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HIGH ENERGY CARBON PARTICLES* 

Cornelius Ao Tobias 

Radiation Laborator,y, Department of Physics 
University of California, Berkeley, California 

June 1 1942 

lo Introductiono A charged particle can penetrate an atomic nucleus only if 

it has enough kinetic energy to overcome the repelling action of the Coulomb 

potential barrier o · This repelling potential is known to be so .high in most 

stable nuclei that until the 60=inch qyclotron was built in Berkeley, the only 

reasonable w~ to induce· nuclear transmutations artificially was ~ the use 

of the lightest nuclear projectiles available: protons, neutrons, deuterons 

or alpha=particleso 

The excitation energy of the compound nuclei thus formed was invaria-

bly found to be relatively small compared to the total binding energy of the 

heavier nucleio Only small fractions (perhaps Ool) of all degrees of freedom of 

the nuclear states were involvedo In most of the reactions the net change in= 

duced involved the expuision of one or two particles and sOme radiationo 

Though the stuqy of these reactions was extremely useful and important it 

seemed to be desirable to increase the energy and modes of nuclear excitation 

in order to obtain fuller information on the nature of the nuclear forceso 

The use of the ·cyclotron offers two. ways to increase the energy 

of the projectileso One is to increase the energy per particle in the cy

clotron beam by building larger qyclotronso The other is to use heavier pro-

jectiles than hitherto, thus. increasing· their energy in proportion to the 

* PhoDo Thesis, June, 1942, Vniversity of California,. Because of the urgency· 
of war work this thesis'was never publishedo The results were summarized in 
a letter, Physo Revo 70, 89 (1946)o . :In view of the recent interest in the 
production of high energy carbon beams,_ it is now reproducedo 
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mass. Since it is known that at high excitation energies the mode of exci

tation m~ determine the type of reaction (see e.g. ~ef. 9, also section 3) 

the use of both of these methods m~ reveal different properties of nuclei. 

While the 184 inch qyclotron is under construction, the aim of the present 

work is to throw light on the possibilities and difficulties of using various 

lightelements as nuclear proje,ctiles by accelerating them in the cyclotrono 

12(++++++) 
The Production and Identification of a c6 Beam in the Cyclotron. 

In 1940 Dr. L. · W. Alvar,ez accelerated some carbon ions in the 37-inch qyclo-

tron. Their energy reached 48 Mev. He obtained 500 particles per minute in 

his ionization chamber placed in front of ah Al window opposite the target. 

He also emplqyed the 60~inch qyclotron to obtain a high energy carbon beam. 

Because the time he could spend on this project was so limited, he was not 

able to obtain positive resultso 

After careful consideration of the possibilities given by the use 

of any of the elements Li, Be, B, C, N, 0, or Ne, the writer decided to begin 

the work with carbon. This substance can readily be fed into the cyclotron in 

the form of a gas; the use of co2 proyed to be easiest. None of the elements 

having a lower atomic number was suitable from this point of viewo H~ Kall

mann2 produced a high energy Li beam using Li vapor. Such a beam, however 9 

was impracticable for our purposeo On the other hand, the element chosen had 

to be ionized enough to give a charge to mass ratio about the same as that of 
/ 

the deuterono N, 0, and Ne were not ve~ practical because of the difficulty 

of producing them in highly ionized forms. 

The only clearly_identified high energy beam in the present experi

ments was obtained by using six times ionized carbon particleso Other gases 

tried were oxygen and neo~. The former might have escaped detection due to the~ 

overwhelming abundance of the accelerated carbon ions, and the latter led to 

negative results. 
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A thin aluminum foil was placed on the target and the observations 

were made with a shallow ionization chamber, facing the targ~t. The collected 

ions were amplified by an Acron tube (954) coupled to a four stage amplifier, 

10 
closely resembling that described b,y Roberts. The pulses could be observed 

b,y means of a scale of eight circuit connected to a Cenco high impedance 

counter. Various pulse heights could be selected by va~ing the bias of the 

scaling circuit. I am indebted to Dr. E. Segre for the loan of several parts 

of his apparatus to help in the work. Due to the strong mechanical vibrations, 

the acoustic and high frequenqy disturbances and the high background near the 

qyclotron, special measures were taken to insure the reliability of the mea-

surements. The ionization chamber and the Acron tube had elastic (rubber) 

suspensions. The axis of the Acron tube had to be rotated in the magnetic field 

of the qyclotron until it gave maximum amplification. After these measures 

were taken the remaining background consisted only of a 360-cycle ripple. This 

ripple was due to the 360-cycle component of the rectified· oscillator plate 

voltage, which modulated the high frequency oscillations. Single kicks of 32 

Mev alpha-particles coUld be plainly detected. The 16 Mev deuteron pulses, 

on the other hand,· could not be easily distinguished on the oscillograph. 

screen. 

In this set of experiments I wish to acknowledge the valuable help 

of Ensign Earl J~ Merritt, now in Washington, D.C. Our observations covered 

the following facto:rs. 

a. Resonance 

b. Deflector sensitivity 

c. Specific ionization 

d. Range 

e. Intensity 
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a., It was fortunate that the e/m ratio of the accelerated ions was 

very close to that of deuterons or of alpha-particles,· but that the ·resonance r, 

peaks of the respective beams did not overlap. The presence of a strong 

residual beam of deuterons and alpha-particles made it possible to locate the 

position of the carbon peak. The shimming conditions were suitable and even 

the automaton adjustment of the magnetic field worked without new adjustments., 

From Hahn 9 s table.s11 one finds for the ratio of the respective e/m 

values, that is, the ratio of the respective resonance fields: 

H0 & H~ ~ H0 .~ 2o014726 : 2.,001921 : 2.0006745 

We readily found a well defined cg2( 6+) resonance near the alpha peak. We 

were also able to ~ocate the reso~ance field for c~3 (o+) ions by increasing 

the field in ratio 13/12. In this case the magnetic field was measured by a 

flip coil connected to a ballistic galvanometer. On the other hand, the 

strong fluctuation of the magnetic field in this region made possible only 

visual observation of the ionization kicks on the oscillograph screen. 

b. Alvarez1 found a number of ionizing ·particles, apparently emerging 

from the gap between the dees, which masked the effects produced by the 

carbon beam. In our experiments a similar effect was found, but the single 

kicl;ts produced by this radiation did not exceed th.e magnitude of the fast 

alpha-particle kicks. All measurements which we took were made under con

stant checking; by disconnecting the deflector voltage they disappeared. 

