a) B 9 (ground). 
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(27) 

in which 1. 1 is the internal orbital (in the M. nucleus) of the particle 
1 

picked up (in this instance, the triton), 
., 

K = (M/Mi)k1 - k2 , the momentum transfer, 

r is the radius of the Mf nucleus, 

l<rJ ~ ~ 1 - (m 1/m2 )i12 / is the_ internal momentum of the' 

m 1 particle inside the m 2 nucleus, 

and G(q) = the Fourier transform of the external wave function 

of m 1 particle in the m
2 

nucleus, that is, the ~xternal 

mom-entum wave functiono 

Now, if the external wave function is approximately 
-1 

s exph A.s ), 

in which sis the proton-triton distance in an alpha particle, and 
2 

_A. =~(21J.E )/ 11 , then, for a separation energy of E = (M + Mt- M ) 
s s p 11 c ' 

G(q) can be calculatedo Neglecting an unimportant normalization 
2 2 -1 . 

constant, we have G(q) = (X. + q } 0 

The momentum transfer K is seen to be proportional to the 

momentum transfer for the knock-on case, Q, as given in Eqo (26 ). 

Because the mass of the core nucleus is 

(28) 

we therefore find.K::: (M
0

/Mf)Q, and the relation of the best fitting 

pickup radius r to the best fitting knock-on radius R is reciprocal: 

r = (Mf/M 0}Ro The calculated cross sections for the best fits to the 

pickup theory will therefore differ from those of the knock-on theory 

only by the factor G 2 =''(\2 +q 2 f 2
0 ·For the B 9 ground state, G 2 acts 

to reduce the knock-on calculated cross sections by a factor of about 

three in going from 0° to 90°, ·and the fit for the pickup reaction was 

even poorer than that for the knock-on reactiono The value of 1. 1 in 

the pickup calculation would be expected to be equal to that of 1. in the 
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knock-on calculation, because the triton orbital in the zero- spin car

bon nucleus is equal to the proton orbital in the residual B 9. 

Taking all the assumptions into consideration, one is reluctant 

to infer anything from these facts except that a better theory of knock

on reactions is needed. It might be possible to improve the fit between 

peaks with Coulomb wave functions, because the Coulomb forces would 

tend to give a broad angular spread to the simply calculated differentia 1 

cross section. In fact, the original theory was ,constructed for ((u, p) 
reactions on the assumption of an isotropic elastic- scattering eros s 

section between the two colliding particles, which is not true for (p, a} 

reactions. 

If an attempt is made to apply the theory in spite of its short

comings, the J. = 2 fit leads to the conclusion that the B 9 ground state 

has~ parity and spin 3/2 or 5/2. The spin values are not incon-
• 23 

sistent with the spin assignment by Reynolds and Standing, but the 

parity has the other sign. It has previously happened that two different 

. h b . d "t . . . 35 I h t experimenters ave o taine opposi e panty assignments. n ta 

case, as·in this, the (p, d) pickup reaction indicated negative parity, 

and the knock-on reaction, positive parity. 

No simple theoretical curve based on direct interaction 

phenomena could be fitted to the differential eros s section for the 2. 37-

Mev level of B 9*. If the alpha particles from this level leave with 

large values of J., the Coulomb potential acts to suppress strongly the 

outgoing alpha-particle wave function, and to distort the simple 

theoretical distributions. 

Identification of the Alpha- Particle Background 

In order to examine better the nature of the mechanism leading 

to the heavy background, the five complete range spectra and the three 

partial spectra taken at 15°, 45°, and 75° were transformed into the 

center of mass of the p + c 12 
system. The lab value of (d

2
u/dndEa) 

[ .. 
w~s obtained by Eq. (23b) and transformed by Eq. ( 17b ). A true 
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derivative cross section is obtained only if one alpha particle per 
. . 2 

reaction is assumed. These values of (d u '/dn 1dE '}are plotted 
a 

against the center,..of-mass alpha energy in Figs. 14-21. The variable 

center-of-mass angle corresponding to each energy is also indicated, 
! 

and the counting errors shown are standard deviations. 

The Four-Body Reaction 
' 

The background extends up to maximum alpha energy. This 

cannot be a result of the carbon excitation and decay reactions, all of 

which dissipate some rather large fraction of the total energy of each 

event to a proton. An exception to such a comprehensive statement 

is an inelastic scattering event resulting in a carbon excitation of 28 

or 29 Mev, which then decays to the ground state of Be 8 The energy 

di~tribution of the alpha particles from such a reaction would almost 

resemble that of a two-body reaction. 

It seemed more reasonable to try the direct three - and four

body reactions, because the general background has the appearance of 

a regular rise at all angles. The three-body reaction 

p + C 
12

-+ p +.a+ Be
8 

(ground}, 

whose energy distribution is given by Eq. (19}, was not a satisfactory 

fit. The four-body reaction 

12 
p + C .- p 1 + 3a, 

with the distribution of Eq. (20), is presented in Fig. 14 together with 

the (d 2 
CJ '/dnudEa 1) distribution taken·at the laboratory angle of 60°. 

Figure 15 gives the corre spending fit for the 90° distribution. The 

data at these laboratory .angles might be expected to give the better 

fit, because the center-of.mass .angles are close to 8 1 = 90°. Never

theless, the agreement is striking. The rise at about 5 Mev on the 

60° data is presumably caused by alpha particles from decay of the 
12* . 8* 8 

levels of C at 11.3 and 9.6 Mev into Be (2.90 Mev) and Be (ground). 

