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ABSTRACT

A study has been made of reactions produced in nuclear emulsions by the
112 Mev carbonl® and the 121 Mev carbon,l3 beams from the sixty-inch cy¢iotron
at Crocker Laborétory of the University of California, Berkeley. The properties
and expected behavior of . carbon nuclei as bombarding particles are discussed
in the 1light of the reactions observed.

An analysis is made of the salient features, both general and special,
of 865 sﬁars produced by 1,390,000 carbon12 ions and of 1114 stars produced
by 1,845,540 carbonl? ions. The comparative reaction cross sections are dis-
cussed in some detail. The cross section is calculated for the total range
as given by any initial energy and also for the differential raﬁge, as a function
of the instantaneous energy. A further breadeown is made for the cross section
as it depends on the number of prongs. Three- and four~prong star cross sections
are higher for carboniguthan for carbon.l3 and exhibit a detailed structure.
Analysis shows the strﬁdtufe arises from impact disintegration and stripping
of the carbon nucleus; these reactions account for the carbon12 ion having a

1

larger cross section than the carbon 12

3 ion has - 0.446 barns for 110 Mev carbon™
- compared to 0.388 barns for 120 Mév carbonl>. The instantaneous cross section
of carbon nuclei‘nearly eduals the available geometric gross section for in-
elastic reacﬁions until neutron evaporation events from silver and bromine

reduce the number of charged particle stars.

The outstanding special type of reaction found is the impact disintegration
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of the carbon nucleus into three alpha particles and the cldsely related stripping
and capture of an alpha particle from the carbon nmucleus by the targset nucleus,
These reactions are explicable on the basis of the modern alpha particle model

of the carbon nucleus, the low erevay.reqnired to break up the carbon nucleus,

;
Broglie wave length of the carbon particle
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; carbont® s, and the short d
which permits a collision to be consentrated on a single alpha particle, A
number of impsct disintegration and strippings are analyzed in detail to bring
out, the interesting features of the regction. Observations are made re garding
beryll izm s, one of the fragments ;v the reaction before it breaks inlo two alpha

particles.
. 13 . ) s
Fission produced by carbon™” ions in bismuth-impregneted emulsions is dis-
cussed, Jdine fissicn events were found from 1,702,600 tracks. The indicated

cross seciion for fission is half the available reaction sross section,

Ranpge-energy data for carbon lons have been obtained. Above A0 Mev, carbon

C*‘
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*
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and alpha particles are directly compared by passing them through slit
L0 Hev, data are obtained from knock-on protons. Comparisons are made of carton

icns with fission fragments and with light particles.




CHAPTER I

INTRODUCTION

The_reseafch deseribed in this feport had es its purpese a probing,
both qualitative and guantitative, into the properties of 112 Mev C12
and 121 Mev CL3 nuclei accelerated in the 60-inch Cyclotron at the
Crocker Laboratory of»the University of California, The deflected
external beam was used in order to obtein a beem homogeneous in energy,
and nuclear emulsions were employed to record the particle tracks. The
use of nuclear emulsions permitted a detailed stgdy,of the mclear
reactions in which the carben muclei took part and of accurate regis—
'£ration of a range—énergy curve, BEmulsions have the advantage of inte-
gfating the beam so that beams too small for effective use by other
techniques méy be enlirely adequate, and at the same time both individual
and ststistical date may be obtained, as contrasted to the usuel statis-
ticel results. The external beam of ¢12(6*) ions is of the order of 100
particles per second, and the G13(6%) beam is about one-sixth as much
when the gas used in the'ion source 1s COp withvthe carbton fraction
enriched to 52.5 percent C13, | .

Because of the limited beam current, the study and use of the carbon
beam has been delayed far beyond what would be expected from the interest
in it, Carbon nuclel were first accelerated in the cyclotron by Alvarezt

in 1940. -Subseguent work was interrupted by the war, after completion of

\

1. L. W. Alvarez, Phys. Rev. 58, 192 (1940).
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research projects with the carboh beam by Tobias? and Condit.> After the
- war, attention was centered on obtalnlng a higher and more consistent
beam, with SpGCIal attention to development of an efficient ion source. 4
Although significént facts were uncovered, no single large step was ‘made
invincreasing the beamvcurrler'l.t° The greatest single increase was: at the
end of 1951 when G. B. Rossi made an uncooled ion source out of graphite,
exposed to the cyclotron radio-frequency field; and improved the beaﬁ by.
a factor bf ten, bringing it to 106 ¢12(67) per second eiternally, still
ﬁooviow for external bombardments, |

After the development of a probe target mechanlsm for the 60-1nch
cyclotron in 1949, Je G° Hamilton proposed test bombardments of alumlnum
and gold with carbon ions in the internal beam to see 1f.1t were enough
higher than the extérnal beam to produce.detectable activity. Internal to
defiecfed ;atios of about.ten to one had been fqund with alpha particles,
deuteroné.and protons° The first bombardment was in May, 1950; The results

were surprlslngo5 The reactlons proposed to look for were A127(012 o(,n)
0134( @ 33 min) and Au197(012-xn)At (alpha decay). These were found in
a quantity that indicated an internal beam 103 or 104 times higher than the

external beam, The reason for the high ratio was fouhd to be that the

"2 C. A, Tobias, PhJQ,thesis, University of Califormia, Berkeley (1942),
Phys. Rev., 70, 89 (1946) and UCRL Report 1039 (1950).

3. R. I. Condit, Ph.D. thesis, University of California, Berkeley (1942)
and Phys., Revo 62, 301 (1942).

4o Ho York, R. H, Hildebrand, T. M, Putnam and J. G. Hamllton, Phys. Rev,
20, 446" (1946)s .

5 J. F. Miller, J. G. Hamilton, Te M. Putnam, H. R. Haymond and G° B, Rossi,
Phys. Rev, 80, 486 (1950) _



carbon ions have a multitude of different orbits that require different
magnet currents in order to be résonated to enter the deflector channel,
There also exists an exponentially increasing beam, in the direction of
lower energies, of carbon ions that would be unable to pass down the
deflector channel at any magnet setting. |

The internal beam has been developed, principally by A. Ghiorso and
G. B. Rossi, into a useful tool for bombardments. A current measuring
brobe has permitted evaluation of the nature of the beam and of parameters
that affect it. However, the great inhomogeneity of the internal beam has;
made precise experiments often impossible. In ordér to gain more definite
information as to some properties of carbon ions, the external beam of
homogeneous energy must be studied. The present study is for the purpose
of considering such details as can be learned from muclear emulsions,.

.There is a wide assortment of features that make carbon nuclei of
interest as bombarding particles. Perhaps the most obvious is that, in
one hit on a nucleus, there will be added twelve or thirteen nucleons. -
Naturally, then, any progrém to develop further transuranic elements
would find carbon nuclei of interest.é The work with carbon ions by
A, Ghiorso for the Chemistry Group of the University of California Radia-
tion Laboratory has been primarily’for this purpose. However, carbon nuclei,
although they carry many nucleons into a reaction, carry too few neutrons
to follow along the "Heisenberg valley® in any but the:lighter—element
portion of the nuclide chart, With the high excitation they produce, whiéh

will cause evaporation of more neutrons, they can be expected to produce

‘

6. A, Ghiorso, 8. G. Thompson, K, Street, and G. T. Seaborg, Phys. Rev.
81, 154 (1951). |



fission, a process in strong or possibly prohibitive competition in pro-
ducing transcalifornium elements.? The present study using emulsions has
included some evaluation of the fission pfocess, both in_biémuth impregnated
in emulsions; and in the elements normally present in the emulsion,

The ability of carbon nuclei to produce highly neutron deficient
isotopes may be of positive interest in éther regions, though it is of
negative intereét in the transuranic. For instance, the shell model of the
nucleus prediets high stability of nuclides with closed proton ior neutron
shells according to the ®magic numbers® 2,8,20,50,82 and 126, An iéotope
falling into a closed shell should éccordingly have a greater release of
energy than in the ncrmal processes. On these premises, carbon nuclei should
be efficienﬁAin pfoducing radicactive alpha emitters falling into the 82
neutron shell. Such has been found tc be the case hy theRChemistry Groupes'
A similar possibility for an alpha active product in the region of the 50
neutron closed shell was considered, Apart from the present program, the
writer made probe bombardments of zirconiﬁm, molybdénum, and nicbium foilé
which were placed in scintillation andvionization,chamber counters, AAppara~
ently positive results were invalidated by finding both types of counters |
would give c&unts from thé intense beta~gamma activity of the neutron
deficient isotopes produced by .carbon ion bomberdment. Iater more refined
and extensive experiments by R. W. Hoff and D@‘Fo_Martin of the Chemistry

Group produced the same negative, but inconclusive, results, The use of

7. Jo Mo Hollander, UCRL Report 1396, July 1951,

8, J. O, Resmussen, UCRL-1473 Rev. (Dec. 1951).



~ emulsions to see if alphas come from such foils has not been made but might
be appropriate, ‘In the case of reactions which might end in the 50 proton
closed shell, the research described herein gives.some fairly definite
~evidence,

Most of the questions on which evideﬁée is sought in this emulsion
study are of a genéral nature regarding the compound nucleus. For it is
concerning the compound nucleus that almost all the visual information .
appliess the‘beﬁa—gamma radioactivity of the product nucleué‘is not seen.

We seek information on whether the rééction cross section using carbon
muclei is significantly higher or lower than with other bombarding pérticles
and how the distributibn of prongs in number and direction compares., Will
the flow of a considerable number of ﬁucleons at one moment into a nucieus
produce any unusual features or increase the "sticking probébility“ in
forming a compound nucleus? Will the processes in the compound nucleus be |
affected by the spatial correlation existing among the entering mucleons?
Will the high angular momentgm brought into an off-center collision by a'
carbon nucleus decrease the cross sectidn for formation of a compound
nucleus far below the geometric cross section? How will high angular
momeﬁﬁum in a éqmpound nucleus affect the particles it evaporates? Not all
of these questiqns'may find definite ansﬁers, eSpecially if oné effect tends
~ to balance another., However, pieces of evidence.can be expected regardihg
the model for the nucleus - .the shell structure, statisxiéal Permi gas,
liquid drop and alpha particle models. |

'Aside from statistical data and qualitative observations on the general
nature of carbon—induéed reactions, it is interesting to look for special

types of reactions. It was a surprise not to find the anticipated



“hammer tracks®™ that would come from 1i8 (or'Bg) ejected by the compound
‘nmucleus. A look-out was also kept for delayed proton or alpha emission
from the product nucleus. The evidente in this respect is not conclusive.’

| The outstanding special reaction that showed up unmistakably and in
striking quantity was tﬁe impact disintegration of the cafbon micleus into
an élpha and Be®, and the closely related stripping and capture of an alpha
from the ¢arb0ﬁ'nuéleus, leaving Bef, The evidence from these processes will
be discussed in some detail in Ghapter V. |

Since a C13 beam was available, it was used as a foil with which to
compare the 12 bombardments ‘of emulsioris. The differences, where they
occur, are interesiing.h In impact disintegration and stripping, for example,
one would expect rather different behavior from G2 and ¢13, .
-In order'to_evéluate some of the data, it has been necessary to obtéin

a range-energy curve for carbon nuclei in emulsions, Hﬁwever, the data for;
such a curve are of interest in their own right, for the information they
give and the cqﬁsiderations they‘involve regarding the mechanism of slowiﬁg
down and stopping of the carbon ion. For instance, the nuclear collisions
near the end of the carbon range could be'important"in a study of radiation
damage, The type'of Bragg ionization curve that should be produced by
carbon ions is of interest to medical physics in studying the effect on cells
of the ionization p:oduced by heavy nuclei. A group under C. A, Tobias is

'currently engaged in such research with ‘the external carbon beam.



CHAPTER. II

EXPERIMENTAL CONDITIONS

In'ofder to understand the limitations on the carbon beam, both as to
size and homogeneity in energy, some background information might be
pértinentvconcerning it.

| Just how the completely stripped carbon muclei are produced is un-

lnmown, The ionization potentials of the individual electrons in the carbon
atom ares?

I 11,264 volts

I 24,376 volts:

IIT  47.864 volts

v 64476 volts

v 391,986 volts

VI 489.84 wvolts
However, the potential drop across the arc in the-;on source as shown by
metefs fa:ely exceeds 300 volts and may.be‘asblow as 200 volts, In compari-
son, when helium atoms are being stripped in the ion source, it is foﬁnd
that 250 to 300 volts is optimum, as would be expected in order to have
about five times the ionization potential of the last electron to be siripped.
A suggestion in the case.of carbon is ﬁhat plasma oscillations may supply
thé extra voltage needed by electrons to Sfrip the last tﬁo electrons from
the carbén. However, this speculation is belied, at least as any
considerable mechanism, by good evidence thét'thé carbon particles do not

come from a line source (the ion source) but from the neighborhood around

the ion source. Even before the internal beam was explored, there was

9. Atomic Energy levels, Vol. I, Sec. I, Circular 467, Nat. Bur, Stds.
(1949). , ,



clear evidence as to the non~localized origin of the carbon beam. Since the
é0~inch cyclotron is of fixed frequency and the magnetic field for resonance

is B= M 4y ve should have Bol2(6+) _  2.000096
Ze | Bpod(R+)  2.001396
for stripped nuclei derived from Mattauch and Flammersfeld's. tables,10 &

, using M/Z values

magnetization curve for the 60-inch cyclotron shoys that at alpha resonance
(magnet field current = 290.45 amperes and magnet“lfield‘ at center = 15,279
oersteds, Jan. 10, 1952), dB/AI = 29.3 oersteds pe} ampere. These values
imply that ¢1R(6+) resonance should lie about 0.33 amperes below alpha
resonance., Figure 1 shows an experimental resonance curve obtained from
the set-up shoﬁh in Figs. 2, 3 and 4, using an ionization chamber connected
through é ?ulse height discriminator to a counting rate meier. A.sihgle
s81it was used, ppén 0.15 inches at the cyclotron snout, to pass the full
width of the resonance curve, The curve is suggestive rather than
abéolutefsince conaitionS‘may change with the cyclotron parémeters.such

as thejoS¢illator power used., The curve is so wide that it overlaps alphas,
which, feven’ though they are from residual helium in the tank and likely
come p;incipally fraﬁ outside the ion cone, give quifé a sharp resonance,
In the tracks picked up on photogfaphic plaﬁes there is further evidence

of low carbon energies, spreading down to zero, and of'theif of f-center
orbits, unless proper precautions aie taken to exclude thém. These particles
emerge from the gap.between the deeé (see Fig, 2) as shbwn by the'fact

that théy persist’when the.deflectof is turned down and'that they cen be

cut out by a suitable blocking probe.

10. J, Mattauch and A, Flammersfeld: Isotopic Report. ' (1949)
- Tubingen. . '
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FIGURE 3.
BEAM DETECTION AND EMULSION EXPOSURE APPARATUS

The beam enters through No. 1 slit at the righté No. 2 slit was inserted
after this photograph was taken, near the weld seams No. 3 slit is hidden
by the foil wheel. The plate exposure chamber is to the left éf the foil
wheel, followed by the beam detection apparatus. In the foreground is

the electrometer tﬁbe, at the end of a vacuum coaxial line,
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FIGURE 4.
BEAM DETECTION APPARATUS

The two ionization chambers are of drum type. Between them is the Fara-

day cup for collecting the carbon ion charge in vacuum.
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Two principal suggestions have been made to account for stripping
outside the ion source. One is that the stripping is by a sheet of vertically
oscillating electrons trapped in a potential well formed between the dees
and an off-center ion source during each half cycle of the oscillator. The
energies given these electrons can amount to a considerable fraction of the
dee voltage. Such an electrqn sheet has been discussed by R. R, Wilson,1il
The other suggestion, by E. M. McMillan, is based on the fact that stripping
can be produced by atomie collisions if once the velocity of the ions can -
be brought to matéh the "orbital® velocity of the electron to be stripped,
The mechanism to achieve such a velocity for incompletely ionized carbon
atoms is present. o2 can be resonance-accelerated with the cyclétrpn
frequéncy the third harmonic of the ion's orbital frequenéy. Harmonic
. acceleration was noted by Lawrence and li#ingston in 1932.,12 orbital
frequency, ¥ orpit =%TT-T% B vhere q is the ion charge. If q/M or
B, or both, are adjusted so that the cyclotron ffequency is an odd multiple
of ion frequency, the ion will cross the dee gaps each revolution at the
proper instant, Using his current measuring probe, A, Ghiorso has shown
‘the presence of a beam of c2(2+) greater than 100 microamperes at the 23
inch radius. This beam, unlike the C(6F) beam, is sharply defined. Indeed
the heating from it is a serious problem in probe bombardment. - G(R+) will
have one-ninth the energy of G(67F) pen they are at the same radius.