However, in agreement with Condit3 we found that a few fast particles would 

travel down the deflector channel even ,if its voltage were .. zero. This ef

fect is very small, not more than 1/1000 i~ .the case of carbon particles. 

Co The energy loss of fast ions moving through a, medium is determined 

by three different types of interaction: energy exchange with atomic elec-

trona, with nuclei and with atoms. The relative importance of these effects 

i'l 



-
-6- UCRL-1039 

depends on the speed of the ·ion ( v) .in the following wey: 

If 

>/ :1 Interaction with electrons is the most prominent. 

""-J I Interaction with nuclei is the .most prominent.' 

~<,I .Interaction .with atoms is the most prominent. 

·tl = .!!.__ 
2n 

(e.z)2 denotes here the mean square charge of the ion. ~ itself 

depends on v. 2nh is .Planck's quantum. The energy loss has been measured 

for He ions, and the information we have for heavier ones is in agreement with 

Bohr's hypothesis. According to this hypothe~is4 an ion should lose one of 

its electrons when :it.s speed becomes comparable ·to the orbital velocity of the 

electron. In a detailed ·analysis, .Knipp and Teller5 introduced a parameter 

v electron 
T representing the critical velocity ratio T = v nucleus They estimatedy 

from the Thomas-Fermi theory of the atom and .took screening effects into ac-

count. Their calculation has been used in plotting Figure 1. If the energy 

of our carbon ions were higher than '1.5 Mev their mean square charge would be 

6. Thus stripped of all electrons, the carbon nuclei will behave exactly like 

fast alpha-par.ticles. Only electronic :interactions wlll be important. The 

energy loss .Per em. , ... (··dxg;E) b . will .be. 'proportional to the square of the · . · ·.car on · 

charge S: 

{-:)_carbon = {~)2 (-~ 
.a 

The pulses .of carbon particles accelerated in the cyclotron should 

therefore be nine tim~s largeron the oscillograph screen than those of alpha-

particles from the cyclotron. Visually, good agreement was reached. We were 

able to· compare pulses .caused })y Po alpha-:particles more accurately after 

applying an appropriate energy correct.ion to themo 

Knipp and Teller also predicted that the second type of interaction, 
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Rutherford scattering, will .. be relat~vely more important than in the case 

of protons or alpha-particles. . Corresponding to this there will be a large 

straggling of the range. Atomic collisions are significant only at low ener-

gies. 

I endeavored to take a Bragg curve using ·a slit system to separate 

a mono-energetic component of the beam. The extremely small intensity attain

able without too great a strain on the cyclotron precluded any accurate results 

.in the interesting region of the peak of the curve. It was established, how-

ever, that pulses from low energy carbons can be at least three times higher 

than those from high energy carbons. 

d. On the basis of existing measurements on cloud chamber recoils, Knipp 

and Teller plotted the range energy relation, using the value which best fit-

ted the data and the theory. It was possible to extend their curve by measur-

ing the range of the carbons produced in the 37-inch and in the 60~inch cyclotron. 

Dr. Walker6 at the same time determined the mean energy of the deuteron beam 

by absorption in Al. One finds, then, that·: 

on the 37~inch cyclotron, carbon had a 7.5 em. range, 

corresponding.to 45 Mev. 

on the 60-inch cyclotron, carbon had a 21.3 em. range, 

corresponding to 84 Mevo 

The measurements were made by ins~rting aluminum foils of known 

stopping power in the beam, in front of the ionization chamber. If one extra

polates Bethe's fo~ula of energy loss into the region of low energies, and 

puts in the form of a constant the necessary corrections due to the deviations 

near zero energy, one may write the range Rc·of.carbon particles m~ving with 
' . 

a velocity v in terms of the range Ra of alpha-particles moving with the same 

v in a form: ·. . •nia g .··. ' ... 
Rc(v) = me o (~) 2 Ra(v) + 0•5cm 
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e_. With the help of a collector plate connected to the grid of an am-

plifier tube with high grid leak and amplification factor, I was able to demon-

. . . . - --11 
strate an ~oru.zat~on current of .10 .amp. . There was no voltage on the 

collector plate. - The ampli~ying circuit -consisted of an ordinary bridge cir,cuit • 

. When I evacuated ·the air from the chamber, 'the current became too small to 

be registered. One can-therefore estimate that it ImlSt be of the order of 

magnitude of 106 particles :per sec. or less. With a scaling c~rcuit 3,000 

particles per minute were counted but one could increase the beam until the 

shallow ionization chamber ·became paralyzed. The carbon beam will become 

useful only if the intensity .. reached is high ·enough to be easily recorded. 

The present ion ~source of the 60-.inch cyclotron is not sui table for this 

purpose because:it .emits ·ions produced in the arc of, at most, a few hundred 

volts. -Under such conditions very few multiple ionized particles are formed • 

. Apparently the six times ionized carbons are .formed mostly by single collisions 

with the high energy electrons that oscillate vertically between the dees. 