If the data at other laboratory angles. are matched to the. phase

space four-body energy distribution, Figs. 16-21, the fit is not quite 
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0 
so good (see especially the 30 data). This is interpreted to mean 

that the matrix element of the four-body transition has an angular 

dependence, i.e., the quantity C in Eq. (20a) should be written~C(8 1 }. 

If the phase- space Efttrgy distribution is normalized to some arbitrary 

value of u'(B') = J a. (d2 u 1/d0 1 dEan)dEa.~' and the resultant. curve 
0 . --- -·- --- .... _______ -

matched to the data at different center-of-mass angles, the variation 

of the four-body differential cross section, <r 1 ( 8' ), can be crudely 

obtained (see Fig. 22). A factor of I/3 has been included in the 

normalization, because all three alpha particles can (in principle) be 

counted for each reaction. The differential eros s section is seen to 

be approximately symmetrical around B' = 90°, and to rise rapidly 
0 n.ear 0 . 

Identification of X 

The expected positions of Y, the He 3 from o16
(p, He 3 )N 14, 

* 3 . 14 and of Y , the He from the 2.41-Mev level of N , are indiGated at 

* the forward angles. The unidentified X feature and Y coincide on the 

30° data, but separate at higher angles. X remains at about the 

same center-of-mass energy, 10.2 ± 0.2 Mev, when it appears at all. 

It .must therefore be caused by an alpha particle originating in the. 
12 . 2 . ' 

C + p center of mass, because the (d <T / dOdE ) transformation was 
a 

calculated on this assumption. 

Had the general background been better explained as the decay 

of several excited C 
12* states, such a feature would have been difficult 

to identify, because the decay of a recoiling nucleus can simulate a 

peak, under certain circumstances. Several such cases were J.nve sti-
... 12* 

gated, notably the alpha arising from the .decay of a 21.90...,Mev C 

level to the Be 8 level at 2.90 Mev, and found·to be kinematically 

consistent neither with the distribution so readily explained by four-
. . I 

body breakup, nor with the formation of the X feature. 

It is therefore almost certain that X is caused 'Qy a two-body 

reaction (see Figs. 16, 17,· 18; and 14 respectively for the 15°, 30°, 
0 0 

45 , .and 60 data}. It is therefore tentatively identified as a new 
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level of B 9 at about 7. 0±0. 2 Mev~ which is probably the analog of the 

well-known 7.9-Mev level in themirror nucleus Be9 . 

Total Cro.s s Sections for Alpha- Particle Production 

It was remarked earlier that if Hecht's dataon inelastic scatter

ing from the 9.61-Mev level of carb~n21 are considered toge-ther with 
20 

Need's data, a total alpha-particle production cross section of 

u = 116±29 mb can be estimated for 29- to 31-Mev protons on c 12 
The 

9.61-Mev level is assumed to decay only by alpha emission, 
22 

and it 

is additionally assumed that Need, was able to observe all the low

energy alphas from thes'e events. If either of these assumptions is 

not quite -correct, the true total cros.s section must be lower, and 

therefore the above number is an upper limit. 

Three total cross sections can be obtained from this experiment 

by rough nume·rical integration, as given in Table II. 

Table II 

Total cross sections for 3L8-Mev -protons on carb'on leading to 
high-energy alpha-particle events 

Reaction 

Cl2(p, a)B9 
12 9* C (p, a)B (2.37 Mev) 
12 

C (p, p 1 ~3a 

Total eros s section 
(mb) 

7.95 ± 0.70 

3.59±0.72 

101 ± 12 
-------- ______________________________ .. _______________________________ _ 

Sum 113 ±' 14 
==================-=--=--=-= .. ---- .. ========= 
It is seen that the sum of these is almost equal to the total cross 

section derived from the other experiments. 

The A 1 and A 2 groups of Need's data correspond to inelastic 

proton exCitation of the 9.61-Mev level and 11-Mev group of levels. 

The alpha particles from these events would have been inaccessible to 



... 

-71-

the counter, except at the lowest ranges of the 30° data (Fig. 17) and 

60° data (Fig. 14}, in which there are marked departures from the 

four-body reaction profile at center-of-mass energies of 3.0 and 5.0 

Mev, respectively. The A 1 and A 2 groups would have cross sections 

on the order of 12.2 ± 3. 0 mb each. 

If there had been any pronounced cross section for the decay of 

carbon from the 15.1-Mev level, at for levels near this energy, a 

recoil spectrum of alphas should have begun to appear near -a Mev c. in. 

energy. These alphas are not observed in the forward direction, and 

the counter cannot reach this portion of the energy spectrum at back

ward angles. The apparent rise at 8 Mev on the 120° data is more 

probably caused by the c 12 (p, He 3
}B

10 
reaction. The 15.1-Mev level 

of carbon has recently been studied by Hayward and Fuller. 
36 

They 

report that itspartial width for gamma radiation to the ground state 

is greater than the partial width for alpha, emission, by a factor of 

roughly two. The total eros s section for 15.1-Mev gamma radiation 

' at proton energies of 20 to 32 Mev has been measured by Waddell, who 

reports it to be on the order of a millibarn. 37 Although the 16.1- and 

17.3 -Mev levels of carbon are ~nown to emit alpha par,ticles, 7 they 
. 21 

are not very strongly excited by 32-Mev proton bombardment. 

This energy region corresponds to the "B'' group .of N~ed 1 s data. It 

is suggested that these events should be included with the ''C" events 

(apparent carbon excitations above 19 Mev) and that all his "B'1 and "C" 

* events arise from the four:;.body reaction. The 116 ± 29 mb is an 

upper limit on the total cross section. Upon adding the deriyed total 

cross sections of his ''A1" and "A2 " events to the cross sections 

measured in the experiment reported here, one obtains 139 ± 14.3 mb. 