Hence, the energy at 25 inches would be about 12.5 Mev, while the velocity

" of the sixth electron corresponds to a Gl2 energy of 10.73 Mev, McMillan

11. R. R. Wilson, Phys. Rev. 56, 459 (1939).

12, E. O, Lawrence and M. S. Livingston, Phys. Rev. 40, 24 (1932).



suggests that the c(2+) ions may lose one or more electrons in collision
either with gas atoms in the tank or with ions being circulated by the
cyclotron, In the new state of ionization, the orbital radius of curvature
will be different and the ion will not be in synchronism with the cyclo-
tron frequency, unless it was completely stripped. Accordingly, as it
crosses the dee gaps in its off-center orbit, it will sometimes be
accelerated, sometimes decelerated. Its orbit will precess. Finally, it
will undergo another collision. If the collision is with a beam particle,
further ionization will be achieved more easily than if the collision is
with a gas stom. Finally, C(6+) will be formed and, if its phase is
correct, it will be accelerated by the cyclotron. Ghiorso has shown that
the C(2+) beam can be reduced by increasing the tank pressure, but he
has not been able to utilize the process to increase the c(6+) veam. it
is interesting to notice that the external carbon beam, although it is
very broad, is situated where it should be with respect to alphas. However,
the internal carbon beaﬁ found by Ghiorso and Hollander (ref. 7, Fig. 2)
is about four amperes below the alpha peak and the sharp ¢(2+) resonance is
lower than the C(6%) peak, although, according to q/M value, it should be
slightly higher., |

The heterogeneity of the carbon ions in energy and in the direction
at which they may emerge from the target smout, as well as the rescnance
curve coinciding near its peak with alphas, indicates that some care must
be taken to select the beam for exposing nuclear plates, Accordingly, the
appargtus shown in Figs. 2, 3 and 4 was built., The first part of it is an

extension snout with three equally spaced slits over a distance of 26 inches.
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These slits can be narrowed to select as narrow- an energy spectrum as
desired. The first slit is centered and adjustable only in width. The
second and third slit are adjustable in width by rotating the rod leading
through the Wilson seal and can be traversed by pushing this rod in or oub
by a screw mechanism. All the mechanical adjustments can be made while
the beam is on by'using.an.exiension rod leading through the water tanks,
The extension snout is followed by a foil wheel with twelve windows. The
foils permit a study of the range of the ions selected by finding their
Bragg curve or their extinction point using the first ionization chamber,
Also, sufficient folls may be interposed to pass only alphas and permit
determination of the alpha beam 1limits, which change with how recently the
cyclotron was used to accelerate alphas, Thus can simply be found the
magnet setting necessary to reduce alpha contamination on the nuclear plates
to any desired level, |

Each ionization chamber is built.in the form of a drum with nitrogen
at atmosphere pressure flowing slowly inside and with vacuum outside,. The
beam passes through the drum heads, which are of 1.4 mil dural, about the
minimum which will hold atmospheric pressure over the unsupported diameter
of 3-1/4 inches. Inside the chamber are three foils on rings insulated by
teflon, The middle foil is the signal electrdde and the outer two are high
voltage plates with separate leads, so that they may be given the same or
opposite polarity. As discuséed by Rossi and Staub,l3 if the two'plates
have opposite polarity, a particle, say an alpha, passing zll the way

through, will give two pulses which nearly cancel each other. On the other

13. B. B. Rossi and H. H, Staub: Ionization Chambers and Counters,
_ McGraw-Hill Book Co., New York (1949).
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hand, if‘a particle, say a éarbon ion, is‘stopped in the middle foil.by

interpdsing the correct foil in the foil wheel, it will give a pulse only

in the front side of the chamber, This arrangement permitted studying the

carbon beam when the alpha background was strong. However, at the peak of

alphas the accumulation of imperfecﬁ cancelling was enough to overbalance

the carbon beam. ‘The drum type chamber has another good feature. Since the

ions pass through'the plateé far from any edge, there is no edge effect to

give different pip heights depending on how near the particle passes to one

plate or the other.. The pips seen on an oscilloscope from the drum chambers

are of very uniform heighﬁ if the energy is homogeneous. Thus, the effective-

ness of the adjusiments in getﬁing rid of unwanted particles could be judged.
In the ionization. chamber used here, the ions are collected directly

along the line of the'particle track, a condition ernhancing recombination

and, hence, reducingthe pip héights. Since the amount of recombination

wiil depend on the density of ioﬁization, it cannot be expected that the

pulse heights will correctly represent the Bragg ionization curve. Hence,

a curve which was obtained using just the front half of the ionization chamber,

with a sensitive region of 0.3 mil Al equivalent, should give a lower

ratio of peak to initial ionization than the true one although, from the

considerations to be discussed in Chapter VII, we expect a lower ratio for

carbon nuclei than for alphas, It gave a ratio of 3.5 to 1, the lowest

‘reading being taken after the minimum thiékness:of 2,0 mils Al equivalent

" necessary to enter the sensitivé region, The range was about 53.5 mg/cm?

Al for the carbon ions (of approximately 112 Mevbenergy). The recombination

effect could be reduced, retaining the other good features of the chamber,
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by tilting the drum so that collection‘is at an angle.b Since the Medical
Physics group studying ionization effects on cells plans a precise evalua-
tion of the carbon particle ionization, modification and refinement of thé
equipment described here was not undertaken.

Wiﬁh a blank opening in the foil wheel, the carbon ion range is
sufficient fqr the nuclei to paSS‘completély through the first chamber
before they reach the region of electron pickup. They are again in vacuum
and their total charge will be collected by the electrometer Fafaday cup.
The bottom of this cup is sufficient to stop carbon ions but it will pass
alphas unless foils are used to terminate the alpha range in the bottom of
the cupc. Since alphas normally pass through the cup, it has walls on both
sides. These walls are shallow (half an inch high) since the cup is in a
magnetic field Qf_about 6000 oersteds., Because ofrthe small beam at the time,
precautions were taken that are not-now required, such as the vacuum coaxial
lead down the brass tube shown in Fig, 3 to the eleétrometer tube, L. Ko
Neher and K. D, Jenkins designed and built the electrometer circuits,

Beyond the Faraday cup was_a_second ionization chamber identical to the
first. Its primary purpose was for use in case it was found desirable to
obliterate the alpha beam background by using an anticoincidence circuit,

The time constant of the ionization chambers was made such that the
pulses shown by the signal foil were due to electron collection, regardless
of which direction'the electrons actually traveled. The electron collection
time was about one microsecond. The lead from the ionizatioﬁ chambers went
to a UCRL standard preamplifier a few feet awaj where the magnetic field

intensity was essentially zero. From there the signal went to a UCRL



standard linear amplifier énd through a discriminator to either a scaler or
a counting rate meter. Another lead froﬁ the linear amplifisr went to an
oscilloscope at the control room desk to permit maximizing the beam,

Prior to exposing»é set of‘nuciear émulsion plates, the desired conditions
were selecﬁéd using narrow collimating slité; Leaving Number 2 slit full
open, Numbers 1 and.3 slits were_clbsed'to a width of, say, 0.1 inch and
Number 3 slit traversed to maximize the beam coﬁing down the deflectof channel,
To center this beam for the nuclear plate, the apparatus as a whole Qas swung
the measured‘diSplacement‘of Number 3 slit, which was then put back on center.
Number 2 slit was now closed to the same width as the others and traversed to
maximize the beam, If 612 wére‘being used; an effective lowernlimit for alphas
was found and thé indicated magnet current held at the value for the exXposure.
The three slits were opened to half an inch each to give a desirable beam width
on the plate, It was found that opening the.slits to this value did not essen-—
tially increase the main gaussian energy distribution in the beam. The meas-

urement of ranges on 612

plates, for exémple, shows consistently an average

for the full energy particlés of close to 170 microns with a maximum likeli--

hood estimaté:of the standard deviation ih the individual ranges of close to

six microns. From the range-energy curve at 170 microns range, AE/AR = 0.392 Mev
per mieron. Thérefore, the standard deviation in energy should be about 2.4 Mev,
fassuming that almost all this range dispersion’ is due to energy variation, The
energy spread which can be passed bj the three slits concerned here may be est-
imated from a calculation thch wﬁs made for the three very narrow slits of the
beam-energy measuring arm (shown in Fig. 44,'Chapter VII). For a beam with a

uniform distribution of energies and angles of incidence, péséing through three

evenly~-spaced slits over a chord length of 25 inches in a magnet field of 6400

A}
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oersteds c*{?(Mevl} = 68.6 W, where W is the slit width (inches). In the
present case, the field is not at all uniform, but its average value is not
far from 6400 oersteds, Also, the slits cover 26 inches rather than 25 inches.
Butvas an aéproximation we can use the value given above for ¢’ {3} o We see
thét 0" = 2.4 Mev requires a siit width of only 0,035 ihches° Why, then, the
low standard deviation with the slits open half an inch? The answer is that
there is not a uniform distribution in eﬁeréj and in angle of approach to the
slits, The slits were maximized for the beam from the deflector, meaning that
this group with relatively small spread in energy came through the slits at
normal incidence., Particles of other energies had to come from a narrow angle
prescribed by the gap between thé dees; Consequently, the main group of part-
icles from the deflector stands out aloné, and its standard deviation is not
larger than 2.4 Mev, no matter ho& wide the slits. Other tracks do appear on
the plates bﬁt are well separated by the following characteristics: (1) Range
measuremeﬁfs show effectively no tracks until a group is feached with range
about 90-~110 microns. Below it there are other appafent grodpings becoming
less distinet from each other., The blank between the 170 and 110 micron
groups is evidently due to the blank region in energy and angle between the
deflected beam and the beam escaping through the dée gaps with off=-center
orbits. (2) The photographic plate acté as a fourth slit. Although a part-
icie of lowvenergy may pass the three slits, it must fall on the inside edge
of "the beam at the plate. Consequently, it is simple to select a swath as

a stopping point to cut off extraneous particles at a negligible level of
significance,

After a probe port was constructed that permitted a probe to be inserted



on a radial line directly between the deéé, it was possible to build a
-»blocking probe to cut out the iﬁtefnal Eeam‘almost completely while letting
the deflected beam pass thfough a siit in the probe., This probe is shown
in posiﬁion in Figufe 2; It was used in exposing some of the later plates,
and in all the range-energy measurements,

The photographic chambér was directly behind the foil wheel, The
nuclear plates were brought ﬁp in a caésette which was butted up against
the vaéuum lock on the chaﬁber, and the cassette was pumped down by a
.vacuum line at the lock. After the prineipal outgassing of the plates was
over, in twé or three minutes, the vacuum line was ciosed off and the vacuum
lock gate £lid down to permit shéving the plate on its tray into the exposure
chémber. The tray normally held the plate at an angle éf tilt of 4 degrees
to the beam; if desired, the tray itself could be tilted to add 5 degrees
more, H Tilt is desirable to give easy distinction between surface scrafches
and tracks, to remove the main portion of tracks from any surface fog, to
define a distinet point where a trqck enters the emulsion, and to give a
higher probability fof particlés coming.from a nuclear reaction to lie in
the emulsion. Most of tﬁe‘plates were:exposed at the 5‘degree tilt, The 9
degree tilt was used principally for the bismuth-impregnated plates so that
the two tracks from fission would have a better chance of lying in the
emulsion. |

With the ugﬁal beam infensities, exposure times were about 20 seconds
for C12 peams and 2 minutés for C13 beams. These gave a density of tracks
where alﬁost all of the tracks were quite distinct from each other, but

dense enough that events could be found without excessive travel and yet

searching could be done with a dry objective, with its good depth of focus,
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rather than with an immersion objective which would require continual focusing
up and down while traversing.

Ilford nuclear emulsions wefe used. As a matter of personal preference '
the large plates, 3-1/4® x 4-1/4", were used rather than 1" x 2% plates.

With the large plates, peeling at the edges was no problem such as it can be
.with small plaies.} Further, oil was less likely to run off large plates.

A larger number of tracks could be surveyed, all produced at the same time,
than on small plates,

The plates after exposure were sent to the nuclear emulsion group of
the University of California Radiation Laboratory where they were given the
standayd processing. Almost all of the plates were free of surface fogging
and had no troublesome background. In order not to change the track lengths,
the plates were not scrubbed. There were a few extraneous tracks,kmainly
knock-on protons by neutrons and stars from naturally alpha-radioactive atoms
SCattefed‘in the emulsion. These were mostly five-prong stars, which were
usually in their characteristic grouping of three from one origin, followed
by two more frqm an origin slightly,remqved due to the migraﬁion of the
atom. These natural alpha stars were in all stages of fading of the latent
image since some of the large plates used were several years old,

Both E-1 and D-1 emulsions were used and 100 microns was chosen as a
suitable thickness to permit catching most of the emergent prongs and still
to be easily processed., The D-1 emulsions were used only for study of
fission, Théy are too insensitive for easy identification of tracks. With
vE—l emulsions,. identification is simple if the tracks are more than about
ten microns long unless théy are fising or digging steeply. In‘E—l

emulsions a carbon track could only be mistaken for an alpha very close to
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the end of their tracks. Thé presence -of a small amount of alpha contamina-
tion in the C1? beam was welcome since it gave a ready basis of comparison of
an alpha £rack for any range up ’60"500 microns, and showed how, for example,
an alpha deflected sharply dowvnward might look. For identification of proton
tracks there couid always be found protons of various ranges, knocked-on by
carbon ions or by alphas'. ' No attempt was made to classify particles into
sub-groups u_.ndér singly-charged, doubly-charged and higher charged.

The E-1 emulsions give a solid track for carbon ions , with possibly a
few gaps when the remaining range is under 15 microns (carbon muclei pick up
their inner two electrons at about 13 microns range). No study of gaps has
been attempted in this research. A thorough study from counting gaps near
the end of carbon .t‘racks in D~1 emulsion has ‘been' made by P. C. Giles and
W. H. Barkas.l4 Up to about 50 microns from its end in E-1 emulsion, the
carbon track is covered with a "fur® of § -rays (knock-on electrons),
eSpécially heavy in the first 50 microns and tapering down from there on,

The & ~ray fur is familiar to those who have studied the heavy nuclei
iappearing in cosmic radiation. Where a great 1engti1 of track is available

to permit estimating veloéity, the mmber of & -rays lying between two
selected energy values , per unit track length, has been used by Sorensenl5

to give quite an accﬁrafe estimate of the charge mimber, Z, of the particle,
since for the same velocity the number of these & 's varies as Z2, Sorensen
estimates electron tracks shouid'bé‘ long enough to be'éeparately distinguish-

able (in electron-sensitive emulsions) if the energy is above 10 kilovolts,

1. P. C. Giles and W. H, Barkas, Phys. Rev. 85, 756 (1952). .

15. S. 0. C. Sorensen, Phil, Mag. 40, 947 (1_94-9)_.



which implies that v/c is approximately 0.2. The maximum velocity that can
be transferred to an electron is twice that of the nucleus colliding with
it, A 112 Mev CIR ion has v/c = 0. 141 and, hence, the maximun velocity
én electron could dcquire would give v/c = 0.282. The density of electron
Spurs above a given length along a track varies not only directl& as 72
but inverseley as V<, Consequently, for a very energetic particle, the
spur density increases as the velocity decreases until a maximum is reached
'-as the velocity falis below an efficient point for producing spurs of the
selected length, Blau,'Rudin'and Lindenbaum,l6 from photodensitometer
reédings have guessed that this maximum occurs when the nucleus has
approximately v/c = 0.3, On this basis, the density of & -rays at the
xbeginning of the tracks in this study is well below the maximum,

The E-1 emulsion is sensitive enough that an alpha track éppears
considerably heavier than a proton track except at the end where there
would be a possibility of mistaking one for the other., In tracks of moderate
length, the alphe is further diétinguished from a proton by the rate of
| change of track density, It is true that alphas and protons of the same
velocity have the same range (except for the small a&ditive constant due to
electron pickup by the alpha extending its range). And the dE/AX curves
as a function of velocity are identical in shape for the two particles
(except in about the last 6 microns of range). The magnitude of dB/dX
is four times as great for the alpha as for the proton, since it varies as
Zz, but the alpha had four times the enefgy to lose, Ome would at'firsﬁ

think the rate of increase of track demsity would be the same for the two

16, M. Blau, R, Rudin and S, Lindenbaum, Rev, Sci, Instr. 21, 978 (1950).
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and such would be the case except for the nature of the photographic process.
There is room for only about three grains per micron and, when one particle
gives quite a dense track, the rate of increase in the number of grains per
unit length, relative to the change in dE/dX per unit length, is less than
would be the case for a more 1ightly ionizing particle, Blaul7 has pubt
this fact into an equation which permits distinguishing betweén particles
by grain counting. In addition to the effect just described, the protén
track density peaks sharply in the last six microns compared to that of an
alpha, due to the shape of the dE/HX curves there. .