These electrons have been detected by R. R. Wilson;7 since the voltage between 

the dees may be as high as 100 kv they certainly attain a sufficiently high 

energy. .Earlier' experiments of Bleakney8 .. showed that high energy electrons 

produce a large number of highly ionized .mercury ions. 

Although under the present circumstances it would be impr~ctical 

to build a new ion .source we shall state briefly the principles of its con-

struction. For the purpose -.of spectroscopic work, one would produce a high 

voltage, high frequency vacuum spark between, let us say, copper electrodes 

with a one mm. carbon core, 0.1 mm. apart (25 kv, 10 megacycles, ro-6 Hg. mm. 

pressure).. Edlen, Fowler9 and others have used such gaps, parallel with a 

variable air gap and a high voltage supp1y. .For the purpose of the cyclotron 

it would be of advantage t.o build a radio frequency oscillator. The gap 
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should be parallel to the magnetic·lines of force and the ions utilized 

should travel down along the gap. .The use of such a radio .frequency oscil-

lator as a supply of voltage for the ion source might be important also in the 

case -of the 184-inch cyclotron, even for deuteron or proton beams. If one 

should use the same frequency as that of the dees, and a sui table phase 

lag between the emission voltage and the dees, one could inject ions into the 

gap between the dees in just the right phase to be accelerated. As a result 

of this condition the loading would decrease, the dee voltage would increase, 

and the efficiency would also increase. 19 ·· 

' · Another way would be to use the dee voltage. itself to accelerate 

a large number of electrons to a high enough voltage and lead the co2 gas 

directly between the dees. With this arrangement one could also avoid a 

large loading • 

.3. On the Yield of Nuclear Reactions with Light Bombarding Nuclei. The sue-

cessful generation of light particle beams like carbon and oxygen having a 

high kinetic energy raises the problem of the yield of various nuclear reac-

tions in which they may participate •. 

Penetration of the Coulomb barrier. In the following we will as-

sume that the bombardment of any element B with a light nucleus A having an 

energy of approximately 8 Mev per neutron or proton will in general result 

in the formation of a compound nucleus C whose mean life will be long com

pared to the crossing time of B by A (lo-21 sec.), provided the particle is 

able to overcome the repelling action of the Coulomb potential barrier. The 

subsequent disintegration of the compound nucleus can be taken as a separate 

event, independent of the way it was formed. This assumption is reasonable 

because not only is the t~tal excitation ·energy of the C thus obtained small 

compared to the total energy of the nucleus, but the bombarding energy itself 
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is well distributed between the particles of the striking nucleus Ao The 

cross section for the formation of the compound nucleus C will then be given 

by: 

E is the energy of particle A 

SA (E) is the probability of reaching the surface of Bo 

5 A (E) is the sticking probability for the interchange 

of energy between A and B after the penetration to form Co 

Due to the fact that SA (E). depends on. the size of the particles 

which collide and-the penetration of the electrostatic potential barrier 

and that there mey- be various incident angular momenta involved, we write 

. ~ 1i 
~ere A::;:

. p 

.. (X) 

SA= n"2 L (2l+l) p11) 
1-= 0 

is the wave length of A, far from Bo Pil) represents the 

penetration probabilityo 

1 

(1) 

(2) 

(3) 

where Fll) is-the radial part of a wave of the particle A emerging from the 

center of the nucleus with an orbital .angular momentum Ln; its value at in
. (r+<:) 

finity is givenby eJ. -~ 0 
o · 

PAt) is thu~ the factor by which the intensity of an outgoing wave 
I 

is reduced after having penetrated the potential barrier -between the surface. 

of the nucleus and infinity., 
. 

The Coulomb energy ~of two positively charged nuclei, taken to be 

spheres, with uniform charge density CJi, dB can be writt.en as 

(4~ 
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where ze is the charge of B, R its radius, ze the charge of A; r its radius, 

and· S the distance between the centers of A and B. 'When · ·s • gets small 

enough so that r and R become comparable to it, the interaction term becomes 

L .', •' • 

The self energy terms, too, may change due to deformation. 

the compound nucleus has been formed, its Coulomb energy will be 

3 (~ + s) 2e2 
5 . R0 

After 

In no:pe of the above formulas has any account been taken of the 

surface density of B, an effect which never exceeds 10 percent of V. There 

is also a centrifugal potential to overcome. 

(5) 

(6) 

(7) 

-13 At a distance of the order of 10 em~. the short range nuclear 

forces begin to act. These forces are attractive and much stronger than the 

Coulomb forces per particle. They change the Coulomb potential into an at-

tractive one. Simultaneously the colliding particles amalgamate into a single 

compound nucleus and lose their individual identity. The inne·r' boundary of 

the potential barrier is therefore not real; it can be replaced by a fictitious 

function, the shape of which is chosen to agree best with experimental results. 

Some of the possible approximations are shown iri Figure 2. The Coulomb energy 

on this diagram is drawn as a function of the distance between the centers of 

the colliding nuclei. As an exampie, nucleus B was chosen to be mercury, nu-

cleus A carbon. Curve A represents the·third term in Eq. (4). Curve B re-

presents the deviation at small separation, as expressed in Eq. (5). C is the 
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energy of the final compound nucleuso E takes the .short range nuclear forces 

into account; these begin to act when the two nuclei are almost touching. It 

is not known how the two nuclei A and B change shape in the moment of their 

contact. The deformation depends on a certain impinging energy. The pene-

tration factor can be determined from an integral that has to be taken from a 

to b, the value of which ·is a very sensitive function of b. F shows the cen

trifugal potential for ·),= 1; G for 1= 3. 