It is not likely that there are any other important processes leading to 

tripartition of the carbon nucleus into three alpha particles. 

* The 21. 90-Mev excited level of carbon reported by Hecht almost 

certainly decays by neutron emission, which has been observed to 

occur from this level. 7 
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CONCLUSIONS 

Differential cross sections for the productiop of the two known 

levels of B 9 have been measured. The differential cross section of 

the first excited level is somewhat obscured by a reaction from a trace 

of oxygen in the target. 

The ground- state differential eros s section has its primary 

maximum near or at 0°, and has the general appearance of a direct 

interaction process. It can be best fitted by "knock-on theory" with 

1. = 2, which implies that the B 9 ground st~te has a spin of 3/2 or 

5/2, and even parity, in contrast to a previous measurement of odd 

parity. 
23 

The odd-parity value is predicted by the shell model ofthe 

nucleus, and is preferred, suggesting that the direct interaction 

theories in their pre sent form are not applicable to (p, a) reactions. 

No direct-interaction. fit can be made for the first excited level. 

On looking at the forward angles, a previously unreported level 

of B 9 has probably been found, corresponding to an e~citation of 

7.0±0.2 Mev. A very heavy background under its position makes it 

difficult to d~tect, ·'giving rise to the uncertainty in identification. 

The alpha-particle background has been identified with cer

tainty as the four-bod; reactio,n C 12 (p, p' }3a.. Its differential cross 

section is apparently symmetrical about 90° c. m. 

The four-body reaction appears to be the primary mechanism 
I 

for the breakup of the C 12 into three· alpha particles. Aside from the 

decay- of the two low excitations qf carbon, and the three B 9 reactions, 

there is evidence against any other process, both from the kinematical 

distributions and from the magnitude of the four-body total cross 

section compared' with the total alpha-production cross section, which 

is calculated from the data by Need and from Hecht's measurement of 

the differential cross section of proton excitation of the 9.61-Mev 

le ve 1 of C 12 . 
2 0

' 
21 

The differnetial eros s section for the four- body reaction appears 

to be approximately symmetrical about 90° in the center of mass within 
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the rather large errors of the measurement. The possible cause for 
. 38 

its symmetry is now considered. Blatt and Weisskopf indicate that 

if the wave function describing any two-body reaction has a definite 

parity,' the differential eros s section must be symmetrical in the 

center of mass (the decay of a compound nucleus from a single level 

is a well-known example~. Because th~ c 12 
is kno~n to have even 

I 

parity, the total wave function of the four-body reaction must de_rive 

its parity from the orbital i. of the proton initiating the event. The 
... - !!. .... total wave function l\J (r, r

2
, r

3
, R} of the final state (in which the 

-~~ . - ' r 
1

, r 
2

, r 3 are the alpha-particle coordinates and R the proton coordin-
' 

ate) must be symmetrized with respect to alpha interchange (e. g., 

interchanges oft 
1 

and 7
2 

}. If only the alpha particles are detected, 

each has an equivalent chance of appearing at the same angle, because 

of symmetr,y. The three alpha particles therefore correspond to a 

single particle, and this particular four-body reaction is equivalent 

to a two-body reaction. Shou·ld an incoming proton of only one i. value 

initiate the C 12
(p, p 1

, 3a} reaction, symmetry would be expected. 

Th d . 1 ° f c 1 2 . . b e sugge ste partla eros s sections or tr1parhon y 

32-Mev protons are indicated in Table HI. The two- and four-body 

reaction eros s sections were measured in the experiment de scribed 

here, and the decays from carbon wer"e derived from other data as 

previously described. 

The interpretation presented here does not agree with any of 
' the interpretations of similar experiments with heavy particles, except 

h J k 
. 19 

t at by ac son and Wanklyn, who reported the direct four-body 

reaction in three-fifths of their events initiated by neutrons of energies 

less than 20 Mev. 

In particular, the disagreement with Need
20 

is rnbre serious. 

It is suggested that of his "B" and "C" groups (Table I} almost all 

events correspond to four-body breakup. Of the 13% of the events in 

these two groups that appear to go by the ground state of Be8 , it is 

probable that about 8% originate mainly from the breakup of B 9 in its 

ground state, and perhaps also from the 2.37-Mev level, and that the 
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'.Table III 

Total cross sections for the_ breakup of C 
12 

into three alpha 
pe~.rticles by 29- to 32-Mev protons 

Reaction Partial Cross Section 
(rnb) 

...__ ________ :----------·---+---------------·-""""-...... 
12 

Four -Body C (p, p 1.)3a: 

T B d C 12(p, a)B9 wo- o y 

Excited 
carbon 
decay 

12 9:0:< 
C (p, a)B (2.37 Mev) 

12 9:1.'h -
C (p, a)B (7:0 Mev) 

c 12
(9.61 Mev)-+a+ Be8 

12* ,. 8 
C ("' 11 Mev)~a + Be 

~8*' . 
a+ Be (2. 90 Mev) 

Total 

101 ± 12 

7.95 ± 0. 70 

3.59±0.72 

? (<1mb) 

12.2 ± 3.0 

12.2 ± 3. 0 

139 ±14mb 

==============4============ ...... 

other 5P/o is simulated by the occasional four-bo~y decay in which one 

alpha or the proton goes off with ~ost of the energy in one direction, 
. ' 

and the remaining two low-energy alpha particles appear in the 

opposite direction with a very narrow ap.gle between them. His 

assignment of about 50o/o of the "B" and "C" events to the 2.90-Mev 

level of Be
8* was made with less certainty. The evidence against 

12* decay from the 21.90-Mev l~vel of C . has been mentioned; If the 
8>!< 

breadth of the 2. 90- Mev le~el of Be is considered, the four- body 

reaction could simulate decay through this level quite easily. In 

~articular, for Need 1s "B 11 events, the :proton is suggested to have 

carried off fr.om 50o/o to 70o/o of the (approximately) 19 Mev available. 