The microscopes used in the survey of the nuclear plates were two
Zeiss Jena microscopes with laboratofyetype stages (rectangular, with x=-
and y-coordinate scales). Each had apochromatic objective lenses and
compensated eyepieces, They were equipped with 10 and 20 power dry objec-~
tives, 60 and 90 power oil-immersion objectives, and 7 and 10 power eye-
pleces. An additional magnification of 1.5 is built into the body tube,

In order to faéilitate measuring track lengths exceeding the length
of an eyeplece scale, a superstage micrometer was designed and built by
Silge and Knﬁne,VSan Francisco, It can measure any length in the x-direc-
tion up to 1 centimeter (far beyond the range required).. The plate holder
clamps were removed from the dove-tailed groove in which they lock and a
sliding bar was fitted into this groove with the plate holder clamps fastened
to it. ‘No change was made in the position of the plate on the stage. The
fixed part of the superstage: was clamped at either end in the dove-tailed

groove, with a reinforcing bar connecting the two ends. One end supplied

17. M. Blau, Phys. Rev. 75, 279 (1950).
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a spring loading on the sliding bar while the other end contained a Zeiss
-precision screw of 1/2 mm pitch that made contact with the sliding bar
through a small hafdened steel ball., Thus, the sliding bar and the plate
were moved on the superstage, independently of the x-coordinate coarse
adjustment and in the same manner; The drum for the superstage is cali-
brated in 2 micron units. Lengthsvcan be estimated to the nearest tenth of
a unit buf the accuracy of the screw is not expected to'be better than
about 1 micron. To permit holding small and large plates, an adjusﬁable
plate holder bracket was built of dural., To measure angles on the plates,
a simple goniometer eyepilece was built. It should be accurate to‘abmxﬁ
half a degree. A sketch of the.superstage micrometer is showm in Fig, 7
and a photograph of the microscope stage, with a large plate in position,
in Figure 6. A view of the laboratory arrangement of the microscopes is
shown in Figure 5,

The téchnique used in searching plates was as follows: Scamning to
locate events was done with 20X objective and 7X eyepieces ( total magni-
fication, 20 xvl.5.x 7 = 210), giving a field of view of 620 microns. The
10X objective was found inadequate for searching since tracks of protons
could easily be missed. The oll-immersion 60X objective was required for
scanning some of the denser bismutheloaded plates, giving a field of view
of 220 microns with 7X eyepieées. With the 620 micron field of view, swaths
were overlapped by moving only 400 microns by the millimeter scale and
vernier of the Y -axis. With the 220 micron field of view, swaths were
spaced 200 microns apart; failure %o overlap was guarded against by
obsefving that the field bf view.inra new swath actually ovérlapped the old

field of view.



FIGURE 5.

LABORATORY ARRANGEMENT OF MICROSCOFPES



T

ZN7 4

FIGURE 5



~30=

FIGURE 6.

MICROSCOPE STAGE

The independent superstage micrometer is shown and the modified bracket

to hold large platses,
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It was soon found inefficient te search with a dry objective through
a cover glass (to give the optically cCrrectAdistance for which the lenses
are designed), noting down coordinates of possible events and later going
back to look at these under oil immersion. Instead, it was found bebter
to apply a uniform layer of cedarwood oil on thé region of the plate to be
. searched, using it as a sort of cover glass for the dry objective, It
ﬁad the excellent feature of almost completely obliterating all surface
scratches. When a possible event was seen, it was centered in the field of
view and the 90X immersion objective rotated into position. Thus, every-
thing on the plate that might be of interest could be examined with a
minimum of trouble. The oil was kept from running off the plate during
a search by wiping a small border of the emuléion with acetone, followed
by wiping it with water. Enough water was left on the emulsion to form
a boundary the oil did not pass,

One technician working over a period of about six months assisted
in surveying tﬁe plateé to locate events. The féllowing data weré
taken for each event, or questionable event, locaﬁed:

1) A sketch of the event, with coordinates.

2) The rumber of emergent prongs.

3) A tentative designation of prongs as protons, alphas, heavier

than alpha, or product nucleus. | | |

4) Distance from the beginning of the track to event.

5) Approximate ranges of ﬁhevlonger prongs.

6) Notation as to inclination of a prong in the emulsion and whether

it went out the top or bottom.
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7) Distribution of prongs by 60 degree sectors, with the forward

sector centered in the.direction of the entering carbon nucleus,

8) Special features of interest.

After the survey of a plate was completed, range measurements were
made of iOO tracks, 25 in each of four areas spaced to give a true estimate
of the mean range if the range should differ in different portions of the
beam. To significdnt variation was found. To avoid any personal bias in
selection of tracks to measure, the selection was prescribed: If'the
track beginning lay in the two middle reticule divisions and did not
deviate by more than one reticule width in its range, it was to be measured
unless it dipped or rose noticeably from its course. To avoid a chance
of re-reading, the next track cho;en was the first one after the end of -
the preceding track. Tracks that crossed or joined others were not read,
Any small hook on the end of the track was straightened out visually and
its extended length measured. In this respect the range would differ from
that found by penetration of a foil but the correction would be small.
Ranges of below normal energy carbon particles were read if they were over
half {the normal range. Howevér, these wére discarded in computing the
mean and standard deviation in range on the usual criterion that, if their .-
range was more than 5 standard deviations from the mean estimated with
them included, they were not included., ' Ty virtue of the gap between the
full energy and the lower energies; probably no particles coming from
between the dees were included in computing the mean range.

Next, cross swaths were made at about six’values of the x-coordinate,

selected along the region surveyed. On these cross swaths a count was



méde of all carbon tracks which had their beginning in the field of view;
Cross counts were usually made under 60 x 1.5 x 7 magnification (field of
view,v220 microns), Under this poﬁer there were not so many carbon tracks
abreast as to cause confusion in counting, yet the field of view is consider-
ably larger than the length of the anomalously short carbon tracks. Also,
the magnification is adequate to detect whetherra traék has the fur-of a.
"true® carbon at the beginning. Carbon tracks less than aboﬁt half range
could be ummistakably identified from their track beginnings and'were
excluded from the count. The question arose concerning the group of range
about 100 to 110 microns. These have enough & -rays that they might not be
distinguished from full-range carbons unless the tréck were followed down
in the émulsion to see its full range or outside tﬁe field of view, which
was‘_impractical° It was decided to count them as if they were full range.
The error in doing so is on the conservative (low) side in calculating
a reaction cross section. The error at'most would be very small, since
only'a small fraction of the tracks in the area used is of this short
length. The error is lessened by the fact that carbon particles of this
range have a fair cross section for producing events. A few events (about
six) were seen that seemed quite definitely not to come. from full range
carbon particles, Further, the purely statistical fluctuation in the
number éf events is enough to hide the effect of including the medium range
particles as. being of full range. |
Aftér the cross counts of a plate were completed, the values were
ploited on gréph paper at the proper abscissae, a smooth curve was drawn

through the points and the area under the curve was measured with a
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planimeter. When multiplied by the conversion factors, this area gave the
total number of tracks in the area surveyed;

Since the emulsions were exposed in a vacuum, questions arise as to
the effects of vacuum on the coﬁposition and thickness of emulsion. The
emulsion contains a considerable percentage of water in solution in the
gelatin and glycerin., In a vacuum some of this water should be pumped
out, changing the percentages of the elements in the emulsion and, conse-
quently, affecting the reaction cross section and the stopping power of

18

the emulsion. Wilkins™ has made a detailed study of the effect on stopping

power and range of removing water from the emulsion. Ilford, in the
technical leaflet accompanying the emulsions, gives the elemental compoé
sition based on a density of 3.915 gm/cm3(see Table 3.2, Chapter III).

This density implies the presence of water in the emulsion since they

quote a density for dry emulsion of 4.18 gm/cm3, according to Wilkins, If
we assume that water is absorbed by simple mixture, which has been confirmed
by several experimenters, then it is simple to éalculate the amount of
water when the density is 3,915 gm/em3 If one am’ of dry emulsion of density €,
absorbs w grams of water, then the new volume of (1 w)em? will have a
density P , given by P= f_‘[’%-nw_" it Q:A.ls and P=3°915, w must equal
0.09 gm of water/cm3 of dry emulsion. From experimental data on w vs.
relative humidity of the atmosphere in which the plate is in equilibrium,
W= 0,09 corresponds to a relative humidity of about 30 perceﬁt. Under

any condition where the absorbed water differs from that quoted, the

stopping power of the emmlsion should be corrected. Unfortunately, little

18, J. J. Wilkins, A.E.R.E. Report G/R. 664, Harwell, England (1951).
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is known as to how to calculate accurately the change in. water content
when a plate is put in vacuum and Wilkins only points out the variety

of condltlons under which range-energy plates have been exposed, The
matter has been discussed with A. Jds 011ver19 of the Film Group of the
University-of California Radiation’Laboratory, who has made extensive
studies of the properties of nuclear emulsions. He states that iﬁimust
not be assumed that puﬁting an emulsion under vacuum will remove all the
water, 'An unprécessed 200 micron C-2 emulsion, in equilibrium at 38-40
percent relative humidity (R.H.), showed only about one percent shfinkage
in thickness after being under vacuum for 45 hours. In contrast, plates
brought from 40 percent R.H. to equilibrium at 10 percent R.H. showed

a shrinkage of about 5 percent On this basis, the 45 hours of pumping
might correspond to a change in R.H, of about 6 percent, For the 100
nicron emulsions used with carbon ions, the pumping of water would be
faster than in the case of the 200 micron e:mulsiénso It.is quite apparent
on first putting nuclear emulsions under vacuum that they are outgassing,
which would include giving out water vapor., Bul after ébout five minﬁtes,
the outgassing rate has become negligible., When plates start at the
fairly low relative humidity of 40 percent, probably the best representa-
%ion of the true’ situation is the finding by Bradner, Smith, Barkas and
Blshop20 that no éignificant difference in stopping power could be

detected between pumping times of six minutes and six hours. - All the

19, A. J., Oliver, private communication.

20. H, Bradmer, F, M, Smith, W. H. Barkas and &, S. BlShOp, Phys. Rev,
71, 462 (1950).
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plates in the present study were under vacuum for at least six minutes
before bombardment and the range-energy plates were under vacuum for at
least 20 minutes before using them. The completely "dry® emulsion Wilkins
uses as a standard can probably not be prepared by evacuation but only by
heating above the boiling point of watér f&r some Lime.

Oliver has measured the density of some Ilford C-2 emUlsions at 40 -
percent R.H, and found it to be only 3.82 gm/cm% with an error small enough
to rule out its being as high as 3.915 gn/cm?, This‘low density of his
sample may have been due to manufacturing variations,in the constituents
of the dry emulsion., However, it points out the futility of trying to
make a correction to stoppiﬁg power for a small variation in water content

’unless the composition of the emulsion batch is precisely known and the
effect of such factors as evacuation, can be calculated accurately. Appar-
entiy the vacuum pumping on the 100 micron plates used in this study would
give a smaller effect than the 45 hours of pumping on 200 micron plates,
There the change of 6 percent in the R.H. value implied a decrease, Aw,"
of ébout 0.0084 gm of water per am’ of emulsion (see Fig. 1, ref, 18), . If

E>=-3082 em/cn3 to start with, w = 0,176, andvthe pumping would bring

it down to 0,119, which is still not lower than the water content calcu~
lated for the composition as Ilford gives it. The best épproximation appears
to be to use their composition without correction in the present case,

Information is required as to how to measure depth in emulsion after
it is processed., The emulsion shrinks by a factor of about 2.3 during
processing. The emulsion was exposed to the beam at virtually its full

thickness, the one percent shrinkage observed by Oliver being negligible,
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In. calculating dip angles in emulsions, the depth of focus: of a high power
objective may be used, The 90X objective should permit depth measure-
ments accurate to less: than one micron of motion of the microscope lenses.
This motion is read on a drum scale on the vertical adjustment and, for
oil immersion objectives, equals the distance in the shrunken emulsion.

T§ obtain the distance in the unprocessed emulsion, the depth read from
the micgoscope should be multiplied by 2.3. For convenience, where the
depth measurement was not critical, the readings were multiplied by 2.0
in this study rather than 2,3. It must be borne in mind that emulsions
even after processing expand and shrink as the relative himidity changes,
as the unprocessed emulsions do. Where a precise measure in depth is

required, the relative humidity should be controlled.?l

21, J. M, McAlister and D. W, Keam, Proc. Phys. Soc., London, Aé4,
91 (1951).
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CHAPTER IIT

GENERALITIES ON REACTIONS,

The general properties of nuclear reactions from incident c2 ang ¢13
particles follow quite closely what one would expect from a consideraﬁion
of their natureias heavy, classical particles., Those used in this research
have enough energy over the major part of their raﬁge to surmounﬁ any Coulomb
barrier theymeet and yet they are not in the region of relatiﬁistic veloci-
ties,

The velocity of carbon nuclei from the 60-inch Cyclotron is 4,24 x
10 cm/sec., giving B= 0,141 (for 112 Mev C12), For this velocity £hey
have a very short de Broglie wave length because of their large mass.

X = %2; = 1,248 x 10~14 cm for the full velocity particle in

the laboratory system. X is the de Broglie wave-length divided by 2T .
This short quantum mechanical wave length means that a well defined wave
packet can be formed to represent the carbon particle, and that we may
follow it along a well-defined trajectory. The classical picture of a
nuclear collision as one.Sphere striking another is in this case well justi-
fied by quantum mechanics, more so than would be the use of the Born
approximation where a wave treatment is used to represent a random impact
parameter and a weak interaction. The classical picture, is however,‘an
approximation to the true and complete picture, which is more accurately
portrayed by quantum mechanics if we used a solution free of approximations.,
The criteria for a classical treatment are discussed rather completely in

Chapter VII.