We must now solve Schrodinger's.equation .for the radial part u(r) 

of the wave function V(r,e,~) of Ao We assume that the total wave function 

is given by: 'f = u(r) ·' Y(e, f) 
r 

.1(1+1) ' 
. ~ 2 Ju = o 

We describe u in the region of .very large r by u = Uo ei ( Kr+S) 

The solution is best obtained by. the WKB· apprpximation.12 

. ''u = [2m(E-V)
1

/ 4 exp ·(- ~ J ..J2m(E-V) dr) 

(8) 

; ' 

(9) 

After evaluation and normalization of the integral one obtains for . 1 . '· . '· ..... '.·, ... · . ·''' :- ... 
Pi ) according to the definition Eqo. ( 3) , using the limits b = R and a as 

.• .,, :, 

shown in Figure 2, then 
2 ' 

· ·<~ze2 + il 1(1+1) _ E. )~. _. •· 2( 111 R 2mR2 _x, 
-~---::-------e 

E.t 
(10) 

If .1= o 

., : ... (11) 
·.\ l,,. 

For Y see ref. 13. zze2 · M+m 
B0 = ~o -M-o If 1-:t:O 

L )\: <<R . ptt) ~ 1 . 

. . . 'p' ·A(t) __..· ·o'-') 1. X >> R ---, 
for uncharged partic~es. (12) 

I .i 
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As an example; we take throughout this section a·98·Mev carbon nu..; 

·cleus colliding with Hg~go; in this case ~ ~50 while in. alpha-particle bom

bardments ori.4' a~..£ =. 25 should' be taken . into account~ 

Pl.£) can be taken from Ref. 12 with some modifications. (For· corn-
. E 

· plete 0 see Eq. '6.31 of Ref. 12.) With X = Bo' 

1 0 . ( ..liL 2 t 
y ., (L+l) , g = ( rn+M sSe R) (l.3) 

g t . . 

Eq. (ll)a of Ref. 13. X<l 

C_g- C 
---

0 = y(l - tx) 
g . 

oi 
and X::>l -= 

g ' 

3j2 
2(y-X+l) 

.3(2X-l) 

For SA we get now from Eq. (2). and (10) X< 1 

(14) 

00 

SA = n?i.2 2:= (2f+l) 
0 

r-sze2 + h2.£(1+1) l ~ 
1-R~ .. -· .-... :--~""'""'-· =2;;;;.;;~"'--_2_· ·__, ___ £ j 

2 

exp( -2g [Y(X)-y + -~ J) (15) 

If there are many 1 values involved, one may replace the summation 

with an integration:' 
00 . ) 

2 2 f(.Bo + Dy - €. )t e-2gY_ (X) e-2g(y-!2) dy 
. SA ~ n)E~g · 

0 € 
(16) 

with the result 
. . . 2 ~ 1 

SA 
= n'2~-2._g[Y(X)~J. 217Bo-£,~_l_ ( h

2
g )t· 4~ (Bo-€) (_,~J(,4f2 )2- t 

te ' g ~ E 2g + 4rnR2€ e g j e d!] h g (B 0-£) 
0 

(17) 

The function Y(X) has been plotted on Figure .3 for 1 = o. _The. above 

considerations also show ·that the :i.n:fluence of.angular momenta is more impor-

tant in the case of carbon beams than in the case of alpha-particles. The 
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value of g which determines in both cases the value of the penetration factor 

at low energies is for carbon~ roughly three ti~es the value for alphao · The 

probability of penetration will therefore rise rrruch more steeply arid it will 

be necessary to use carbon particles with an energy very close to, or above 

the potential barrier 0 Every indication seems to assure us that 96 Mev energy 

is well above the threshold- for t = Oo 

All the considerations of this paragraph may be in part invalidated 

by strong polarization effects which are discussed belowo 

One does not know how the sticking probability will change under 

conditions of a carbon bombardment, but there seems to be no reason to doubt 

that its order of magnitude will be unityo In the previous calculations we 

have neglected the possible deformations in the shape of A or B which result 

from the increasing tidal forces at the approach of the bombarding particleo 

Their effect will be to increas~ B
0

o 

Polarization of Charged Particles in Collisions. The electric 

moment induced in·an oscillator is 

(18) 
- . . ~ 

where a is the polarizability and E the electric field strength at the point 

where the oscillator is located. One may assume, as a first approximation, 

that the protons and neutrons in a nucleus execute harmonic.vibrations; the 

energy of the vibration corresponds to the binding energy of the particle and 

the restoring force points toward the center of mass of the nucleuso Simi-

larly, aggregates of particles such as an alph~-particle may be thought of as 

capable.of carrying out such oscillations in the inside of a nucleuso If one 

places one of the light nuclei A, carbon in our examples, in the Coulomb field 

of a heavy nucleus B, like Hg~go, the orbits of these motions will deform or 

break and an electric moment will be inducedo 
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(18b) 

in which a denotes the displacement of the orbit, ~.e the charge of the 

displaced fragment. If a is bigger than the range of the nuclear forces, 

one may assume that there will be a .chance for the. nucleus A to split off the 

fragment under consideration before entering B to form a compound nucleuso 

The classical inhdmogenous equation for these oscillations in one 

dimension is 

mX + mw2x = ~e~ 

X"'"'Aeiwt + Beiwt + a 

Substi~uting (20) into (19) we get 
~. 

a = aeE 
mw2 

y = a~e2~ 
mw2 

with a solution (19) 

(20) 

(21) 

. (22) 

At a distance ~, E: is given by 1.~1 = ;~ , Ze being the charge of B. 