Then if only 9 to 5 Mev 'were left to be ~hared among. the three alpha 

particles, all these events 'fTiight easily have resembled a ciecay to 
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. 8* . . 
the 2. 90-Mev level of Be , and most of the "B" events were so 

assigned. The inhereqt difficulty of 6btaining good statistics in a 

cloud chamber experiment is probably the 'reason why Need assigned 

so many events to carbon excitation and decay. 

Perhaps the most interesting result of the e~p~!~Il_l~_I'l~_!~P_orted_ 
--- . ·- -~--- ·• • -· ---------- I 

here is the large total cro.ss section for four-body breakup. It 

strongly suggests that the alpha-particle model of C 
12 

may have some 

validity . 

. / 
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APPENDIX I 

Alpha-Particle Ranges in Aluminum 

It is customary to use the following simple relation between 

range and energy, given the proton range R for a proton energy E : - ---------- ------------ -p - - ---- - p-

if 

R (E } 
X X 

M z 
2 

X p 
= "K1 z=-z-

E 
X 

M 
X 

= "K1 
p 

p X 

E· 
p' 

R (E ) 
p p 

that is, if the proton and the particle "x'' start at the same velocity. 

The range-energy curves of Aron, Hoffman; and Williams 39 are based 

upon this relation and on their calculated theoretical range-energy 

curves for protons. 

There are at least two objections to this procedure. The 

first of these relates to what is commonly meant by "range," and the 

·influence of multiple scattering on the straightness of the paths. In 

an experiment in which ·range is used for energy analysis, a piece of 

absorber is usually placed perpendicular to the direction of motion 

of a group of particles, and the number of the emergent particles 

boserved. Differential range analysis is not the only kind of experi

ment in which some modification of this method is used. If the distance 

to half-extinction along the initial direction of the particles is called 

"range, " it is clearly less than the number given by 

by some amount that is dependent on the multiple scattering of the 

particles. Bichsel has aptly used the te]:'m. "pathlength" for the 

quantity represented by P. 
40 

If the quantity (P- R) is designated as 

f , the "fore shortening, -" then the distribution of f can, in -
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principle, be meas;ured. A quantity (here called f) can be estimated 

from the multiple-scattering formula as 

f ~ p ~Z) ~ p ( 1 - c 0 s < ®) ~. 
in which <®2

)is the mean square of the- cumulative multiple scattering 

of a group of stopping particles. It is sometimes remarked that f/R 
is of the order of a few percent, and can thus be ignored. However, 

the distribution of f is quite important but, unfortunately, very diffi

cult to calculate. Experimentally, the distribution of f appears folded 

with the straggling distribution, unless individual particle tracks are 

followed in a cloud or bubble chamber or in an emulsion, in which case 

the foreshortening is eliminated. 

It is apparent that 7 increases as the mass of the stopping part

icle decreases. It is, however, independent of the particle charge, 

because the path length decreases in the same p!t'loportion as the 

scattering. 

The multiple scattering of a particle of mass M and atomic 

number z in an absorber of atomic .mass A and atomic number Z is 

= max 
(

b ) 
1 n - bJl1i n~-

in which N is the density of nuclei in the absorber. 
41 

Using 

b =atomic r~dius = a 0/z 1/ 3 , (a
0 

= Bohr radius) max 

b .~-=nuclear radius= 1.4x Io- 13 c:tn A 1/ 3 
m1n · 

(r = classical electron radius = e 
2

( me 
2

) 
e 

as the maximum and minimum values of the impact parameter, 

m =electron mass, and a
0
/r = a.-

2 
=(137) 2, we obtain e . 

d (o2
) = 21T NZ

2
z

2
e 

4 
ln( 2 \ 

dx E2 a.2(AZ~1/3j 

2 Mv =2E, 
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The stopping power due to ionization (for low-velocity part

icles:) is given by Fermi
42 

as 

dE 
-dx 

in which I = mean ionization potential, and:.may similarly to. rewritten 

as 

dE 
·. dx 

therefore one has 

m 
M 

(4mE \ 
ln \MI ); 

1 

E'l ~4mEJ .n MI 

and one may integrate this expression between an initial energy Ei 

and final energy Ef to get· 

which diverges at Ef = o'because the expression for stopping power 

is not correct for energies near zero". 

This equation for (e2) was used to calculate multiple 

scattering,· and is closely parallel to one given by Benveniste. 
28 

It 

indicates that, to a first approximation, the multiple scattering is 
...:._...:..__.--~.:;_,__:.,; ......... -·-

inversely proportional to the mass. Therefore, somewhat smaller 

apertures can be used in differential range counters desi'gned for 

alpha particles than can be used in those designed for protons. It is 

also apparent that the foreshortening for alpha particles is less than 

for particles of lighter mass. In fact, if alpha particles are compared 

with protons that have the same initial velocity, and therefore (almost} 

the sam:e path length,. the value off for the alphas is one-quarter of 



-81-

that for the protons. Thus, alpha-particle ranges derived from 

empirical proton ranges are too small, because they have,_been over

corrected by 7 So/o of the proton fore shortening. 