In the present comnection we may say that the criterion of a wave
packet small with respect to the size of the struck particle is well

&

satisfieds: X <« a, where a is the nuclear radius. For Ag107,
a=1yAl/3 =6,5x 10713 cm, (using Ky=1.37 x 1013 cm) while X in the
center of mass system, using the reduced mass, j&%%gu;_, and the rela-

tive velocity iss Ag = (X mb)(‘i‘i‘&z),—_—%l& X Lab, Thus, a is approxi-
, Mﬂg 07
mately 47 times the wave length at full velocity. A consequence of this
.short wave length is that we may picture almost classically the orbital
angular momentum carried into a nucleus by a carbon particle. Quantum
mechanically, the magnitude of the orbital angular momentum vector is
VL(T+1) K unere L is the quantum mumbers 0,1,2,s.. Classically, angular
momentun is given by/4va where b denotes the impactvparaméter, namely the
distance between the centers of the two nuclel measured perpendicular to
their line 'of motion. We méy write/Lva as. _NbB ., Therefore, fairly
accurately, L;s%%i;- . The greatest value of %oggere a ¢1? nucleus sur-

mounts the Coulomb and centrifugal potential barriers of the Aglo7
nucleus will occur at the maximum velocity, and from a calculation such
as that for Table 3.4, later in this chapter, is (for 110 Mev C1<)

bpax = 7.290 x 10™ 13 cm, This value of b,y corresponds to

- 7290 x 10-13
77 119 (1.248 x 10~14)
107
momentum quantum number, and it is principally contributed to by the large

= 52, This is an extremely large angular

mass of the carbon particle, though the size of the particle also enters.
A second criterion for the validity of an orbital treatment in follow-

ing the details of a collision comes from the requirement that the uncertainty

R
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in the original momentum of a particle must be much less than the momentum

it transfers. - Again, see Chapter VII. This criterion may be expressed as:

>0 g 2
K= 2B o
h v

Z1 is the charge number of the incident particle, 42 of the struck particle.
In Chapter VII, since energy loss through electron collisions is Being'
considéred, Zp=1, and in that case, for 120 Mev C12, H=0.598, so that the
classical picture could not accurately be used until a low velocity was
reached, However, in the present‘épplication to nuclear collisions, with
ﬂhe exception of collisions with hydrogen nuclei, Zy ranges from 6 to 47
and the classical picture is justified. It will be useful and accurate to
calculate collision details using classical mechanics,

The use of carbon muclei as -bombarding particles is of.considerable
interest because they offér a means of introducing a large ekcitation
energy into a nuéleus without the use of the exceptionally high velocities
necessafy in the case of less massive particles, There should be no effect
of nuclear transparency or of direct kﬁock—on of imbedded individual

‘nucleons in the target nucleus. The nuclear reactions from carbon particles
should consequently give quite direct information as to the processes from
compound nuclei at high excitation. There are two reservétions:‘ (1) A1~
though an imbedded nucleon will not be knocked-on, the wave length is short
enough that surface particles may be (more will be said of this later in
‘discussing impact disintegration of C12); (2) The high angular momentum
that can be carried by carbon nuclei into thé reaction may influence the

outcome of the compound nucleus.



The excitation introduced into a compound nucleus by the bombarding
particle is twofold = (1) from the discrepancy between the mass the
compound nucleus should have.for max;mgm stability and the sum of the
masses of the bombarding and struck particles, and (2) from the kinetic
energy in the center of mass system c;rried into the chpound nucleus.
'The”excitation from mass conversio?';n§qﬁepergy is shown in Table 3.1 for
the pfinciﬁél constituents of the photographic emulsion. The mass
excesses, M~A, for the lighter elements and compound nuclei are from
Mattauch and Flammersfeld,10 'They give the mass excesses, evaluated fram
3pectréscopic and.reaction enefgy data principally, only up through argon.
»Fbr the heavier atoms, the mass excesses are taken from masses caleulated
by N. Metropolis and G. Reitwiesners? using the Bniac digital computer
to find the masses: according to a semi-empirical formula given by Fermi.

. This formula, for the mass M of an atom of atomic number A and nuclear
charge Z, is:

M(A,2) = 1.01464A40,01482/3 — 0,041905%, + 02041905 (7 - v2 0,036
) _ | N (2-Zyp) +—A-37Z'2L

a4
where Zy = T 580070+ 0. 01496242/ 3

and 1 for A even, Z odd
A=d -1 for A even, 4 even
0 for A odd,
The formula is quite accurate for medium and high masses but is badly in

error for low masses in comparison with the values given by Mattauch and

Flammersfeld.,

22. N, Metropolis and G, Reitwiesner: Table of Atomic Masses.,
USAEC Report NP-1980 (1950).



TABLE 3.1

_44__,

10,22

EXCITATION OF COMPOUND NUCLEUS FROM MASS DIFFERENCES.

- (M=A = Mass Excess, in milli mass units, mMU)

1 MU is equivalent tol 931 Mev.

Target Targét (M-A) | Target + Compound |Compound A MASS Excitation of
Nucleus| (mMU] Incident Nucleus |Nucleus M| compound nucleus
| (M-p) o | - (M-4) [md] By el
Incident Particle: (Gl (M-A =+3.855% 0,023 miU)
4rhgt%%|-51.83 -47.98  |,5T* |45.08 |-2.90 ~2.70
4g107]-51.79 ~47.9%4 9 |-43.78 ~4.16 -3.87
358051 |-52,66 ~48.81 am?3 |esiisn 45,63 +5.24,
Br79 (53,01 ~£49.16 M 125319 [+4.03 +3.75
01 fo.0000 +3.855£.023 |1,51%8 |-l4.55%11 [+18.40£.10 +i7°12r,io
A4 Le7.5402,024  [41.3054033 |154126 |-3.722.26 |+15.101.26 | +14.06%.24
12 |3.8552.023 |#7.7005.052 |1oMeh |-7.462.08 |+15.17000 | +14.115.08
(EL [r8.12074.0032| 111.9848.023] W2 [49.996£.028]41. 9884037 | +1.852£.03
Incident Particle: 6@?13 (M=A =+7,576£023)
Agt9? 4425 2R s34 |ro.09 +0,08
ag*? ~4dye?l 1120 43,57 0.6/ -0.60
Br81 ~45.08 W% |-53.3 +8,26 +7.69
Br/? ~45.43 wR |-52.78 $7.35 +6.84
oo +7.576 5129 [<14.55 +22,13 +20,6
N4 +15.116 1?7 |-0.26 +25,38 +23.6
cl? 11,431 Mg?5  |-6.29 +17.72 +16.5
(it #15.706 W s |ee.16s +1.6
8381299 [460.25 +67,83 89Ae2%2 86, 57 -18.74 17.43




TABLE 3.2 - 45

CHARACTERISTIC PROPERTIES OF ILFORD EMULSIONS AT "NORMAL HUMIDITY".

Element| £ Atom R Area, S|Coulomb|KEem |KElab to| Residual

(gm/em3) [Percent | (em x 1013 ¥Percent |V (mev)|KEah |exceed | range (1))
: ) VCOU.l,o
612 as the incident particle on non-loaded emulsions (C-2, E-l, B~l),

Ag 1.85 12,766 9.657 26,78 | 42.00 |.8999 | 46.67 4645

Br | 1.34 12.482 |-9.036 22,92 | 33.43 |.8694 | 38.45 35.7

I 0,052 0.305 10,022 0.69 | 45.64 |.9136 | 49.96 51.1

G 0,27 |16.735 6.273 14.81 8.26 1.5000 | 16.52 13.7

H 0.056 141,357 4,510 18,92 1,91 |.0775 | 24.64 20.8

0 0.27 12,562 6.588 12,26 | 10.48 1.5714 | 18.34 15.2

S 0,010 ] 0.232 70486 0,29 | 18445 |.7273 | 25.37 21.3

N | o.067 | 3560 | 6.439 3.32 | 9.38 |.s386 | 1702 | 1213
¢'? as the incident particle on bismuth-loaded emulsions (D-1).

- Ag 1,39 9,530 9.743 20,09 | 41.63 | .8924 | 46.65

Br 1.01 9.348 9,120 117.27 | 33,12 | .8601 | 38.51

I 0.039 0,227 ]10.105 0.51 | 45.27 }.9071 | 49.91

C 0.33 20,323 6.357 18.24 8.15 | .4802 | 16.97

H 0.047 |34.488 | 4.595 .. }16.17 | 1.88].0720 ] 26,11

0 0.43 19,878 6,673 19.66 | 10.35 |.5517 | 18.76

S 0,002 1 0.046 7.571 0,06 | 18.24 |.7111 | 25.65

N 0o062 3 o 274 60 522 3 ° 09 90 26 ° 5187 176 85

Na 0.06 1.930 7,117 2,17 | 13.34 |.6388 | 20.88

Bi 0.27 0,956 }11.350 2,74 | 63,11 |.9414 | 67.04

R=1rj+ry; where subseript 1 denotes the incident particle (Gl2 or 013 ) and 2 denotes
' the target nucleusn

R =, / 3+Al/ 3 £1.97 x 10713 en

Percent of the total nuclea.r area for the ith element Sj is given by
1/3,2

Sy = P c-l-}n-xloe
- (P&)j_( +Ac )

2
VCoulomb = Zlgze

KEm =M
KE1gp,  MF M

KE,n means the kinetic energy of the carbon nucleus relative to the center of mass, and
would more appropriately be wrltten KEG/Gmo

The residual range given is that which.the incldent carbon has when it first fails to
go over the Coulomb barrier in a head-on eollision,



I:t is to be remarked that not in every casé is energy liberated by
the fusion of incident and target particle into a compound nmucleus. In
some cases additional energy must be supplied. Further', the excitations:
from adding ¢l3 are in every case higher than those from cl2,

The excitation of the compouﬁd nucleus from the kinetic energy
transported into it must be computed in the center of mass system, which
means that the carbon nucleus can put almost all of its kinetic energy into
excitation of the heavy nuclei, silver and brominé, but only 1/13th of the
Cl? kinetic energy into the compound nucleus formed in a collision with
hydrogen. It must be remembered, too, that there is a Tcut-off energy
below which neither kinetic energy nor mass conversion excitation can
be added to the compound nucleus. The cut-off is determined, for S-type
collisions (L=O)., by the Coulomb barrier, and fof collisions of non-zero
angular momentum by the sum o:f' the Coulomb and ®centrifugal potential®™
barriers, In Table 3.2 the constituentsJ of the emulsion are given,
acéording to Ilford , for "normal humidity® (density=3.9l5 gm/cm3), and
the Coulomb barriers e.fe calculated as well as the fraction of the
kinetic energy available in the center of mass system to surmount the
Goulomb barrier and excite the nucleus. The table is for the casAe. L=0
only., Coulomb barriers are calculated using r=Tggrphon+ Ttarget where
the term on’ the right hand side is taken as TAL/3 with ro=1.37 x 1013 cn,
from the.' work by Cook, McMilla.n, Peterson and Sewell?3 on the measuren;ent of

total cross sections for fast neutrons. See also the discussion-by Fernbach,

23, L. Jo Cook, E. M, McMillan, J, M, Peterson and D. C. Sewell,
Phys. Rev. 75, 7 (1949).
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Serber and Taylor.24' This value for rq will be used throughout this paper
in preference to other values given, One reason for preferring it is that‘
it is based on a separate consideration -of the bombarding and target
nuclei, while'the value deduced_frdm élpha radicactivity (for example,
| To = 1,48 x 10713 given by Perlman, Ghiorso and Seaborg25)is based on the
effective radius of the nucleué, considering the alpha particle as a poinﬁ
¢harge,‘ Since the radius of‘thé bombarding‘carbon nuclei must certainly
be taken into‘account, the latter value 6f"ro‘is not used here despite
its good f£it for alphé emission in the heavy region of the nuclide chart.
In Table 302 the kinetié energy necessary to surmount the Coulomb
barrier has been cglculated as a lower limit beyond which reactions will
not occur. We can explicitly néglect any‘effecfiof ﬁunneling through the
Coulomb barrler because of the large mass of the carbon partlcle which cuts:
the penetrablllty to the vanlshlng p01nto' The transparency, G, of a
Ipbtential energy barrier‘higher'than the kinetic ehergy of a particie is

given, in the W. K, B. approximation by:

| b o
G = exp [—i—[ V 2)1( U(r)-E)'dr

where F.is the reduced mass of the'bombarding-and struck particles;

: U(r) 1s the potentlal energy fanctlon, which is, in the case of a Coulomb
barrler, U(r)_._J_Z- E is the initial energy of the 1nc1dent particleg
a is the value of T when U= E, and b is the rad:.us at which Coulomb forces

~are overbalanced’by the short—rénge nuclear forces., If, for example, we

2k, 8. Fernbach, R. Serber and T. B. Taylor, PhysolRev._Z§, 1352‘(1949)e

25, I, Perlman, A, Ghiofsb, and G,.T. Seabarg; Phys. Rev. 77,. 26(1950).



-8~

‘compare the transparency for cR and an alpha of the same initial velocity,

that f C12' - 12 M s 4 M .
we see tnat ior s P = :-L-z—:ﬁ; while for an alpha, }J._.Z—_‘:_-@ a ratio of

close to '3 to lo Up = BU“ and EC'==-3 E“ . The result is that quite
closely Gyo &G, where G, is already a small mumber. Again the clasei-
cal behavior of the carbon particle stands out.

One of the important sets of data in evaluating the nuclear reactions

induced by a particle is the cross section. In the present study, conditions

are favorable forvobtaining details concerning the cross section in

. emulsion which might be difficult in expériments with other particles
where the tracks are faint or excessively long or the enefgy ill~defined,
A record was kept of the distance from the beginning of the track to each
event; When subtracted from the average range for that plate, it gave
the expected average residuai range, which was converted into tbe energy
at the time of the event by use of the experimental range-energy curve.
For each plate a sampling gave the best estimate of the mean range and of
the standard deviation of the individuals from this mean, In a typical

case for Cl2, the results were:

172.06 microns (slant range)

E:ZRi
———IT-——-

}lz

.. R)2
O“{R}z s = M = 6,11 microns
' n-1

where the terminology means (followihg Arle;y and Buch26): "The true

(unknown) mean P has the estimate E, the average from the sample, and the

26, N, Arley and K. R. Buch: Introduction to the Theory of Probability
and Statisties, (1950) John Wiley & Sons, New York.

[ ]
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true standard deviation of the individual values of R has the estimate s,
obtained from the _sample“; Estimates can also be given for the standard

deviation in R and in s.

O“{R}z—vs:_;l_"" =0,52 microns -

o {s}“'ﬁzsﬁ)‘ =0.37 microng

The mean and standard deviation of the initial range can be converted
into a mean value and standard deviation of the energy :;.t the time of

the event as follows: Assume that at full_ ehergj, o { Eoz =k, O~ {RO}
~where the subscript denotes the original values and kg is thé slope of
the xjange_-énergy curve at that point. This ccgnversion sh;juld be nearly
corrects a‘{ R, }:‘6..0 microns: fixes 0"{E°} at about 2.4 Mev. It is
trué.vthat with .a monoenergetic beam there would be an appreciable (¢~ {Ro}
arising from straggling and uncertainties in measurement. YBut for carbon
lpart'icles , the straggling is only about 0.6 percent of the rangei (about
1.0 micron on the full range) and)other contributions are similarly émallo
Since the sum of ihdepéndent dispersions is given by the squé.ré root of
the swa of their squares, it is apparent that nearly the whole contribu-
tion ’Gov 0' {RO} must be that caused by a dispersion in initial energy.
Now thé residual raﬁge R at the‘ time of the event has the expectation

& {R}éﬁo-x, where X is the distance to the event, and

ofa} =0 st} = V(] + o2 [ - 02 {3} 1o rarty

zero, since X is quite precisely known. Therefore, OV{R‘} = G.{RO}
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whereverr the event occurs along the track, Similarly, for the energy B

at the time of the event, OV{E} = V - {Eo} + g% {A E} '.

g- { A E} is never greater than O~ { E, } and usually is.mucho smaller,
Hence, @~ {E}_’_"—_— OV{E()} = kg, G“{ Ro} . The standard deviation in
the energy at"thqveventmis.essentially;cqngtant‘at_the value 244 Mev and
the standard deviation in the residual range is that of the original range.
CT‘{JE}-‘is indicated at several points by thehorizontal bar 6n the cross
section curves of Figures 8, 9, and 10.

There are certain features which must be understood to interpret the
cross section curves. First, the éxperimental cross section cannot include
all inelastic reactions created by the bombarding partiéle but only those
giving charged heavy particles, Neutrons, gamma fays and betas are not
seen, Second, it is not possible to sort out the cross section of the
different.eléments;in the- emulsion., Sometimes: an evenlt can be assigned
fairly well to the lighter or the heavier elements of the emulsion but
not well enough to permit computing indivi&ual cross sections from such
data, Third, the acceptance of something seen in the emulsion as an
inelastic nuclear event requires setting up certain criteria in cases that
are not self-evident.