The frequenqy can be computed from 
w2r2m 

E =---
2 

Here E is the binding energy of fragment ~ to the rest of A, and r is the 

average ··radius of its orbit measured from the center of mass A. Then: 

(23) 

We may now take the closest approach of A and B, where the splitting 

will be most likely, and put 

3 = R; R = roNl/3. r = ·r
0
NX/J 

1 B ' 
(24) 

NA,B is the mass number of nuclei A,B. The final result is, then, 

a = pr;e2 (~2/3 (25) 
ZE NB 

Assume now that A is c~2 and that B is Hg~go. Take first a single 
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proton as an oscillating unit. From the known mass values one can compute 

the binding energy of A: 7 Mev per proton. Eq. (25) gives a = 1.15 x lo-13cm, •. 

comparable to the nuclear radius., 

It is more reasonable, however, to assume that the carbon nucleus 

will have a tendency to carry out oscillations as though it were composed of 

three· alpha-particles. In this case E :::::::2 .. 4 Mev for each alpha-particle and 

(25) will give a = 7.4 x lo-l3 em, a value twice the radius of carbon. 

These examples show that polarization effects play an important 

role in determining the penetrability of nuclear potential barriers for born= 

barding nuclei heavier than alpha-particles. If, however, the energy of the 

bombarding nucleus is high enough, equal or higher than the barrier, polariza-

tion will become less and less important. We may then regard the carbon nu-

cleus as three separate alpha-particles. Each of these will penetrate the 

nucleus B regardless of the presence of the others. This will be true for 

96 Mev carbons as long as we consider only small _1 values. 

The actual polarization will certainly be smaller than that given 

in Eq. (25). One should take the difference between field strengths acting 

on different parts of the bombarding nucleus., Approximately E* = E~ =E'3+r 

~* - -+ ~e Ze 2rge 
l!imax = ER = ER+r ~ R2 - (R+r) 2 ~ R3 (26) 

so that 

a = (27) 

In our second example, the value of a becomes 5.,8 x lo-13 em, 

which is still very large. 

The Disintegration of the Compound Nucleus. The energy of the born= 

barding particle A will be used to excite the compound nucleus C and to set it 

in motion according to the law of conservation of momentum. The energy of 



-17- UCRL-1039 

excitation E of the compound nucleus can be written: 

E = _M_ E + (M+m-M
0

)c2 
m+M 

(28) 

E is the kinetic energy of A; M is the mass of B; m is the mass of 

A; c is the velocity of light, and Me is the mass of C in its lowest state. 

Since the ground state of C is frequently unknown, the excitation energy can 

be only approximately predicted. As long as m << M this energy will be of 

the order of the relative kinetic energy. For 96 Mev carbons one can expect 

an excitation energy of 90 Mev. The energy levels will overlap at such high 

excitations. To get a vague idea of the possibilities for the disintegration 

of C, it is convenient to investigate two distinctly different processes: 

(1) Th~ statistical fluctuations of energy density within the compound nu-

cleus; (2) The surface and volume vibrations of the compound nucleus as a 

whole. 

One cannot say aqything definite about the statistical fluctuations 

of the energy density until one knows what kind of statistics to apply to 

nuclear matter. One seems to be closest to the truth by comparing such mat-

ter to liquid He near absolute zero temperature, or to a degenerate Fermi 

gas. 11 The analogy cannot be complete, because one has to take into account 

both saturation forces and the "zero point energy." The saturation forces 

make nuclear matter behave like. a liquid. The "zero point energy" follows 

from the uncertainty of the position of nuclear particles, due to the Reisen-

berg principle. The amplitude of the zero point motio~ turns out to be so 

high that neighboring particles constantly overlap, unlike the case of liquids • 
... 

If we take the normal state of a nucleus as being of zero tempera-

ture, then the excitation energy can be expressed as 

(29) 

where Tis the nuclear temperature expressed in Mev (see e.g. ref.ll), b is a 

u. 
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constant, and N depends on the statistics used. · Knowing n and E one . also finds 

.for the entropy 
n 1/n 1-1/n 

S =-b E . 
n.-1 

(JO) 

and for the level density 

: ( d.2s )t s ~(EJ = e 
. dE2. 

(Jl) 

The only quantities that we can measure are the level density and 

the energy of excitation. Tod~ one knows them so crudely that n = 2 or n = 4 

can be equally well fitted. At higher excitation energies, however, the dif• 

ference should become more- important. At ordinary excitation energies T = Oo6 

Mev, if E = 6 Mev., In·tb,is case the distance between two neighborin~ levels 

is 100 volt.s or less, and b is roughly proportional to the mass. The tempera

ture corresponding. to E = 90 Mev may 'be 1. 5 Mev for a heavy nucleus and it 

may correspond to a distance of the order of one ev between two probably over~ 

lapping neighboring levels~ 

B,y analogy with processes known today, those processes which are 

' . most likely to occur, and which will continue until the excitation energy be-

comes small, are the evaporation of a number of neutrons with an average 

kinetic energy corresponding to the nuciear temperature, together with the 

somewhat less probable evaporation of protons and alpha-particles, and finally 

the re-emission of the incident nucleus A. 

One can predict that at such high excitation energies the way the 

compound nucleus has been formed plays an important role. Namely~ if the 

exciting energy is very concentrated, as in a lOO.Mev proton, the .neutrons and 

protons in B could be regarded as free to interact with the incident proton, 

the forces binding them being much smaller than the collision energy. We w:ill 

thus expect the expulsion of high energy particles from the compound nucleus, 
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leaving behind only a small excitation. The interaction of a fast proton 

with one of the nuclear protons or neutrons may bring also the long expected 

. solution to the problem of multiply or ~egatively charged proton isobars;J 

the creation of which requires maqy million volts~ If A is a light nucleus 

with 8 Mev kinetic energy per particle we rather expect the formation of a 
I 

long lived compound nucleus; expulsion of very fast particles can be expected 

only if the statistical fluctuations are big enough to concentrate the exci-

tation often in one single particle •. 