The second objection applies to positive particles of z > 1, 

which recombine with electrons at low velocity and consequently lose 

stopping power. There is another semantic· problem, here with regard 

to what is meant by 11alpha particle. " It seems reasonable to define 

as an alpha particle any helium nucleus that initially has a double 

charge, and may br.iefly be in its singly charged and neutral states in 

the course of coming to rest. There are several sets of'rneasurernents 

h 1 h .. L b' t' d . . t' 43-48 on t e a p a~partlc e recorn 1na 10n an re1on1za 10n processes. 

The curves given in- Fig. 23 are derived from data on the cross sections 

for recombination and reionization in several materials, and show the 

probabitie s of each of the three charge states at low energies. There 

are no data for solids below 400 kev, but measurements at higher 

energies i.ndicate that the proportions of ~he different charge states 

in all materials are about the same at equal energies. The cross 
-16 2 

sections for g_aining and losing electrons are of the order of 10 ern , 

and therefore at any velocity the possible charge states of any one 

alpha particle are always in equilibrium with one another, and a mean· 

charge z-·(v) can be assigned. 
43 

The effective loss of charge thus in

creases the alpha-particle range by a small amount (over that of a 

proton of the same velocity), and th~refore changes the range values in 

the same direction as does the reduced multiple scattering. Blackett 

and Lees specifically give the alpha-particle range increase(caused 

b b . . '• : 1 ) 0 20 . . 49 y recorn 1nat1on a one as . ern 1n a1r. 

As a result of these complication$, it seemed that the best 

range values for alpha particles in aluminum must result from direct 

measurement. However, range data belqw alpha energies of 2.0 Mev 

are either very oldi or of unc~rtain origin. In this low-energy region 

the ranges were therefore derived by assuming that the stopping power 

of a charge state was proportional to the square of the charge times 

its probability (not to the square of the mean charge z !) and the alpha 
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Fig. 23. Recombination of an alpha particle at low energy. 
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particle stopping power could be written 

dE ; 
[;- -(v)] 

dx a = 
dE 

[- -cr---(v)] 
X.. p 

in ~hich g
2 

and g 1 are the fractions of time spent in the doubly and 

singly charged states respectively. (See Ffg: 2Tf, The proton stop-ping 

power in aluminum was taken from the data of Allison and Warshaw. 47 

The reciprocal oLthe stopping power was then integrated numerically 

to give the path length. No foreshortening correction was made be

cause the calculatidn is not accurate enough to demand any refinement. 

Between 2.0 Mev and 8.776 Mev, data on range differences have 
. 50 

been taken by Rosenblum. They require conversion from velocity 

to energy, but are internally consistent. When these data are joined 

to the integrated range derived from stopping power, the curve shown 

in Fig. 24 results. Comparison with the values of Aro~ et al. 39 which 

were calculated from theoretical pathlength values of Smith 
51 

shows 

that the latte'r curve is lower by about 0.5 mb/cm
2

, for energies greater 

than 5 Mev. The ranges of alphas in aluminum as given by Livingston 
26 . 

and Bethe are als:o presented, because these ranges appear to have 

heen derived from the data of Rosenblum. 

It was possible to make an independent measurement with the 

5.48-Mev alphas of the americium source, and therefore to observe 

that almost half of them penetrated 6.35 mg/ cm2 of aluminum. The 

point so measured is noted on Fig. Z4 anp. produces some confidence 

in the higher range value . 

.Above 8. 776 Mev, as the scattering and recombination are of 

essentially no importanc~, ~the range values of Aron et al. were in-
·-· 2 . 

creased by 0. 5 .rng/ em for, any given energy. This small correction is 

of the order of 1 o/o to 3o/o of the' ranges used in this experiment, and 

corresponds to variations in the alpha-particle energies of from 100 to 

2 50 kev for the peaks of the two- body reaction 1 eading to the ground 

state of· B 9 . 
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Fig. 24. Alpha-particle range-energy curve in aluminum . 
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APPENDIX II 

Pulse Spectra 

When alpha particles are being counted in the presence of a 

high'~Jntensity proton background, it is necessary to set the discrimin

ators high enough to reject proton pulses. To determine the best 

discriminator settings, the stopping powers of alphas and protons in 

argon (which is 96% of the counter gas) were plotted against the 

corresponding residual range in aluminum, yielding a i•composite · 

Bragg curve. 11 (Refer to Fig. 25) The proton stopping power was 

taken from th.e data of Allison and Warshaw, 
47 

and the alpha-particle 

~topping power is assumed to be (z
2

) times that of protons of the' same 

velocity, after the alpha-particle charge has been corrected for re

combination, as indicated in Appendix I. One can see that below a 

residual range of approximately 0.1 mg/cm2 Al, the proton and alpha-
. . ~ . 

particle ionization curves cannot be differentiated. Therefore the 

discriminator.s must be set high .enough so that they accept an alpha

particle pulse only. if the particle enters a counter with more than 

0.1 mg/cm 2 residual range, The electronics define a stopping event~ 
so that an event is· rejected if the alpha particle goes far enough to 

produce an adequately large pulse in the third or anticoincidence 

counter (see Fig. 26a), and so that it is accepted if the alpha particle 

goes only far enough to _prodq.te such a p-qlse in the second counter 

(see Fig. 26b,). Thus, if the counters are identical in size and amplifi

cation, the tirange bite 11 is the thickness. of the range foil plus the 

(aluminum equival~nt) thickness of ope gas counter, provided that· the 

discriminators on the second iand third ccmnter pulses are set at the 

same height, which height may vary within rather wide limits.. But 

if very large pulse.s are required in both counters, the total range that 

a particle must traverse before being counted as a stopping event is 

effectively lengthened. Matching the two discriminators is in contra

distinction to the usual practice of red1.1.cing the discrimination on the 

anticoincidence pulse to just above the noise level. Such a procedure 
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is represented by H'. The 'net reaction is' 