The bases on which events are accepted in this study are given below,
To begin with, ®zero™ and one-prong stars are excluded., WZero"-prong stars
have been used by.others as a classification under which to estimate
stars missed in sbanﬁingrand inelastic processes not classified.as stars.
Without doubt there must_be a few stars missed in the areas Sdrveyed in

the E-1 plates exposed to carbon nuciei, but their number should be very



small in view of the clarity of the tracks and the low background. A
larger number might be missed in the bismuth-loaded D-l“emulsions. There
are sPecial.types of investigations at high velocities with different
distinctions in classifying prongs where "zero® and one-prong stars are
appropriate classifications°27’28 In the present study, ali prongs aﬁ
- spurs, regardless of length, are counted if they come from the star,
Therefore; the product nucleus is counted as a prong; provided it is visi-
bleo in a small number of éases, no track of a product nucleus seemed to
be. present. Because of the dense ionizatipn at the center of the star
and the presenée of cy;rays along the entering track, care must be taken
not to count a cgmmay or a random alignment of a few grains as a true
sSpur, d?-rays have tortuous paths while spurs from heavy ions are straight.
. Also, spurs were excluded fraﬁ counting if they definitely came from .
thé‘entering.tréck-qr.the product>nucleus at a detectable distance from
the prong. One such case of a prong just precedipg_the event is shown
in the photograph of Figure 34. A number of such prongs have been found
6n'the produgt nucléus since it may be relatively heavy and of low velocity
and, hence, in'stopping may undergo many nuclear collisions giviﬁg rise
to prongs nearly at 90 degfeesa This behavior is discussed in Chapter VII.
However, there are a number of stars where visible displacements appear
between true prongs 6f the star. A displacement'ofvthe-order of a micron

(about thé maximum)would correspond approximately to a time of the order

27. Go Bernardini, E, T. Booth, and S, J. Lindenbaum, Phys. Rev. 85,
826 (1952). '

28, H, Fishman and A, M, Perry, Phys. Rev, 86, 167 (1952).
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- of 1014 seconds.,

The presence of cosmic ray stars, thorium stars, and cross tracks
-from protons knocked on by neutrons, can sometimes cause uncertainty as to
whether a carbon-induced star is present. About half a dozen cosmic ray -
stars were definitely seen., They could not have been carbon stars since
they were below the surface of the emulsion, with no entering carbon track.
What, then, of a star on the surface with no detectable length of entering
carbon track? If the forward collimaﬁion of the prongs was correct, these
probably weré carbon-induced, and the frequency of carbon stars versus
cosmic ray stars would argue very strongly fof the production by carbon
'particles. However, those where one or two microns of entering track
céuld not be seen were rare (about.six) and they were cast out. The error
in doing so is almost eliminated in calculating the cross section curves
by cutting off the‘calculation at the highest complétely filled energy
“interval., T

Stars from atoms decaying throﬁgh the natural radioactive series
oftep occur, Most of these are five-prong stars from the portion of the
thorium series beginning with‘Th228, Often there is a detectable displace-
ment of the atom during the series of reactions but, in the cases vhere
there is not, there will sametihes be a star with its center exactiy on
the carbon track. These can almost unmistakably be eliminated by the
agreement in the lengths of the tracks with those from t’he thorium stars
and by the fact thaf the carbon direction and ehergy are norma;l° Random
proton fracks crossing a carbon track in perfect coincidencevcan sihilarly

be excluded with reliability by the fact that neither the carbon nor the
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proton seeﬁs to have been affected. Sometimes the proton direction can be
seen by a verlatlon in the den51ty of gralns.

. The stars that must be examlned most closely %o dlstlngulsh between
,elaetlc and 1ne1astlc events are the‘two—prong stars. Elastic two-prong
”events can be c1a351f1ed rather closelv. With 012 there is only one case
"where the angle between two elastlc forks, in the laboratory system, can
: be‘leSS‘than 90-dewrees° .That is?in‘the‘case'where carbor knocks-on &
éfofon;f For elastlc colllslons of carbon w1th heav1er nucle1 than itself,

the struck partlcle makes a short track nearly blsectlng the exiernal angle
between the enterlng and leavlng carbon tracks. The heavier the nucleus
-the more-nearly the‘angle 1s-blsected~ because:the‘etruck'nucleus acts
:more closely 11ke a rlgld wall, absorblng little energy from the carbon,
and glVlng an angle of reflectlon equal to- the angle of incidence both
-compared tofthe“drrectlon‘of~the impulse, Foer12von 012, the angle between
the?tﬁe>prengseie/aiweys'exactiy'90 degrees, Such a collision is shown in
Figure 224, In the case of bombardments with C13, elastic collisions with
eCIchan;giéeben eﬁéle 1es$_thanv90 degrees between the two prongs but the
angieJQiiihnet.ﬁeimuCh”lees,» Any tWO-prong event, compatible in angle and
energy w1th belng elastlc, was so- cla851fled |

For two—prong events where one prong 1s deflnltely an alpha particle,

there 1s no questlon -~ the event - is 1nelast1c, because helium is not one
i of»the emu181on constltuente¢ When one prong 1s a proton, the inelastic
events can be separated from the’ elastlc COlllSlOnS as' follows:

(l) 012 can never be deflected more. than 4048‘ by an elastic collls1on

w1th a proton. ThlS is seen by settlng flEE___EL =0 in the

17



eguation

tan @ = Si:l;zsp
"My - cos 29)
- My ‘

where © is the deflection of the incident particle of mass M, in the
laboratory system and ? is the laboratory angle the struck particle

makes with the incident particle, The maximm Bloccurs when

cos 2 ? = EZ_ and if | M:
Y ! A l > 1\12 N o M

or in the present case, the precise tan %mnc=?%f§= .
. . .

(2) If the profon track goes backward in the emulsion (iﬁ;>90°), the
event was classified as a ster. If the event were from(collision of C
with H, it would be a (p,p!) inelastic scattering from the proton's %iew— '
point. (3) There are, of course, inelastic scatterings of protons into
forward angles by the carbon mucleus, Neither the angle nar- the energy
unbalance is generally enough to distinguish these from elastic events
with any certainty. So far as is known, all of these were classified

as elastic and no correction was made to compensate.f (4) There is a

case of a two-prong star with one prong a proton where the angle condition
for an elastic knock-on is satisfied but there would be a gross discrepency
in the energy taken from the cerbon nucleus if it were thé_heavy nucleus
after the event. The discrepancy shows that there was not a collision
with a proton, either elastic or inelastic, but with a heavier nucleus
which emitted a single proton into a forward angle, Such events were, of

course, classified as inelastic two-prong stars,
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The cross sections of the‘éggregate of elements in the emulsion for
production of stars by incident C12 and C13 are compared in Figure 8, from
the data of Table 3.3 The cross section was computed by the formulas

0* (E1)= _RESE,)
N G R(Ei)

‘where n is the mmber of events produced by the N total incident particles

(3.1)

vhen their energy Was-leSSvthan or equal to any selected energy, E;, which
one wishes to consider as the incident energy of the particles, Ei may
be taken as tﬁe original energy from the cyclotron, Eo, or any arbitrary
lesser value. R(Ej) is their residual range at the energy E; from the
range-energy cﬁrves, and so is quite acéurately known for a preséribed By,

leba is the atomic density in the emulsions.

,'_. . '3 6,023 x 1023 '(atoms/gn’at wt)
PusPs (/on?) L2251 =

The distinction should be noted that the cross sections in Fig. 8 are a
function of the initial kinetic energy of the carbon ion, not of the
instantaneous kinetic energy., Therefore, 0‘(Ei) is an integfal or
average type of curve, a function of the upper limit of the integral ana,
hence, depending on all ﬁhe eneféies lower than the particular Ej, The
‘cross section as a function of the instantaneous energy is a differential
‘curve which may be célled the excitation function or the instantaneous

cross section., For it we can write:

O“E,E.-r-AE: An (E.E 4+ AE) _ Y= 1 (E)
‘ (' ) ¥ Q. AXE,E+AER)? * 0‘(E.)_N F‘a 32 (3.2)
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Since the @(E4) curves in Fig, & appear to havé some fine structure,
especially in the case of the cl? curve, similar curvés were plotted for
each mmber of prongs, both for ¢12 and ¢13. These are shown in Figs. 9
and 10 and are quite enlightening. The two-prong star curve is regular,
(exceét:for a step rise at the beginning in the C13 case) as are the five-
and six-prong curves, The latter are rising slowly as is to be expected.
The three-prong star cﬁrve, however, shows a'complex- structure, To a
lesser extent, the four-prong curve appears to be similar. The caﬁses for
.these deviation; are quite certainly the stripping and impact disintegration
of the Clzinucleus, as will be seen even more clearly in the instantaneous
cross section curves of Figs. 12 and 13, which will be discussed later.

In calculating n(Ei) from Eq. (3.1), the curve is smoothed by the
~ fact that n cannot be precisely known as a function of E, We get R(E;)
from the range-energy curve, but how can be.knoﬁ whether an event occurred
- when the residuval range was less than R(Ei)? Only by measuring the distance
X to the event and subtracting it from the aﬁerage range for the plate. As
we Saw, because of the considerable standard deviation in.R, nearly the
~same for each plate, we can only say that a definite X corresponds to an
expected energy value with a (~ {E } 22 2.4 Mev,  Since the cross section
curve is an integral curve taking all events up to a given energy value,
the uncertainty in E at the time of the event is of little importance
except at the very low end of the curve:and‘at the highest energy point of
the curve,

For both Gl2 ang 013, the highest energy point is too. low. Both

curves were stopped with the last 5 Mev energy interval completely filled
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on all the plates. . (This accounts for only 849 C12 gtars entering the
calculation out of 865 found on the plates, and only 1065 C1° stars out
of 1114 on the plétes where the distance to the event was recorded. To
speed up the search for bismith fission, the data recorded were curtailed
on later plates.) On some of the plates the 1ast.energy interval was
’barely filled. Consequently, there was not the contribution from the next
higher interval that would normally occur as a result of the uncertainty
in 'knqwledge of the energy at the time of the event.

At the low energy énd of fhe curve, the fluctuations are expected
to be quite violent both becéuse of the small number of events and of
the uncertainty in energy. It will be noticed that there are perhaps
more events at low energies than would be expected since the lowest
Coulomb barrier requires 16,5 Mev kinetic energy. It would be the a priori
logical conclﬁsion that the very low energy tail was due to the carbon
particlés which initially had a greater than average energy and, hence,
now have a 1§nger residual'range than is indicated., However, there is
some evidence for the existence of reactions at low energies, possibly even
lower than the lowest Céulomb barrier, The possibility and the evidence
-are discussed in Chapter V.,

The standard deviation shown in the value of the cross section in
Fig. 8 is solely that due to the statistical Y?T‘ fluctuation to be
expected in the number of events on which the curve was based,

In the caleulation of the cross section, (7(Ej),all of the residual
range of the carbon particle was used. This is the usual procedure for

calculating the cross section in emulsion since the cut-off energy below



which a reaction cannot be produced varies with the different constituents.
- However, éuch a procedure prejudices the result in comparing a short range
particle to a longer range one. The low energy cross section would be
larger if we counted only the nuclei the particle met in the effective part
of its range, The range occurs in the formula only for the purpose of
“giving the number of muclei in the distance the particle penetrates.

Another factor that affects the value of the cross section found is
what atoms ave included in calculating the atomic density. When the bom-
barding particle is a proton or a neutron, it is evident that a star cannot
be proauced in a collision with hydrogen nucleus., Hence, the hydrogen
atoms of the emulsion are exéluded in calculating 7. The usual procedure
is to do the same when the bombarding particle is a deuteron. However,
with carbon particies the hydrogen nuclei can produce a star and, in the
curves  shown each hydrogen atom has been counted with exactly the same
probability weight for creating a reaction as every other atom in the
emulsion., Such a procedure is faulty in two respects: (1) The hydrogen
nucléi should not be counted at a value higher than their comparatiVe
effective geometric cross section; (2) Reaction possibilities of carbon
with hydrogen nuclei for producing stars are poor.

Regarding the latter, we may say that the carbon nucleus is able to
get but a small fraction of its energy into a reaction with a proton. Iet
us ¢onsider ClR-induced reactions first, then those from C13. Twelve-
thirteenths of the kinetic egergy-of Cl2 remains as energy of motion of
the entire system., The possible reactions of 112 Mev Glzlon hydrogen are

exactly those of 9.3 Mev protons on ¢12, From Tables 3,1 and 3.2 the total
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excitation of the compound nucleus even at full energy is (1/13)(112 Mev)

+ 1.85, or 10.53 Mev. .There seems to Ee only one reactibn from C12 at this
energy with a charged particle coming out, That reaction is le(p,b')clz.
The (p,d) reaction, if it exists, and the (p,pn) reaction have too high
thresholds, One‘might ask about a Clz(p,oC)B9 reaction. Nothing appears
to exist in the literature about this reaction, the compound nucleus seeming
to decay by other means., The reaction would give 'a complete disintegration
since B? is unstable to break-up into Be8+ p by about 0,26 Mevlo ( or by
0.186 Mev)29. It breaks up in about 10721 seconds. The resulting star
would look like an impact disintegration plus a proton, with no trace of a
prodﬁct nucleus. No star fulfilling these specifications seems to be
present, Therefore, the threshold must be too high, From mass excesses
alone, the threshold for the reaction would be 7.53 Mevlo in the center of

12. However,

mass system, with 10.53 Mev excitation available from 112 Mev C
the mass excesses are based on the ground state. In the ground state cle
has even parity and 89 odd, Consequently, the proton cannot be captured
in the s-state but must be in the p-stafeo

| For 013 on hydrogen the reaction possibilities are better. Besides
the (p,p') reaction, (p,d) and (p,®¢) reactions appear to be easily
reached, requiring reépectively a minimum of 2,70 Mev and 4.14 Mev29. This
fact apparently accounts for the early sharp rise in the @°(Ej) curve for

two-prong stars from 013 and for its value being consistently higher than

that from 012 (Figures 9 and 10). No routine analysis has been made of

29, W, F. Hornyak, T. Lauritsen, P. Morrison and W. A. Fowler,
Rev. Mod, Phys, 22, 291 (1950),



two;prong stars containing an alpha to see if‘they'were'a (p,cL ) reaction,
but a few cases (three or four) could ﬁot fail'to be noticed since they occur-
red early enough, with low enough energy alpha emitted, that the sum of-
the distance traveled by the entering ¢12 and the product mucleus were
ﬁoticeably longér'thén the ra@ge of cl3 ions, |

_ As a generél féature of carbon reactions on hydrogen we notice that
the éut-off energy determined by availability of kinetic energy in the
center of mass systen to cross, the Coulomb barrier is not particularly
llow; since it is higher than that for reactions with carbon, nitrogen or
oxygen. In compénéétion there is some posgibility for a protoﬁ to tunnel
through the barrier, Hydrogen étoms ére by far the most numerous type in
the emulsion‘a'Al;B percent of the total, If hydfégen were exclﬁded in
caléulating the cross section, the 12 cross section at 110 Mev would go
from 0‘.4'50';bar_ns to %%or‘ 0.767 barns. This figure is not quoted
with the idea that hydrogen should be excluded but rathef ﬁo see the
order of magnitude from suéh a modification.

| A more reascnable modification, éspecialiy in view of the classical

behavior of the_cafbon'ion, would be to attribute reaction cross sections
to the emulsion constitugnts'in_propqrtion_to their geometriclcross
'sectipg, that is CTE. : | ' G“é
WP IR = @B 132 =

s ' . . n 2 N
By definition of cross sgctlon. T =3 ((oa)i Ovl (}B‘ei‘f.)i
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Here thé effective range of the carbon ion for each coﬁsti-tuen‘b, Rerp,s
has: been jnse_rted since an average or total range need no longer be
used. Réff.= R (110 Mev) - Rpesigual @b Coulomb barrier from Table 3.2.
We may use Table 3.2 to get each ( Pa)k a"'k in terms of a stapdard
U'j 458y O‘Ag: since by our assumption o |
w4 a2 o Sk/p,
;.’“. (A.jl/3.|. 41/3)2 ! 5:1‘/6

O‘k.=

w P = 6 oy Jh

J
The calculated cross sections, 05. ( E g ), for reactions induced by
l.'LQ Mev Cle:’ are ,givén belowe. The footal number of reactions at 110
Mev was taken as that actually found, rather than making the correction

for the unfilled adjacent energy interval.