The fact that any nucleus contains more than half of its constituent 

particles on its surface suggests that surface vibrations are more easily ex-

cited than volume vibrations. Protons tend to be more readily on the surface 

than neutrons, due to the repelling ~orce between them. If a large number 

of protons were on the surface of the nucleus, their repulsion might overcome 

the attractive forces of nuclear origin. Bohr15 and Wheeler, using Feenberg 's16 

value of surface tension 4nr2o = 14 Mev computed th~ limiting ratio of charge 

to mass as follows: 

( 
g2). 

Mcrit)lim 
= 

· 40nr.3o. 
Je2 = 47•8 (31) 

g2 
If we examine a compound nuc;Leus, the ratio 

48M~rit 
will be charac-

teristic of its ability to undergo fission. One can calculate then the energy 

necessary to produce fission: in all known cases the ratio is smaller than 

unity. A calculation similar to that of Bohr and Wheeler indicates that com-

pound nuclei, produced by carbon bombardment of a number of heavy elements, 

would require only a small excitation energy to make fission probable. The 

bombardment of lead or gold, for instance, results in compound nuclei which 

require less than 10 Mev excitation to make f·ission possible. Whether or not 

it really will occur, only actual experiment can prove. Deuteron and neutron 

bombardment of uranium showed that evaporation of neutrons is a more likely 
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process. The large excitat-ion energy reached by carbon bombardment may 

therefore not be of much help so far.as fission proccesses are concerned. 

To mention finally one more possibility, one could imagine a heavy, 

highly excited compound nucleus, in the surface of which, due to statistical 

fluctuations, a spot forms momentarily with an abnormally high proton density. 

The repelling action of the protons may overcome the surface tension. . A 

few particles would be emitted when through the broken nuclear surface a num-

ber of single particles could escape in rapid succession, taking away most of 

the excitation energy. This type of fission could be called a burst. Nuclear 

explosions due to cosmic rays; as observed on photographic emulsions or in 

cloud chambers sometimes show a number of single particles. 

4. Carbon Tracks in Photographic Emulsions! 7 In view of the extremely small 

intensity of the carbon beam produced in~he 60-inch qyclotron and the diffi-

culties connected with building an ion source that would produce larger beams, 

it was desirable to begin a preliminary investigation by means of simple 

experiments on the effects produced. Dr. R. I. Condit used a cloud chamber 

for this purpose. On Dr. E. ~egre's advice, meanwhile, the writer exposed some 

photographic plates to the CS;rbon beam. The plates were placed in a small 

chamber at an inclination of two to ten degrees to the beam. The whole range 

of the particle studied fell thus within the emulsion, almost parallel to its 

surface. The tracks could be well studied by means of a microscope. Most 
' ' 

of the work has been done with twothin(one mil) aluminum windows interposed 

between the cyclotron and the plates, which cut out the highest energy range.; 

Later, however, the windows were removed to secure the complete range on the 

plates. 

There were three main points of interest to be inve~tigated by the 

emulsion track method. By measuring the density of blackened emulsion grains 
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one may be able to predict the variat'ion of specific ·ionization as a function 

of the range. By measuring the lengths of the tracks one may get the range

energy relationo Finally, by studying the collision patterns of some of the 

tracks, one may get information about the frequency of nuclear collisions 

and the presence of various types of nuclear reactionso Due to limitations 

of the method, unknown previous to this work, and to the shortness of time 

available on the cyclotron, no complete answers have been given. 

The tracks have been observed through a microscope, as the average 

grain size is of the order of 0.2 x lo-4 em. and the average track lengths 

measured of the order of lo-2 em. ·At the ordinary illumination we used, the 

background to be seen on the photographs was due mostly to grains that are 

activated also without exposure. Occasionally large bursts of grains were 

also found. Surface impurities, dust, etc., were also disturbances. To make 

observation easier, we used green light, Wratten filter no. 58. The lenses 

used were a.95x oil immersion ob-jective, with a numerical aperture of lo25, 

coupled with a 15x eyepiece; a dry fluorite lens (60x) proved to be less 

satisfactory. Some authors prefer darkfield illumination to the above des

cribed. I found, however, that the use of a darkfield microscope may lead to 

confusion or misinterpretation. The reason for this is that one does not get 

the right shape of objects; two.emulsion grains, close together, may easily 

appear as one. Further, one cannot distinguish between emul~ion points and 

background of other origin, such as pieces of dust or scratches on the plate. 

These show up more markedly than with ordinary. illumination. 

By a mechanism not well known at present, the ion pairs, and pos

sibly the secondary radiation formed along the path of fast ionizing particles, 

activate some of the emulsion grains so that in developing they become dark. 

Taylor18 showed that to become activated, each single grain requires the 

.~ 
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formation of a certain number of ion pairs or the absorption of a certain 

amount of radiant energy. Since the size, shape, constitution and distri-

bution of the emulsion grains are s~bj~ct to large fluctuations, one exp~cts 

the same .fluctuations in the density of emulsion grains along any particle 

track. Though T~lor has remarked that in alpha-particle tracks practically 

each grain falling on the track.becomes dark, there has been no ~stematic 

investigation of the variation of the grain density as a function of the spe-, 

cific ionization of the particles causing the track. On Figure 4, I plotted 

the distribution curves of grain density·.ror fast deuterons, alphas and car-

bons from the · 60 -inch cyclotron. Since the three histograms are well sepa-

rated, by examining a long track one can almost invariably tell which o.f these 

three particles ''it represents~ The. width of these curves can be accounted 

for by the random .fluctuations in the distribution of the silver grains as a 

main .factor; the width proved to be almost exactly the same for each case as 

a consequence of this. Besides the above mentioned circumstances, the fact 

that the beam is not mono-energetic and that in the aluminum foil and in the 

emulsion there can be a considerable straggling, also produces a considerable 

spread in the density of grainso 

The expected increase in values of the grain densities did not cor-

respond to the known values of specific ionization: the grain density increas.ed 

much less than was expectedo A similar effect was found by Lark-Horowitz in 

tracks of fission particles. In spite of the tremendous density of ionization, 

such tracks looked exactly like alpha tracks. To establish a correlation, 

the grain density of alpha-particles was measured as a function of their rang,e. 