+ +3 
Fe04{aq) +H(aq)- Fe(aq) + 3/4 o2 (aq) + 5/2 H 2 o. (5b) 

This correction is the sum of the corrections for (a) the heat of 

reaction of the 50 ml of H 2 0 in the K
2
Fe04 solution withthe i iiter 

of HC104, solution, (b) the heat of dilution of the i<
2
Feb

4 
solution, 

(c) ·the heat of dilution of the HClO 4 used up in the reaCtion, (d) the 

relative partial molal heat content of the KC10
4 

formed,·. (e) the 

relative partial molal heat content of the H
2

0 formed, and (f) the 

relative partial molal heat cont.ent of the Fe(el04)3 formed. Bureau 

~f Standards values have been used in this calculation whenever 

available and urtless a reference is given Bureau of Standards values 
. 12 " . . . 

·may be assumed. The quantity .6.H' was calculated as follows: 

(a) The correction for the heat of reaction of 50 ml of H
2

0 with 

1 liter of 0.500 m HClO 
4 

(.6.H = 1.0 ± 0.1 cal) was me~sured with the 

calorimete.r. 

(b) The heat of dilution of K 2Fe04 was assumed to be equal to the 

heat of dilution ofK2SO 
4

. 

(c) The heat of dilution of HClO 
4 

is known. 

'(d) The relative partial molal heat content of KCl0
4 

in 0.5 m HC10
4 

was estimated from a measurement of the reaction 
·' \" . 

0.005. KCl04 ·. 2. 78 H 20 + 0.500 HC104 · 5~.6 H 2 0 -

0.005 KClO 4 · . 0.500 HClO 4 · 58.4 H2'0. .6.H = -13. cal. 

(6) 

This value was combined with the heat of dilution of KC 10 
4 

tdgether 

with the heat of the reaction of 50 ml of H 20 with l liter of 

0.500 ~ ~Cl04 (.6.H = +1.0 cal; se.eabove) to get a value for the 

relative partial molal heat content of infinitely dilute KCl0
4 

in 0.5 m 

HC10
4

, .L
2

= -Ll 'kcal/m·ole. . . . . 

(e) The relative partial molal heat content of the H
2

0 formed was 

neg~igible. 

(f) No value for the relative partial molal heat 'content of Fe(Cl0
4

)
3 

in0.5 ~· HC104 has beenreported. We have estimated it by using 
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Table.IX gives the results of five different runs, 

Table IX 

Heat of reactionof K 2Fe0
4 

Results of 5 runs. a 0 is the heat measured by the calorimeter; Q 1 

is a correction, calculated from Fig. 2, for the heat of ne,utralization 

of the OH- in the. K
2
Fe0 

4 
solution; 9" is the correction from Fig. 2 

for the decomposition of the K2Fe04 . 

KzFeq4 
Run sample 0 o 
No. No. (cal) 

1 

2 

3 

4 

5 

1 

1 

1 

2 

2 

64.7 

63.6 

42.3 

36.9 

16.6 

Ql Q" 

(cal) (cal) 

. 4<2Fe04 ~:H 1 
Ql (mole (kcal/ 
(cal) x 10 3 ) mole) 

-0..4 +0.1 64.4 0.947 

-0..4 +0.3 63.5 0.884 

-0.2 +0.1 42 .. 2 0._604 

-0.1 

:..o.l 

+0.3 

+0.1 

37.1 

16.6 

0.542 

0.239 

-68.1 

-71.8 

-69.8 

-68.5 

-69.5 

av 

~H~ 

(kcal 
mole) 

+1.4 

+1.4 

+0.8 

.+0.7 

-1.8 

~H2 

(kcal 
mole) 

-66.7 

-70.4 

-69.0 

-67.8 

-71.3 

-68.9 

In calculating Q" it is assumed that each mole of FeO 
4

- decomposing 

produces two m.oles of o'H-. It would be possible for the decomposi

tion of the Fe0
4

- to produce either 0
2 

or H 2 o
2

. In a separate experi-
. -4 ' = 

ment it was shown that 2 x 10 M FeO 
4 

_reacts rapidly with 
-4 

4x 10 M !12 0
2 

(half life.= 20 sec). Thus the decomposition of the 

aqueou~ K 2Fe0
4 

is given by 

2 Feo
4 

= +. 5 H
2
0- i Fe{OH)

3 
+ 4 OH- + 3/2 o

2 
. 

. The heat of Reaction (4) is repres.ented by Q 1
, which is t}1e sum 

of a 0 , Q 1
, and Q". The corresponding enthalpy _per mole of iron 

for Reaction (4) is given by ~H 1 . The correction to reduce Reaction 

{4) to standardconditions, i.e., 

) 
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Stopping Power 
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MU -13236 

Fig. 25. Comparison of alpha-particle and proton stopping power's 
at the same residual range. 
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-is not practical in this sort of experiment because of the very large 

number of low-energy protons ("high-level-noise"), which would always 

be able to produce pulses in the anticoincidence channel, and thus jam 

the coincidence circuit, unless the beam intensity were reduced by a 

very large factor~.~ ~~The lowyield of alpha particles would then be very 

difficult to measure. 