Element Ag Br I c H 0 s N

073 (B; =110 Mev) 1.135 0,99 1.222 0.479 0.248 0.528 0.682 0,505

‘ (barns) o :

The reaction cross section in each case is 38,7 percent of the geometric

area calculated by Trroz (Ajl/3+ %1/3)2 .'

On the same basis of assigning reaction cross sections according
to geometric area, it is of interest to group the elements according to

mass into three»'groups. The percent of the events: atiributable to



" each group on an area basis is as follows:

(1) Ag, Br, I: 45,96 percent
(2) ¢,0,S,N: " 33.96 percent

(3) H: 20.08 percent

An even closer énd considerably more informaﬁive comparison of ﬁhe
éxperimental reaction cross section with the geometric one dan be’made
from the folléwing considerations, Like the experimehtal chss.section,

the availablé geometric reaction area varies with the energy of thé
incidentbparticle, since the collision:érea'which leads.to penetration
to the inner nuclear forces is limited by the Coulomb and centrifugal
barriers. .This geometric area will be called the ®penetrability cross:
section™, Crb, after Heidmann and Bethe,30 The besﬁ comparison of the
 experimental reaction cross section and the avéilaﬁle'geometric area
Will be from their values as functions of the instantaneous energy, E,
Hence, from equation (3,2), the experimental O (E, E + AE) has been
computed {Table 3.,3) for comparison with.ch(E) (Table 3.4). The
latter was calculated only for C12.

| 0p is (classicallg)zero below the kinetic energy necessary to
crdss the Couiomb barrier (given ianable.3.2), Above that energy it
at first risgs Sharply, then more slowly, because of thg Beentrifugal ’
poﬁential" barrier, which is especially important in the caée of arheaiy,
large incident particle, The centrifugal potential energy is a fie-
titious term that arises fram taking a  two=body collision problém inv

the center of‘mass'system‘and, after converting. to an equivalent\oné-body

30, J. Heidmann and H, A, Bethe, Phys. Rev. 84, 274 (1951).



TABLE 3,3

b

Giimﬁlative number of events for

E; |R(Ei) Cumu~- | @ (E;) |0”(E,E2z4AE)|Aver. No.
(Mev)] (u) |E<E; classified according to prongs lativel (barns)| (barns) |Prongs
2 ¥ 3 V14 | 5] 6] 7] 8 |totals 1(E, ELAE) |
C ON 12 '

5 bo3 0 0 0 0,0000 { 0,000 0,00
10 8.5 0 1 1 0,0116 } 0,022 3,00
15 12,41 1 3 4 0,0287 | 0.068 2,67
20 16.6 3 3 6 0,0322 1 0.0423 2,00
25 21.2 4 7 11 0.0462 | 0.0967 . 2,80
30 26,0 5 16 21 0,0719 0.1854 2,90
35 31.8 8 301 O 38 0.1063 0,2610 2,82
40 37.7§F 11 A5 1. 4 60 0.1417 } 0.3320 3.05
45 4h.3% 17 58 8 83 0.1667 | 0.3102 2,91
50 51,13 22 72 § 16 0 . 110 0,1915 § 0.3534 3,11
55 58,21 24 89 § 29 1 143 0,2187 | 0.4135 3.39
60 65,91 34 | 105 | 42 1 182 0,2458 | 0.4510 3,08
65 74,00 41 | 118 | 53 2] 0 214 0,2575 | 0.3516 3.19
70 83.1] 5L | 135 72 3] 2 263 | 0.2816 | 0.4790 3,35
75 92.,2] 59 | 1581 85 L1 R 308 0.2975 | 0.440 3,16
80 }102,0f§ 65 | 180 §103 6] 310 357 0.3114 | 0,445 3.39
85 112,3f 75 | 216 j123 12 511 432 0.3424 § 0.648 3.43
90 §123.,0} 89 | 251 {152 154 71140 515 0.3726 | 0,690 3,33
95 [134.0f 99 | 281 J186 200 9111 597 0.3965 | 0,663 3.55

100 | 145.,0} 111 } 313 |220 281141111 688 0.4220 § 0,736 3.58
105 }157.0] 123 | 338 ]248 421181 111 771 0.4370 } 0.615 3,67
110 }169.1) 136 | 369 |268 5,119 ] 211 |} 849 0.4465 § 0,574 . 3.49
CARBON 13
-5 Lol _ : : 0 0.0000 0,0000 0,00
10 8.41 O 0 0,0000 0,0000 0,00
15 12.5 2 0 2 0.0107 0.0327 2,00
20 16.5 2 2 A 0,0162 | 0,0333 . 3,00
25 21,0 5 9 1 0.0445 | 0.1498 2,70
30 25.,7F 10 11 0 21 0.0545 0.0983 2,29
35 31.1) 22 § 19 1 42 0,0900 | 0.2593 2.48
40 37,0} 28 § 27 A 59 0,1063 0,1922 2,82
45 43.3] 32 37 A 73 0,112 | 0.1482 2,71
50 49,61 40 47 7 94 0,1263 | 0.2223 2,76
55 56.5] 48 73 | 12 133 0.1570 | 00,3770 2,92
60 63,7] 58 93119 |- O 170 0.1780 | 0.3425 2,92
65 TL.L} 65 } 115 | 28 1 209 0,1952 | 0,3380 3,10
70 79.61 76 | 135 | 41 1 253 0.2120 | 0.3575 3.05
75 88.41 85 | 154 |} 59 3] O 301 0,2267 | 0.3634 3.27
- 80 97.531100 185 | 72 31 1 361 0,2467 | 0.4395 3,02
85 |107.3f121 ] 204 |102 81 1 436 0,2707 | 0,5100 3.25
90 §117.3§141 | 237 {129 8l 1 516 0,2930 | 0.5330 3.09
95 §127.5§150 | 275 [153 4| 2 594 0&3107 { 0,5100 3.38
100 {138.7}]172 | 305 [185 28| 4 69/ 0.3338 | 0.5950 3.44
105 {149.8}1188 | 334 [219 31] 7 77 0.3463 | 0.5105 3.39
110 }161.0{205 | 368 |256 391 ¢ 877 0.3630 | 0.5835. 343
115 |[173.0}1230 §402 290 {1 43{12 977 0.3814 | 0.5555 3.26
120 [185.3)245 | 437 322 481 13 1065 0.3880 | 0.4770 3.34
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'ﬁrqblem by using the redﬁced mass, (p = .IEJ_-_MZ-) and relative coordinates,
' v _ _ M+My ' :

then changing from a two-dimensional problem to a one-dimensional . one by
mak;ipg use of an. infoegra;l. of the motiOn, the constant éngular' nomentum, L.
In quantum méchanics, the angular momentum is quantize;d ,: and m énalyzing
collisions, each L value is treated separately a.ﬁd the result finally
sﬁmmed. The i;eader is referred to Heidmann and Bethe's article 30 Becauée
of the closely classical nature of collisions fraom carb.oﬁ‘ibns in muclei of
comparable or éreatér mass. aﬁd because of the great number of L values
that would be involved, the exaét guantum mechanical treétment will be
replaced here by the éiassical approximation, which will be closely correct
except in the case of C on H, which is not of much i.rnpdftance. : In the
classical two=dimensional center of mass problem, L = }wo'b where Vo is
the felative velocity before encountei'ing potentials,

Thé centrifugal potential energy term is: V¢f=:2_‘182-;there r is
the distance between the particles at any time,

vV =1lyv? 2
cef 2}1 o) ‘%

When b=0, Vor=0, If b should equal R (particles passing by, just
touching), Vyp = K Egp where KB is the initial kinetic energy with respect
to the ceht.éf of mass, Therefore s in calculating b ,,, the maximum :i;mpact
pafazneter at which the particle can cross the fixed Cou_.lomb barrier, ve.

see that begimz;ng at the point whevre'KEcmz chulomb, Byax Tises sharply
- from zero and, as the KB, increases, bygx asymptotically‘approaéhes R.

R denotes the distance necessary for a penetration to the inner nuclear
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fo:rces, namely,.Bi-"‘—ro(AIl/iﬁ- A21/35‘) . The pe'netrabi:ity»crcss- séction,
or J_nstantaneous geometrlc cross qectlon for nuclear reactlon, mllq- of
* course, ‘be 81V€n-b3’“6v p.= Trkkna,x, To Tind bmax? At closest elastlc '

'approanhg Vchl"" v, f = (mcm):m_‘.‘,_ﬁ‘.am:g_gt which gives .

.sz%& Ly vt

cr' -—T‘bmaxs TFRZ (1 —ﬁmﬂ-)

( a ) for the col];:_s:.,on of the 1th t;rpe of micleus w:z_th carbon can be |

converted mto the compos:.,te penetrabllz_ty cross sectlon, _ p? by A’c.h'e

defln:,tlo:n of 0" (E E +AE)

A n (E, m+ Aal;_i

;’.(»A xZ(U‘ ( Pa,,i = ( A x)( 0‘p) Z(ea)

crp-——- aly a)i( T Z
- Z((Daﬂ)l ',—‘ ‘ (Gv)par'blalg

lwhere (0“ )part::_al :,1.s the contrlbutlon o.f’ (G" ) we:r.ghted ac.cordmg to

the f‘:z:’actlonal nmnber of the :ﬁh nuclez. to the tota,ls,

(Pa,)i (07
(OTD par-ha/, ¢ z ( ea)l )

The tabv_‘!_ated resul‘bs of this ‘caleulation for c12 are given in Table Boko



TABLE 3c4

PENETRABILITY CROSS SECTIONS FOR NUCLEI IN EMULSION UNDER C1? BOMBARDMENT,

bpax (em x 1013) for Coulomb and centrifugal barrier penetration,

Element Atom
Percent | for stated KE,,j, of C12 KEj g1, (Mev)
<0 30 40 50 o0 2{8) 100 120

Ag 0.000 0,000 - 10,000 ]2.492 4.551 69233 7.052 7.549
Br Oo OOO 00000 10777 40343 50414 60 512 - 79089 70449
G 2,618 14.205 4,806 5,133 5.340 5,588 15,732 5,825
H 0.000 |1.905 |2.794 |3.212 {3,462 }3.751 | 3,915 | 4.020
0 1.898 4,107 4.848 5,242 5,489 5.784 1 5,953 6.064
N 2,314 |4.170 |4.838  {5.198 5.425 |5.695 5,851 1 5,953

‘Classical Penetrability Cross Section, (7 p= Wbiax (barns)
Ag . 0000 .0000 - 0000 -1951 6507 }1.220 1.562 1.790
Br .0000 0000 0992 .5926 9208 11.332 1.579 | 1.743
G 22151 05555 . 7256 3277 .8958 10,981 1,032 1.066
H 0000 01140 02452 . 3241 03765 |0.442 | 0.482 0,508
0 01131 25299 | .7384 | .8633 29465 §1.051 1,113} 1.155
N .1683 05463 .1353 08488 .9246 ‘loOl9 1,076 1 1.113

(0"? ) partla.l(ba’rns)'(ﬁﬂ (P )i

Z (P2)s
Ag(+1) 13,071 .0000 | .0000 | .0000 | .0255| .0850 |.1595 | .2042 | .2340
Br- 12.482 . 0000 . 0000 0124 0740 1149 11,1663 . 1971 .2176
C 16.735 .0360 .0930 01214 .1385 01499 | 1642 1727 | 1784
H 41,357 »,0000 0471 .1014 1340 .1557 | .1828 1993 2100
0(+s) 12.794 00142 . 0678 0945 1104 01211 | .1345 o 1424, <1478
N 3 ° 560 ° 0060 o 0194 o 0262 ° 0302 ’ ° 0329 o 0363 0383 3 o 0396
Total p .0562 0R273 03559 05126 06595 | 8436 9540 |1.0274
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To reduce the amount ef'calculation, iodine and sﬁlphur ﬁer@ not
included’ untll the final partial cross sections, when their atomic

fractions were 1ncluded as if they were respectively silver and oxygen.

Compare first the experimental instantaneous cross section for Ci2
and its penetrability cross section as given in Figure 11, Up to about
50 Mev, the cur%es agree quite well in magnitude, This is apprbximately
the point where silver and bromine contributions to the cross sectionvrise
sharplyoi ' The geometric curve, although it has some detailed structure,
does not seem té correspond in detail to that of the experimental curve,
It should be,bérnévin mind that while the experimental curve is for
charged partiéle;eﬁission only, the geometric curve includes as well the
reactioﬁs where only neutrons are emitted. Such reactions aré_acécrding
to theory3@?31;of appreciable quantitﬁ only with.the'heaviér elements of
the emulsion. . Thls consideration should account for most of the |
dlfference between the two Curves e

In order toJmake sure thal the considerable dlverglng between the

two curvesxln thejreglon 50 to 75 Mev is not due to some phenomenon
peculiay to 012 alone (such as its impact disintegration), the experimental
cross section for 613 was plotted in the same figure (W1thout showing the
standard dev1atlons) This curve shows alt once that thg effect is presen’
for both €12 and ¢13 and is almost exactly the same in detail, Hence,
ascribing the divergence to.pure neutron stars is given greater credibility.

Horning and Baumhoff3l calculate that under deuteron bombardment at‘35 Mev

31. W. Horning and L, Baumhoff, Phys. Rev. 75 370 (1949).
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inecident energy, silver and bromine are almost certain to evaporate neutrons
only. A&s the deuteron energj increases, the cross section for producing a
charged-prong star rises rapidly, from about one-tenth the geomeiric cross
section at 35 Mev to over nine-tenths at 190 Mev. Heidmann and Bethe,
considering excitation fram 17 Mev Zr;rays, calculate that copper will
evaporate about 33 percent neutrons and the percentage of neutrons increases
raéidly with Z, A% iodine, they say protons are absent and two-neutron

enission begins to be possible, When bromine is the targel nucleus in the

w

present case of carbon ion bombardment, pure neutron stars should occur as
predicted for deuteron or photon bombardment and, since the pure neutron
stars favor low excitation, the effect on the experimental eross section
is seen early., When it disappears, it does so rapidly, giving the sharp
rige to the curve betweenv75 and 85 Mev, With silver as the target, the
effect probably does not exist. The reason for this is that Ag+4C
gives, as compound nucieus; iodine isotopes which are already far neutron
deficient. As a conseguence, the production of pure neutron stars will be
highly improbable., When bromine was the target of the carbon ions, the
compound nucleus lay on or near the stabllity curve,

A factor which might cause a gradusl divergence between the actual
croes section and the penetrability cross section is that impact para-
meters corresponding to high angular momenta might prevent the occurrence
of some reactions even after penetration of the barrier, and, hence, give

a "sticking probability® less than one, An effect in the other direction,

giving the experimental cross section an advaentage over the geometric,
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may be found in impact disintegration and stripping of the carbon nucleus,
provided it can occﬁr in cases where the carbon nucleus would have been
unable to penetrate the barriers of the target nucleus. In Chapter V the
question will be discussed. |
Since the excitation curves of C12 and G13 for stars of all numbers

of prongs showed a considerable siﬁilarity except for a greéter rise at low
energy for the Cl2 curve, it was thought of interest to see if the sim-
ilarity could be seen in the three-prong and four;prong excitation funec-
tions individually. These are the cases where a divergence due to
stripping and impact disintegration should appear. Figures 12 and 13

are plots for three-prong and four-prong stars respectively, with the
statistical fluctuation of the points indicated for C12 only. The data
can be obtained for Table 3.3, In judging the trends indicated by the

- plotted points, it must be borne in mind that the number of points per
energy interval is ‘inadequate to give a well—detérmined curve, Curves
have been sketched in visually to give the best fit for the C12 and 13
points, However, no attempt has been made to pass an analytical curve
through the data according to the theory of errors, The drawn curves
are subjective; the reader may wish to draw curves emphasizing the similar-
ity rather than the difference between the two particles, For instance,
the G13 curve drawn has minimized some indication of a high energy hump
such as Cl2 has, Further, on the ﬁigh energy end of each curve; there is
a falling-off which, since it'occufs for both C12 ang ¢13, might be real,
There is no Teason why the unfilled interval beyond the last should have

an effect reaching the next to the last interval,

4
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There are differences between the curves, however, which would be
recognized by all observers, Especially in the three-prong star curves,
there is a sharp rise in the excitation function for ¢l2 at low energies
which is not duplicated in the case of C13o This ié the "stripping hump".
The preference of low energies by the stripping phenomenoﬁ will be
discussed in Chapter V., For the four-prong ster excitation function, ’

there is a similar but smaller difference in the rise at the low energy
end; the hump that is the différence between the two is caused by impacﬁ
disintegration, which is greater for c12 than for 013.