In the tracks of 32 Mev alpha-particles, after making certain that th~ did 
I 

end in the emulsion, the densities were measured at several points along the 

track. Results of these measurements are sho¥m in Figure 5o They disclosed 



=2.3= UCRL-10.39 

that low energy alphas (from 8 Mev down) saturate the emulsion; their tracks 

do not differ at all in grain density from more highly ionizing particles. 

This result excludes the·possibility of identifying strongly ionizing particles 

on the basis· of their· grain density alone, or of measuring the variation of 

their spec~fic ionization by means of the grain densities of their tracks, until 

photographic plates with a much larger grain density or much less sensitivity 

are developed. 

One m~ compare Figure 5 with Figure 1. Using the right,proportionality 

factor the latter applies to several fast particles as long as they have the same 

e/m. Thus Figure 6 could be drawn, correlating the grain density of various 

tracks~ due to particles with the same velocity and e/m ratio. To illustrate 

the statements of the last paragraph, typical track microphotographs are re

produced in Plates 1 ~ .3. 

In order to compare grain densities and ranges of particle tracks it 

was necessary to record also natural alpha-particles. For this purpose the 

emulsions were immersed for a few minutes in one per cent solutions of uranium 

or thorium nitrate, then drie~ in total darkness and exposed to the beam. The 

sensitivity of the plates remained unaffected during this process. One per 

cent lead nitrate, however, decreased the sensitivity to a great extent, and 

carbon tracks appeared to be much less dense on them. They have not been used 

for measurement of grain densit.y, since it was not known whether the sensiti

vity of each grain was somewhat affected, or whether some grains entirely lost 

their sensitivity ~hile others remained intact. 

All pictures interpreted in this paper have been taken on Ilford R 

emulsionso The greatest advantage of these emulsions is their low background. 

They are not sensitive to protons and for this reason many pictures taken of 

collisions are incomplete. It is possible to detect tracks that may be due to 
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prot.ons ~. but the grain spacing is so wide and . irregular that it is impossible 

to photograph themo Considerable time was spent on Ilford .halftone plates 

that have been developed for the purpose of recording prot~m tracks. Whel1· 

close to the cyclotron they develop a very large background due toY rays 

and in some cases due to the direct influence of light emitted trom the cy-. ' .. . 

clotron ion, source. Eastman a1pha plates were tried .also. They seemed to 

respond to protons in a smaller degree than the Ilford halftone. There is no 

doubt that iniprovementof the technique will produce better results wit:q these 

plates·. There is a defirii te possibility of recording with them rays associated 

with heavily ionizing tracks. 

Both the length of tracks and the total number of blackened grains 

are characteristic of the energy. The spread in.their statistical distri-

bution comes from the same factors as spread in grain density. Following 
16 . . ' . . .· .. 

Tay,lor I measured the range of some thorium C 1 alpha-particles, and then 

compared it to the 
' ' 

carbon track lengths taken fr9m the same plate. It is 

possible .. to calculate 'the air equivalent thickness of the emulsion also from 

its chemi,cal composition; one em of air is equivalent to 2o4 X 10=4 em of 

. ' -4 
silver or 4.3 x 10 em of silver bromide or 7.8 x· lo-4 em of gelatine. 

Direct_comparison and calculation lead to satisfactory agreement if one takes 

Ilf~rdR plates; one em. of .. emulsion will be equivale~t to 1,700 em of air • 
. · - ' . 

After calculating the stopping power of the aluminum win:dows used on the 

plate holders, the limit of the range of 84 Mev carbons turned out to be 21.7 

em. air equivaient, almost the same as the directly measured value (see Sec-
· . ., ' . 

tion 2). No groups could be fotind corresponding to resonance- oxygen particles. 

Figures 7 and 8 ~ive 'the histograms taken • 

Two kinds of plate-holders were developed. The first had two alu

minum windows in front of 'the emuision, one of them to secure vacuum in the 
. . . 

cyclotron, the other on the exchangeable evacuated plate holder that contained 
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a slightly sloping (2; 5 or i0°) plate. A separate window served for the 

ionization chamber. The improved plate holder cont~ined no windows except 

the one for the recording chamber. A light, tight plunger protected the 

plate from too early exposure. Its schematic structure is to be seen in 

Figure 9. This plate holder could be used in complete vacuum, also in con-

nection with a three-slit system. Unfortunately, its use had to be postponed. 