In practice, the positions ofthe discriminators on the second 

and third counters were determined by taking plateaus, and setting the 

discriminators to accept pulses just above the size of the proton pulses. 

Because occasional proton pileup or Landau effect might produce a 

largelpulse in the second counter, its disc~imination was next increased 

just slightly over that of the third counter." The ratio of the third dis

criminator setting to that of the second (in volts) was then that fraction 

of one gas counter thickness which' was included in the range bite. 

The discriminator on the first counter had the best selection 

against spurious events. As seen in Fig. 26, an alpha particle stopping 

anywhere in·the range bite should produce a pulse in the first counter 

that is not s:trialler than about 6Qo/o" of the maximum pulse size, and thi's 

expectation was confirmed by observation of its plateau. After the 

three discriminators were set individually they were all simultaneously 

reduced by about 5 volts, and a count was taken to insure that the 

slow pulse:..height increase in time would not seriously affect the 

counting rate -before the pulse sizes be could be corrected. 

The general shapes of the plateaus in all counters are shown in 

Fig. 27. Care was always taken to keep the maximum alpha-particle 

pulse sizes beJow 100 volts, because the linear amplifier output pulses 

saturated above- 115 volts. Because .of this limitation, the plateaus in 

the second and third. counters could be made no wider than 30 volts. 

The slight slope on the second and third counter ''plateaus II reflects the 

variation of the range bite with discrimination. Since the argon counters 

are about 0.16 mg/ cm
2 

(of aluminum equivalent) thick, which is about 

15o/o of the total thickness of the range bite(= 1.06 mg/cm
2

) a possible 

1 Oo/o error in setting the second and third discriminators leads to only 
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Fig. 27. Discriminator plateaus. 
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1. 5% error in the magnitude of the range bite. With the discriminators 

adjusted in this fashion, all the isotopes of hydrogen were rejected, 
3 I 

but He 1 s were accepted . 
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APPENDIX III 

Difference Amplifier for Energy Stabilization 

Initial attempts to use a replica of the difference amplifier in 

operation at Princeton failed because of its lack of stability, A new 

circuit was designed, which proved very satisfactory (see Fig. 28~. 

The new difference amplifier had the following properties: 

a. The first stage was necessarily an electrometer tube 

because of the need for a very low grid current. By using each input 

GK 5886 as a cathode follower, it was .possible to feed back 100% of the 

voltage on the grid to the intermediate shield of a double.:. shielded cable, 

whose center wire carried the signal from the appropriate collector of 

the ionization chamber. In this way the cable capacitance was elimin

ated and the cable could be made as long as was necessary to put the 

difference amplifier in the counting area, in which location it could be 
'> 

adjusted while the beam was entering the target area. 

b. The 10- second time constant that was required to smooth 

out rate fluctuations in the ionization chamber could be kept constant 

while the grid resistor was varied, by switching both CK 5886 grids to 

any of the three sets of capacitors and resistors. (The need for an 

unchanging time <i:Otlstant is shown in Appendix IV.~ In this high- beam

intensity experiment, one normally used the 109 -ohm or 10
10 

-ohm 

resistors, but the present amplifier could have been used with a beam 

reduced by a factor of 50. 

c, The first stage of difference amplification took place in 

the CK 5755 twin triode, which is a premium tube (manufactured by 

Raytheon) whose two sides are remarkably similar. It was not 

necessary to select two input tubes of nearly equivalent characteristics, 

w}:lich is a very tedious process. 

d. As constant-current devices, the' two sides of the 12AD7, 

another relatively new premium twin triode, were notably stable. The 

12AD7's could be ;eplaced with 12AX7 1s, which are identical, except 

in quality. 
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e. The input stage filament supplies and their screen-grid 

biases were provided by small mercury batteries. The filament 

batteries could be used for a month of steady operation. For electro

meter-tube filaments, batteries are believ~d to be superior to any 

transformer supply, however well regulated. 

f. Provision was made for a set of test signal inputs with 

which the operation of the circuit could be quickly checked at regular 

intervals. 

g .. The response curve is shown in Fig. 29. The gain along 

the linear portion of the curve was about 0.30 f1a/m:v of differ,ence in 

input signals, and the response to common mode approximately 2. 5 f1a/v 

of common input, so that the common-mode rejection is about 10
2

. 

With input resistors of 10
10 

ohms on the CK 5886 grids, the amplifi

cation factor of the current difference w~s 3 x 106 . It should be noted 

. that the response saturated at about 8. 5 f1a output in either direction. 

However, the Brown chopper-amplifier, 'which was the next stage in 

the servo loop, had already achieved its maximum output at a lower 

current. 
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Fig. 29. Response of the difference amplifiero 
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APPENDIX IV 

Servomechanism Response and Design for the Energy-Correction 

Time Constant52 

_ Comparator 

€ = ei- eo 
1---------1. Drive = Y(s} 

Feedback 

Fig. 30. Simple servomechanism. 

A simple servomechanism is schematically diagrammed in 

Fig. 30. An input ei is compared to an output e0 , and the difference 

E(t) = 8I(t) - 80 (t) is used to drive the output until the input is matched. 