A point of interest regarding the magnitude of the cross section may
be to compare it with the cross segtion in emulsion found for other particles.
Consideréble caution is required because of the different circumstances -~
differences in enérgy, type of incident particle, how the geometric cross
section is computed, et cetera. A full discussion is:not‘given here, The
reader should consult the original article for the details of the
calculations,.

For protons, Germain3?2 has measured the cross section at various
energies from 95 to BAO_MEVVin sensitive emulsions (Ilford G-5). The
cross section rises, not smoothly, from about 0,13 barn at 95 Mev 1o

vabout 0,29 barn at 340 Mev. At 340 Mev, the mean free path is 73 cm.
Hydrogen in the emulsion is, of course, excluded in ¢alculating the number
of atoms per unit volume., Bernardini, Booth, and Lindenbaum,27 using
protons of 350 to 400 Mev in G-5 emulsion and including all inelastic

processes: (stars of two or more prongs, one-prong stars, "zeroM-prong

32. L. S. Germain, Phys. Rev, 82, 596 (1951).
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stars, "stops" and inelastic scatterings greater than 10 degrees), got a
‘mean free path of approximately 54 % 9 cm and quote the mean free path
based on geometric cross sections as 25 cm,

. For déuterons, the study by Gardner and Petersons> gives no estimate
of cross section since the plates were desensitized, which prevented
counting the number of incident deuterons,

For alpha particles from 50 to 200 Mev in Eastman NTA emulsions,
Gardner34 found a cross éection rising from Q.1 barn at 50 Mev to a
maximum of 0.3 barn at 130 Mev and falling to about 0,15 barn at 200 Mev.
All the elements of the emulsion Wére used in computing this cross section.

In the present study the cross section vélues, @*(E;), from carbon
bombardment were s8till increasing with energy at the highest energies

available, For C1% at 110 Mev, (7 (E;) = 0,446 barn, based on 849 stars.

For_013 at 120 Mev (nearly the same velocity as 110 Mev C12) (¥(E;)=0.388
barn, based on 1065 stars. In the case of cl2, ail the plates used were
E-1, which is quite a sensitive emulsion. For instance, a proton with

a range of 3000 microns (over 26 Mev) from a cosmic ray eveﬁt was easily
followed. AccordingLy, it is unlikely that stars were missed because of
‘invisibility of the prongs. The ﬁercentage of stars missed in scanning or
misinterpreted as elastic is believed not large. Further, the estimate

of the total number of tracks on a plate should not be off by more than
about two percent. Hence, the main uncertainty in ﬁhe cross section is

- the statistical fluctuation in the number of events, which is shown on the

33. E. Gardner and V., Peterson, Phys. Rev. 75, 364 (1949).

34, E, Gardnér, Phys. Rev. 75, 379 (1949). , .
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_curves of Figure 8,

There is a real discrepancy between the cross sections from c12 and

€13 bombardment., Several reasons for a difference between the two can

‘be put forward, The first is that most of the C13 plates were Ilford

with hydrogen than Cl2 gees,

D-1 loaded with bismuth, a much more insensitive emulsion than the E-1
used with C12, Hence, events were more easily overlooked. .There must be
some truth in this. However, a partial check is available, since two
plates of C13 on E-1 emulsion were read. They contained 238 stars in
382,000 tracks, giving a cross section of 0.409 & 0,026 barn. This is -
higher than. the average for the other cl3 plafes but is definitely below
the 012 cross section. A second reason for the discrepancy can be found
in the impact disintegration and stripping of Cl2, a much more improbable
process in the case of CL3 pombardment. This is quite surely the main
source of difference between the cross sections, A third factor that
might produce a small difference between ¢l ang ¢13 is that the c13
carries an extra neutron into the compound nucleus, which consequently 1s
less neutron deficient than in the C1R case and, hence, is likely to have
more pure neulron stars, . To conterbalance, ¢33 has more star reactions
’

The D-1 bismuth-loaded emulsions without doubt had an effect on the
finding and classification of stars. In the D-1 emulsion, tracks of
protons apd alphas are more difficult to identify than in the E-1, and
protons of moderate range can easily be missed. For instance, a proton
of range 600 microns (about 10 Mev) would probébly be missed unless the

star had been located by a heavier prong and the region carefully searched.
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Because of the great momentum carried into a reaction by a carbon ion,

the forward velocity of evaporated particles may be considerable if the
particle velocity in the center of mass system adds onto the center of

mass motion, Accordingly, two-prong stars can easily be\missed in D=1

emulsion, |

In Fig. 14 is shown the distribution of stars from C12 and ¢13
according to the number of prongs per étar. For comparison these éurves
have been normalized to a percentage basis, The number of stars on which
each point is based is written in adjacent to the point. Regarding the
prediction in the last paragraph that many two-prong stars from.013 will
be missed, we notice that, on the contrary C13 shows a higher percentage
of two=prong stars than does Clzé There are two evident reasons why.

The first is the real contribﬁtion to the number of two-prong stars of

of ¢13 by its reactions with'hydrogen° The second is an apparent contribu-
tion to C13 two~prong.stars which is actually a deficiency in the per-
centage of Clzttwouprong stars because of the large number of three- and
four-prong stars contributed by stripping and impéct disintegration.

The generai shape of the curves is similar to thaf for other bombarding
particles., The most probable nuﬁber of prongs for evaporation stars seems
almost universally to be three. Horning and Baumhoff,3l interpreting
the data of Gardner and Peterson®3 on deuteron bombardment, have given a
theoretical discussion of the number of ﬁrongs expected from a star., The
average mmber of prongs is a better criterion than is the most probable
number. For Cl2 of initial emergy 110 Mev, the average number of prongs

from the totality of stars is 3.36; for Gl3 of 120 Mev, it is 3,17, As
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with the cross section, the detail can be shown best by plotting the

average number of prongs for stars produced in an energy intervai,

n (E,E+ AE). Such a plot has been made in Fig. 15 and approximate

curves sketched in. For both C12 and ¢13 the curves rise slowly as expected
It is interesting that the C13 curve lies below that for Cl2, Perhaps this
is attributable in the low energy region to the three- and four-prong

stars from stripping and impact disintegration of cl2 compared to the
greater prevalence of the'twé-prong stars from 013, In the high energy
region it may be due to four-prong stars from impact disintegration and
possibly to cases of complete or partial double disintegration.

The concavity or convexity of the prong number distribution in Fig. 14
at four-prongs is a fair indication of the excitation of the compound
nucleus, For instance, Gardner and Peterson found, for deuterons of 35
and 90 Mev, curves that were concave at four prongs but, at 130 and 190
Mev, curves that were convex. In the case of carbon ions the curfes are
convex at the four-prong point. The similarity of the prong-distribution
curves for evaporation stars is that the history of a compound nmucleus is
independent of how it was formed for a given composition of neutrons and
protons and a given excitation. The carbon ions will not give the direct
knock=on of particles found in cosmic rays and in high velocity nucleon
bombardments, but the subsequent de-excitation of the compound nucleus
formed will be describable in the same terms., Carbon ions will, of
céurse, tend to give compoﬁnd nuclei of samewhat different composition
(proton rich) than results from other particles.v The silver and bromine

nuclei are the only components in emulsion where the inelastic events can
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well be'described by the compound micleus model, Carbon, oxygen, and
nitrogen are too easily broken up directly into alphas and protons to be
treated on the same basis,

A characterization of reactions that is not of great importance
but that shows clearly the difference between bombarding particles is the
distribution of prongs into sectors. Generally, sixty-degree sectors
have been used, with the cénter lines of the sectors oriented with
respect to the incident particle direction at 0°, 60°, 120° and 180
degrees, In the sectors at 60° and af 120°, the average for the right
and left sectors is given, Figure 16 shows the distribution by sector
from C12 and ¢13 bombardment compared with the distributions found by
others for alphas, deuterons and neutrons of roughly comparable energy.
The great difference is, of course, due té the momentum carried into the
reaction. In the case of C12 and 13 the product nucleus almost always
goes into the directly forward sector. As would be expected, ¢13 gives a
1little higher peAk in the forward sector than does 012, Table 3,5, giving
the data for Figure 16; is below.

There is one feature of the distribution into sectors that is quite
different from what one would naively expect and which.gives some impor—
tant information about the reactions. It shows up in the distribution
by sectors only if such a distribution is plotted for variocus energies.
For a given incident particle, the velocity of the system - target plus
bombarding nucleus - with respect to the laboratory frame of reference,

will vary with the incident velocity and the target mass, thus:

(M1 + M3) v em/lab = M; vy/Lab



TABLE 3.5

DISTRIBUTION OF STAR PRONGS BY 60 DEGREE SEGTOR

Bombarding Particle  Percent in 60 degree sector
| 0° 4 60° - +120° 180°
Average Average

112 Mev ¢l2 59,60 14,00 456 3.34
121 Mev ¢13 61.85 13.10 4o55 2.81
130 Mev deuterons33 33.66 19.35 10.50 6.62
50-200 Mev alphas>4 VLR 121,50 # 5.00 ~s3.00
150 Mev neutrons3® |  as29.00 A 20,00 ~12.00 /10,00

35. E. W. Titterton, Phil., Mag. 42, 109 (1951).
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If we assume an isotropic distribution of prongs with résPect to angle
in the center of mass system, then the higher the velocity of the givén»
incident particles, the more we expect the prongs in the emulsion - the
laboratory frame of reference - to be directed forward, This relation
should hold separately for each of the target particles, The reasoning
is logically correct. But the obserﬁed data give just the opposite
indication. Gardner and Peterson33 in their Fig. 5 for angular distri-
bution of prongs from deutérqns of energies of 35, 90, 130 and 190 Mev,
show that, as the incident energy increases, the proportién of prongs into
the forward sector decreases.

The same result was observed for carbon ions, although it was
recognized in a different way than by plotting the sector distribution
 versus energy. It possibly points out the effect a little more clearly.
In analyzing the stars, a sequence on one plate was noticed where the
ejection of a backward prong seemed to come preferentially when the
disiéﬁéé fé the event was short — that is, when the energy or momentum
carried:into the reaction was high., Qualitatively, these also appeared
to be stars of a small number of prongs. It looked almost like a ®splash"
effect from the aisruptiqn of a cqﬁsiderable surface area by a forward
moving plug of nucleons. To study the observation statistically, the
measured distance to each event with one or more backward prongs was
tabulated for the stars classed according to the number of their prongs
and the average of these compared to the average for all stars of that
class with and without backward prongs. Since the average range varies

a little from plate to plate, the distance to each event was put in
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terms of the fraction of the average range for that plate and finally

a true fractional average was found for all plates,'which was

22y,
Ri
2 o,

L

where i denotes the plate and j the event on it; Xij is fhe distance to
the evenﬂ;f%_the average range of particles on that plate, and nj the
number of events of the giﬁen type on the plate., The data are summarized
in Table 3.6 and plétted'in.rig. 17 for C12 and G123, Note the effect
for C12, For some piotted points the number of events averaged in
(indicated alongside the point) is too small to be meaningful, but the
othef points are ﬁell determined, They indicate definitely that the
higher*theAincident velocity fof a given type of event, the less likely
is the ejection of particles to be in the forwafd hemisphere in the
emulsion. ESpecially;marked is the effect for a small number of prongs -
two- and three-prong stars. For two-prong stars, assuming the total
mean range is-about 171 micras, the average distance to all two-prong
events i 70,6 microns, while the average to those withAa backward prong
is 58,4 microns, For three;prong stars, the average for all stars is
73+2 microns, while the average to events with one or more backward prongs
is 62.2 microns, and to those with two or more béckward prbngs is 49.4
microns,

For C13, oddly enough, the effect is not as distinct. . The data

indicate almost the same mean range for events with backward prongs as
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TABLE 3.6

AVERAGE DISTANCE TO EVENTS WITH BACKWARD PRONGS COMPARED TO

AVERAGE DISTANCE FOR ALL EVENTS.

Number of prong

Number and fractional average distance for

All Events

Events with 1 or more |Events with 2 or more
prongs backward in prongs backward in
laboratory laboratory
umber ‘Distance| Number Distance Number Distance
CARBON 12
2 139 4127 32 -3414 - -
3 378 04283 145 .3636 24 «2892
4 271 »3578 102 o 3449 13 1817
5 55 02162 22 .1897 5 <3301
6 19 -2665 7 .2967 - -
Possible énd pfobable strippings and impact disintegrations
3 155 »5199 36 . 5080 A 05911
4 103 ° 4089 28 03975 1 ° 14—70
012 events after subtracting possible and probable stripping and impact disinﬁegration
3 223 - 3647 109 . 3159 20 .2288
4 168 03264 T4 »3250 12 .1846
CARBON 13
2 R_53 o4l 67 78 4659 = =
3 457 04293 | 155 04218 25 »3890
4 337 o 3446 108 .3537 12 «2943
5 54 2716 24 02553 - =
6 13 22526 - - - -
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for all events. Of course, the same average indicates the effecf is
present, becaﬁse it would be expected that the probability of a backward
prong in the emulsion would increase as the incident velocity decreased
“so that an isotropic distribution in the cegter of.mass system was more
nearly isotropic in the 1éboratory'system. However, the efféct is
markedly less than for 012. It will turn out that €13 is the anomalous
case, not C12,
In C12 the possibility existed that the observed results were due

not so much to a short range for back ejection.as to an unduly long
-range for forward ejection. The mechanism for such an effeét was apparent
- stripping and impact disintegratioh of the c12 nucleus. Accerdingly,
from'the data in Chapter V, all possible and probaﬁle cases of stripping
and impact disintegration were considered separately, as shown in Table 3.6.
These cases did have a considerably longer than average range and a
smaller percentage of'backward prongs. However, the backward prongs
occurred at a long range, too. The result was that, when these cases
were subtrécted out, the distance rafio of backward- prong events to the
totality was hardly affected., The set of curves was merely displaced
toward shorter ranges.for three- and four-prong stars, to put them
properly in line between the two- and five-prong stars.

To look at the effect in G2 in further detail, s histogram(Fig. 18)
vas plotted for the three-prong stars as a function of range intervais.
The top part of the figﬁres gives the number of all three-prong sters in
the interval compared to the number with one or more prongs backward and /

two or more prongs baclkward., The lower half of Fig. 18 plots in histogram
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form the percentage of the stars in the interval that have one or more
prongs backward., Sketched in for comparison is an approximate curve of
what distribution might possibly be expected from a consideration of the
"mass and velocity of the incident particle. The only determined point

on this curve is the one at full range (zero velocity) where the labora-
tory and center of mass systems coincide, At that point the fraction with
a backward prong should be 0,75 since a three-prong star in the emulsion
is, nearly without exception, a two-prbng star in the center of mass
system, and the probability of neither of thése two~-prongs going back-
ward is 0,25, if we assume é‘random distribution in angle, The curve has
been extended to shortef ranges with an eye to making‘the total number of
events with backward prongs as given by it equal to the total actually
found. It has been cur&ed to indicate somewhat the variation of incident
velocity with range. The histqgram,»although it gives a little indication
of a rise at low velocities, quife evidently runs almost counter to the
curve drawn in,

The possiblé_explénations of the observed effect are limited to a
few quite definite causeé.v Three will be discussed, of which the ﬁhird
is the most prohable,

(1) ©"Splash", When a particle with the spatial extent and the mass
of a carbon ion hits a nucleus larger than itself, a.mass motion of a
"plug" of nucleons may likely be set up thch persists'for some distance
into the nucleus, far enough that the entering'surface is considerably
indented or disrupted. It is true that the velocities of nucleons inside

the target nucleus are comparable to the velocity of the carbon particle
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but they have no net mass motion. The reédjustment in the wake of the
entering nucleons could produce the emission of one or more particles
backward. This would occur in a frame of reference nearly at rest with

respect to the laboratory system.