. 12(++++++) ' Conclusion. 06 and other nuclei having approximately the same 

e/m ratio as deuterons can be accelerated in the cyclotron under similar con-

ditions to those required by the deuteron beam. In the ratio of their mass to 

the mass of deuteron their kinetic energy will be greater. B,y using them, new 

types of nuclear reactions could be detected, namely, ones involving higher 

excitation energies than hitherto known. The use of C02 ,made the acceleration 

of carbon easiest. A shallow ionization chamber was used to identi~ the beam, 

and to measure its specific ionization and range. Until the intensity can be 

increased with the help of a specially built ion source, all these measurements 

remain inaccurate. The Gamow theo~ of penetration of nuclear barriers was ap-

plied in the case of light-:-bornbarding nuclei. Penetration of most nuclei by 

s waves can be expected even at lower energies than now reached (96 Mev for 

carbon), although the maximum cross section will be reached only at considera-

bly higher energies where the contribution of higher incident momenta becomes 

important. The electric moment induced in the bombarding partiqles at the ap-

preach of a nucleus is discussed. Its values m~ lead to the splitting off of 

alpha-particles before the potential barrier can be penetrated. The tracks due 

to the 96 Mev carbon particles accelerated in the 60-inch'cyclotron were re-

corded in photographic emulsions. Their grain density, track length and the 

total number of grains have been measured and plotted in relation to the specific 

ionization and the air equivalent range. Some of the microphotographs taken 
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show elastic collisions with various nu·clei. A few pictures .may represent 

inelastic :collisic;lns • 

·.analyzed. 

Two star..,shaped inelastic collisions were found and 
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Microphotographs. All microphotographs have been taken with a magnifi

cation of l400x or 1800x. Notes written under each picture explain the 

interesting features. The diagrams drawn show the position of the tracks in 

question. Elastic collisions have been examined by measuring the angles of 

the forks to the original direction (m, ~ ; M, 0); then 

, ,. M = 
m tan \.f 

sin 2@ + tan 'f cos 29 

This formula was developed on the basis of Darwin 1 s20 calculations. 

Some of the diagrams show also the cross-sectional vieyr of'. the 

emulsion, which has been measured by visual examination. I took several 

photographs of the most interesting cases at different micrometer screw 

settings. 

The three pictures below each other represent the same collision. 

A carbon particle, (A) seems to initiate all branches. One of them is longer 

than ordinary alpha rays' tracks from Th. Some of the tracks might be due 

to the burst of C in three alphas. 

.~· 
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Figure 1. Curve I represents the range energy 

relation for carbons (continuous curve) and 

alphas (dotted.line where they deviate). A is 

the limit below which the mean square charge of 

carbons is less than six; B is the limit below 

which the alphas are singly charged. 

Curve II represents the -specific 

ionization as a function of the range in arbi

tracy units for alphas. For carbons use con

tinuous curve and multiply.by a factor 9. Note 

that the peak of the curve is relatively higher 

and it also falls closer to the end of the range 

in the case of alpha-particles. 
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Figure 9.. Vacuum plate holder., 

1.. Long rod to move plate ·while l;ieam is on. 

2o. Wilson seal., 

3., Plate holder, tilted at 2, 5 or 10° •. Plate 

is put on with Scotch tape~· 

4. Plunger, covered with black felt to keep 

light ·out. 

5c Aluminum window to allow the beam to reach 

the ionization chamber • 

. 6. Cover plate. Plunger with photographic plate 

can be exchanged after removal of this 

cover plate. 

7. Tungsten slit, water cooled. The apparatus 

can be taken apart near this slit and two more 

slits inserted. 

8.. Sylphon .. 

9. Target plate to mount on the qyclotron. Arrow 

shows the direction of the beam., 

UCRL-1039 
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Carbon track. 1800x. 

(2.) Carbon and alpha particle tracks from the 60 11 

cyclotron. l400x. 
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(3.} 16 MEV Deuteron tracks. Magnified l800x. 

. . . 
. . 

oz 1041 



(4.) Elastic collision of an alpha particle with a 

Carbon nucleus. 
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( 5.) In this collision, initiated by a 32 NIEV ." a lpha 

particle the momentum is not conserved. Care ful search did 

not reveal any more forks than the two to be seen. Protons, 

neutrons or very heavy nuclear recoils are not expected to 

leave tracks. 
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(6.) J. lpha particle st'l-r. It indi~ates three successive 

disintegra tions of t h e s eme radioactive nucleu$. 'Thi s pic

t :l re wu s taken from a plate coa te d wi th 1% Thoriu.rnnitrate 

solution. 1800x. 

-
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( 7.) Alpha particle star from a plate immersed in 1% 

Thoriumnitrate. 
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{ 8.) Elastic collision of a fast carbon particle with a 

medium nucleus, probably silver. , 

c 
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( o. ) : · ucleer collision of f ast ca.<i>or. ra rti cl" , ro bci> 1; · · · .'. t' : 
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El~stic col l ision of fast carbon particle. 
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{ 11.) Nuclear collision of two carbons. 18COx. 
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( 12 0) The fast carbon particle A colliaed with a nucleus, 

which cannot be seen in the picture. 
, 

Track B is probably 

an independent alpha particle. 

' 
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( 13.) Bent C8.rbon track. The momentum conditions could 

hardly be fulfilled if track B belonged to the collision 

pattern. One could often observe small areas on the photo-

gr&phic plate, where the emulsion seemed to be insensitive. 
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., {14.) 'l 'he carbon track in the mtddle of the picture (A) re-

presents a fast particle that suffered two collisions. To 

the left from the second the grain density became markedly 

smaller. Track B seems to originate in the same point, it 

might represent a proton track. Track C crosses A, it does 

not belong to it. 1800x. 1 

c 

.. . .. .. ... .. . .. : ..... . . ·. 

.. 
OZ 1052 



( 15.) A particle I'PL"-Y be emitted a lmost backvra r d. 1800x • 
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{ 16.) The fast carbon track in the n idd.le of the picture has 

side branches. They may be apparent or real. Not a sing le 

track h n s been found except this one, showing such curious 

side branches. 

-----
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(1'7.) This picture shows a pattern that cannot b 8 wel l 

~understood. All branches may be due to al~ha particleE t~at 

originate from the fhorium series. 
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