If the drive is a motor with high internal friction and low moment of 

inertia, so that its velocity is proportional_to the difference signed 

(which is true of the Brown servomotor), and we have 

then it can easily be shown that the output approaches the input 

exponentially in time. In discussing servomechanisms, it is customary 

to use transfer functions, defined as the Laplace transforms of those 

functions which are variable in time. If we write 

J t e -.st F(t)dt =l[F(t,)] = F (s) 
0 

then, symbolically, we can also write 
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in which.Y.(s) is called the loop transfer function. In the case just 

given, the Laplace transform of the derivative is 

Then we obtain 

and the loop transfer function is 

. Y(s) = f.L/s. 

Furthermore, if the relation is written in another way, 

then Y(s) is called the over~all transfer function. Since we can re

define the loop transfer function by 

then the over -all transfer function is 

Y(s) = Y(s)/[1 + Y(s)]. 

In the case of the restoring motor, this is 

The Nyquist criterion for stability of a servomechanism is 

that the over -all transfer function Y(s) have no poles in that port~on 

of the complex s plane in which the real part of s is greater than or 

equal to zero. The Y(s) given above has a pole only at s = -f.l, a 

negative real value. 



Comparator 
-

l-~-,--r-~~"n'l"''!'""7:1rlDri ve Y 1 ( s) 

-y 2 (s) e o(s) 
+ -- • 

Feedback-loop 

filter = y 2(s) 

Fig. 31. Servomechanism with a filtered feedback 
loop; 

. A more complicated servomechanism, with a filtered feed

back loop, is shown in Fig. 31. The beam -energy stabilization 
. I 

system contains such a filter in its feedback loop, and must now 

satisfy an additional requirement. In order to avoid a static error, 

the feedback-loop filter must be such that lim Y 
2

(s) = Y 
2

(0) = 1. 
' s-o . 

The over_.all transfer function of the system in Fig. 31 can 

be calculated from 

«:(s) = BI(s) - Y 2 {s) · B0 (s). 

Y l ( s ) · € ( s) = () O ( s ) := Y l ( s ) · [()I ( s ) - Y 2 { s ) () O ( s') ], 

giving 

Y(s) 
y 1 (s) 

= [1 + Y 1 (s) Y 
2

(s)] 
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J(t) 

J*(t) 

. V(t) CK5886 

Fig. 32. Input stage of the difference amplifier. 

The quantity Y 2 (s) is derived from the characteristics of an RC 

system. Because in Fig. 32 a charge Q put on the condenser would 

decay as exp(-t/RC), the current through the, resistor is 

J*(t) = V(t)/R = Q(t)/RC = (1/RC) 
0
[t J(t ~ t') e-t'/RCdt'. 

Then cqrresponding Laplace transform of J*(t) is obviously 

J*(s) = (1/RC) J(s) ·.J["e-t/~9= (1/RC) J(s) (s + ~c) -
1 

and we see that 

J*(s) = (_ .. _a_) J(s), in which a= 1/RC, 
s+a 

ther.efore 

and there is zero static error, because Y 
2

(0) = 1. 
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Vsing the value of Y 
2 

{s} just obtained, we can now write the 

expression for the over-all transfer function of the beam-energy 

stabilizer as 

.Y(s) = fl(S + a~ 
2 

s +.as + fla 

2 
Its poles lie at the zeros of {s +as + f!a), which are at 

s = - ~ [ 1 ± (l - 4fl ) 1/ ~ ] 
2 . a 

! 
and which always have a negative real part. The system is therefore 

always stable. But of the three possible sets of values fOr s at the 

poles of the transfer function) 

's has two complex values for 4fl/ a > l (oscillatory case), 

s has two very different real values for 

s has one real value equal to -a/2 for 

4fl/ a 

4fl/ a 

< 

= 

1 (overdamped case p, 

r (critically 

damped case», 

and we wish to de sign for the critically damped value. Because 

a is 1/RC = 1/10 sec, this means that we wish to have fl = 1/40 sec, 

in order that the decay constant of the whole inverse feedback system 

will be 2/ a = 20 sec. 

The constant fl. is the product of five factors: 

a. The current difference appearing across the two inputs of 

the difference amplifier per unit energy change. It is calculated to be 

2.4 x 10- 8 f!a/kev energy shift. 

b.· The current-amplificatio,n factor of the difference amplifier 

at 10
10 

ohms, which is ·(as indicated in Appendix III) 3 x 106 . This 

number can be changed by a factor of 10 throq.gh the damping adjust-
6 . 

ment, so that one uses-the logarithmic mean of 1 x 10 for design 

purposes. 

c. The response of the Brown chopper-amplifier and servo

motor. With the. amplifier. sensitivity reduced to ~bout 5o/o of full 

value, measured to be 15 rpm/ f!a = 0. 2.5 rps1.1J.a. 

d. The reduction of the motor speed by the gearing ratio, 

equal to 1/K, which is to be determined by this calculation. 
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e. The paddle correction of the energy. Since there is 

roughly a 250-kev change when the paddle is turned through 90°, this 

'is taken as approximately 1000 kev per revolution. Thus we can 

write 

IJ. = (2.4 x 10-
8 ~J.a/kev)x (10

6
) x (0.25 rps/~J.a) X- (10

3 
kev/rev) x (1/K), 

1J. = (6 per sec) x (1/K), 

-K = (6 per sec}' X (40 sec) = 240 = ideal gearing ratio. 

The gearing ratio of 128 was chosen as about one-half the 

ideal value because the damping adjustment had enough attenuation 

to suppress an additional factor of two, and a gearing--ratio of 128 

could be more convertiently fitted into the available space. In this 

way, the critically damped setting, of the servo loop was bracketed, 

with the aid of a slight empirical adjustment of the chopper -amplifier 

sensitivity. 
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