(2) Emitted particle velocity a éteqp function of excitation. It
is evident that; with so heavy a bombarding particle as carbon, having a
respectably high velocity, there will be considerable momentum of the
center of mass system with respect to the laboratory. In the case of
the lighter target elements, hydrogen, carbon, nitrogen and oxygen this
" momentum will imply a forward velocity which acts as a cut-off velocity
for backward ejection of particles, especially when there is a considerable
lateral component to the velocity. So we expect the forward ejectidn in
the emulsion at high incident velocities to be even greater than in the
case of bombardment with single nucleons of the same energy; although the
carbon ion lacks the possibility of directly knocking out a nucleon. The
forward velocity effect of the center of mass might be overbalanced if
the velocity of the emitted particles were a steeper function §f the
excitation energy — that is, of the incident carbon velocity - than the
velocity of the center of mass is, It is quite believable that such is
the case, Then, there coﬁld result a mére nearly isotropic laboratory
distribution at a high velocity than at an intermediate velocity where
the~cénfer of mass velocity gave the larger effect, The phenomenon
wouidvhave to reverse again to give isotropy at the very low velocities,
It seems quite unlikely that the emitted velocity as a function of
excitation could be manipulated to givé the magnitude of effect observed

here,



=9, =

(3) EBxcitation functionlsteeper for heavy particles than for light

particles. Because of the heavier mass of silver and bromine compared
to that of the light components of the emulsion, the center of mass
gystem in the case of collision with silver and bromine will be moving
more slowly. If evaporation of particles from the compound nucleus is
'isotrppic in the center of mass system, there will result a more nearly
isotropic'particle distribution in the emulsion from silver and. bromine
than from carbon, hydrogen, oxygen and nitrogen, for which the forward
ejection is prominent,' Nevertheless, it is ﬁrue that for each type of _
target nucleus individually, the average distance to its stars with
‘backward prongs should be longer than the average to all its stars. The
factor which can invert the inequality in considering the aggregate of
stars from all the target nuclei in the emulsion is for the heavy and
the light nuclei to have quite different excitation functions, as they
surely do have, This is the explanation that can account for the
observed effect, probably in its entirety, without recourse to the other
possibilities mentioned. In the case of the excitation function, it is
not merely the Coulomb barrier penetration, since the barrier even of
silver can be crossed at rather moderate velocities. It is father the
leveling off of the function for the lighter nuclei while it is still
rising for the heavier nuclei. To a considerable extent the curwves may
be ascribed to the effect of the centr_ifugalvpotential° The geometric
penetrability cross sections, based on Coulomb and centrifugal‘barrier
penstration and the geometric size of the carbqn and target nuclei, are
shown for hydrogen, oxygen, bromine and silver in Fig. 19, taken from the

rdata of Table 3.4,



op [BARNS]

| | | | | |

| D! had | = | | | | 1 | |
20 30 40 50 60 70 80 90 100 10 120
ENERGY OF ¢ AT TIME OF coLLISION [MEV]

PENETRABILITY GCROSS SEGTIONS,
Op(E), FOR C” ON VARIOUS NUCLEI

FIGURE 19 Hussor




=

Horning and Baumhoff, interpreting the‘data of Gardner and Peferson
on deuteren stars at various energieé, arrived at the assignment of low
deuteron energy stars to the lighter emulsion elements and of the high
deuteron energy stars to the heavier elements by a consideration of the
average number of prongs as a function of‘energy; rather than by’
considering the distribution by sector which Gardner and Peterson give,
They point out that at low energies, the silver and bromine stars do
not contribute prongs because of their high probability of giving pure
neutron stars, They calculate. that the mean ﬁumber of visible prongs
(excluding some high energy protons) due to evaporated charged particles
(this excludes a prong formed‘by the product nucleus) will vary for
silver and bromine frem 1.1l at 35 Mev deuteron energy to 3.3 at 190 Mev,
while the number of prongs from the 1light components of the emulsion
will change very slowly since these elements‘cén easily be broken up.
Hence, to obtain the nearly constant average number of prongs actually
found, thej reason that the low energy stars must be nearly all due to
carbon, nitrogen, oxygen and the high energy stars predominantly to
silver and bromine, 'Other327936 havé similarly ascribed the.high energy
stars to silver and bromiﬁe, evén beyond their relative geometric areas
when effects of muclear transparency in the light elements enter,

The slope of the curves for the mean number of ?rongs with carbon
bombardment indicates that the role played by silver and bromine at high
energies is probably not quite as important as in the case of the lighter

bombarding particles., For deu‘berons,33 the mean number of prongs appears

36, M. Blau and A, R. Oliver, Bulletin, Amer. Phys. Soc., 27, No. 3,
po 69 (1952)0 !



to bé nearly constant from 90 to 190 Mev but lower at 35 Mev. One reason,
of cdurse, for the difference in fhe case of carbon is the absence of any
transparency effect in the light target nuclei. Another is the high
centrifugal potential which causes the penetrability cross section to rise
more slowly for the heavy target nuclei. Another may be that, since the
carbon particles introduce high excitation at a much less relative veloc-
ity than in the case of lighter particles, they are less apt to kmock
off a chip and ﬁore likely to break the target nuclei up into many
particles,

The ahalysis of the backward prongs from‘Cl2 ihdicated the correct-
ness of the original observation that the backward prongs at short
distances come predominantly in cases wheré there is only one or two
prongs other than the product nucleus. This is an indication both of
the location of the effect in the rapid rise of the bromine and silver
feaction cross sections and of the approximate number of charged prongs
emitted by such particles at that excitation. Although silver is not
iﬁclined to evaporate many neutrons under carbon bombardment, there is
‘é mechanism (the "magic® numbers of the closed shells).to limit the
number of its charged particles and, at the same time, to make them
more energetic. This is discussed in Chapter IV. |

- If the backward-prong behavior of C1R is normal, what can we say
about the behavior of cl3 which, by comparison, is anomalous? For the“
two-prong stars of C13, where the distance to those with backward prongs
is longer than the distance for all stars of the class, we can conclude

that the data show the two-prong stars from hydrogen reactions, or from
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lighter elements in general, overbalance the cases of single particle
evaporétion from silver and bromine, For three- and four-prong stars
there is no immediate explanation for the failure of the silver and
bromine excitation functions to show up. The three~prong stars, however,
are nearly normal. '

In the present study no analysis has been made of the range and
consequent energy distribution 6f the evéporated prohgs. The reason
for - the omiséion is that the large momentum imparted by carbon ions fg
the centef of mass system with respect to the laboratory and the lack of
knowledge as to what target nucleus was hit make it difficult to obtain
any iﬁfofmation that might show a discrepancy with theoretical energy
distributions., The detailed energy distributions for neutrons and
charged particles evaporated from the compound nucleus have been worked
out ﬁheoretically3093ls37:38’39940 on the basis of the statistical gas ’
model and would seem to be well groundéd° Ie Couteur’l has made a small
correction for very high excitations such as are found in cosmic ray
stars to take account of a thermal expansion effect of the nucleus and
a'possible lowering of: barriers for chérged particle emission. The case

of excitation from carbon particle bombardment barely borders on the lower

37, J. Frenkel, Phys. Zeits,Sowjetunion 9, 533 (1936)(In English).
38, V. F, Weisskopf, Phys. Rev. 52, 295(1937).
39, V. F, Weisskopf and D, H, Ewing, Phys. Rev. 57, 472 (1940).

L0, V., F, Weisskopf in Iecture Series in Nuclear Physics, (MDDC 1175)
US AEC (1947) (Los Alamos lecture Notes).

41, K. J. Le Couteur, Proc. Phys. Soc., London, 463, 259 (1950).



edge of the effects he considers.
It may be of some interest to mention the longest range protons
and alphas found fram'carbon bombardment even though the energy with

respect to the center of mass is not known., From Cl2_induced inelastic

events, the 1ohgest‘proton track was 1780 microns (approximately 20 Mev)
géfére'it ;éﬁéiout;of the emulsion, the seéond longest was over 1350
microns (about 17 Mev), From there on dowm, the spacing in range is
closer., These were forward ejections. The longest at apbroximately 90
degrees was 900 microns (about 13.2 Mé%) and the longest almost directiy
backward was 725 microns (approximately 1l.6 Mev) at 146 degrees, Another
was 750 microns at 127 degrees, Alphas from ¢'® events ranged up to 896
microns (E = 52,56 Mev), projected directly forward. The next longest
from €12 was 770 microns (48.12 Mev)., These two alphas, and the first
two below,.are discussed in Chapter V. |

,x'Frdm Cl?lbombardment the ranges ere similar. Alphas of 898 microns
ahd.793 micféﬁs océurred in four-prong events (two other alphas plis the
struck nucleus) and an alpha of 800 microns (49.2 Mev) from a five-
prong star. | o 4

Knock—-on protons from both Clz_and 013 were found which exceeded

those from inelastic events by é small aﬁount. From 012, the longest
knock-on seen was 1812 microns (nearly 20 Mev) and, from C13, there was
one whiéh went out of the emulsion (E-1) after 1950 microﬁs (B >20.7 Mev).
The range of knock-on protons is limited by the fact that, unless a
partiéle-be absorbed and re;emitted, it camnot acquire a velocity more

than twice that of the heavy body striking it., This limitation would

-~
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pefmit protons up to nearly 37 Mev, However, a blow to giwve such a
range cannot be delivered by the Coulomb field of the cérbon nuclsus as
a whole and, if the interaction were between a proton of the nucleus and
the struck proton, not more than 10 Mev could be delivered unless the
moméntum of the. proton in the nucleus added oﬁ‘to the mass motion. Short-
range nuclear forces could deliver thé blow buk presumabiy should be
repulsive,  Exchange forces in the nucleus are repﬁlsiye if the function
of ﬁhe interaction between the particles is antiméymmetric; This is
partly so when the energy levels of the two particles are different.
Parzen and Schiff4? and Jastrow’? have discussed the existence of short
range repulsive forces in the nucleus.

Ffdm;an'excited compéund ﬁucleus the relétive probabilities for
emission of néutrons; protons andialphas have been discussed iﬁ the
articles cited regarding the energy distribution of these,particlesf The
assumption'is made that the parficles are emitted‘in succéssion,Aﬁith
intervening time adequate for several passages of pérticles across the
vnucleus.to pérmif near equilibrium conditions to exist at each emission.
Neutrons aré most easily evaporated because they see no Coulomb barrier;
hence,'tﬁey need to be raised only from the top of the Fermi distributién
to the top of the mclear potential well (about 8 Mev), Protormsand alphas
see the Coulomb barrier in addition. Because of the penetrability
function, protons céng in general, escape much more easily than alphas,

If the binding energy of an alphe in the mucleus is less than that of a

L2, Go Parzen and L, I, Schiff, Phys. Reve 74, 1564 (1948).

43. R, Jastrow, Phys. Rev, 81, 165 (1951).
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proton and, if Z is low or excitation high, the ratio of alphas to
proﬁons may be higher than normél. Heidmann and Bethe30 find that for
nuclei excited by 17 Mev gamma Tays, the light elements evapcrate protons
in.grefefence to ﬁeutrons (because the binding energy of & neutron is
almost always higher than that of a proton in this region). However,
.there is,practica;ly no proton evaporation when the number of neutrons
exceeds thelnumber of protons., Up to nickel, protons occur in éﬁout‘”
equal numbers with neutrons. At copper, about 83 percent of the evap-
orated particles will be neutrons and, at iodine protons are practically
missing.

e Couteur,4l studying high excitation (up to 600 Mev) in silver
and bromine from cosmic rays, arrives at an expected ratio K for the
number of alphas to the number of alphas and protons of about 0.27.
This—ratio was well verified experimentally by N. Page4 for stars of
more than six prongs, which presumably are attributable to silver and

”bfomine'ﬁaféét nﬁclei.since carbon,nitrogen, and oxygen could not- give
stars of more than about five prongs. (Notice that with a compositebv
incident nucleus, such as carbon, this limitation would not hold.) Her
data indicate that carbon, nitrogen and QXygen may give approximately
K = 0,54 (that is, roughly as many alphas as protons). Perkins4d has
verified these ratios from observing stars induced in the gelatin layers
of a sandwich\emulsion. For 27 stars observed originating in the gela-

tin, the mumbers of alphas. and protons were closely equal (K=0,5).

4. HN. Page, Proc. Phys. Soc., London, A63, 250 (1950).

45. D. H. Perkins, Phil, Mag. 40, 601 (1949).
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In bombardment with carbon nuclei we hardly expect a K as low as 0,27,
or even 0.5, because of the alpha particle nature of the inéident,partim
cle which, unless completely assimilated in the compound nucleus, would
prejudice the result in favor of alphas. A phenomenon such as stripping
or impact disintegration would, of course, badly upset the ratio,

. Even when a compound nucleas is formed by penetration of cR or
013, there is reason to expect a large preportion of emitted alphas
compared to protons (or neutrons). This reason is the higher angular
momentum carried into the compound nucleus in a large percentage of the
collisions, The angular momentum of a stable nucleus has an upper limit
~ of about 9/2, An angular momentum of 50, such as carbon on silver or
bromine might conceivably introduce, would be nearly the equivalent of
having the spin of every mucleon lined up in the same direction.

The angular momentum will be reduced either by Zlmradiation or by
particle evéporatiano Gamma emission cannot compete in.speed with -
particle eﬁission at high excitation energies, Therefore, until the
excitation is at least below the Coulomb barriers, particles will have
to carry off the excess angular momentum. This can be doﬁe most
efficiently by heavy particles, namely, alphas rather than protons,
because of their larger mass and because energy is availaﬁle to evaporate
only a limited number of particles to carry bff(angular mementum.

Preston4® has given a rigorous mathematical treatment of the case of.

alpha emission with‘la;QCh The angular momentum corresponds to a

4L6. M. K, Preston, Phys. Reve 71, 865 (1947).
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centrifugal potential, raising the resultant potential near the center of
the nucleus and shifting the maxima of the internal wave functions farther
out, giving a greater frequency of collision with the barrier and a
greater probability of emission,

The high proportion of alphas to protons in the stars from carbon
ions is at once evident, A limited study was made, taking just the stars
from C12 bombardment with three identifiable prongs other than the prodﬁéﬁ
or knock-on nucleus. The 217 stars considered had 510 alphas and 141
protons (K= 0,78). The principal reé.son for such a high ratio was
apparently the contribution from impact disintegration. Impact disinte-
gration and angular momentum effects, though both confribgte alphas,
éhould differ in one reséect. The former should give a non-random distribu-
tion with respect to the relative groupinQSvof proﬁons aﬁd alphas (favor-
ing three alphas), while presumably the latter should give a random
distribution, ‘Hodgson47 has given some tests for randomness in the
distribution of the groupings of alphas and protons and for randomness
in angle of emission. The 1atter-couid not be applied to the present
‘ data because of the impossibiiity of seﬁarating out the effect of the
motién of the compouhd nucleus.-.The test regarding the distribution of
groupings of alphas and protons is not a powerful one. It says nothing
whatsoever as to why the ratio of the total numbers has a given value. It
merely accepts this frequency ratio and uses it as the probability of
emission; That is, the probability of emission of an alpha, Py = K =.78

and po= .22, In Fig. 20 is plotted the number of stars of each possible

47. P. E, Hodgson, Phil, Mag. 43, 190 (1952).
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type: O alphas, 3 protons; 1 alpha, 2 protons; 2 alphas, 1 proton; and

'3 alphas; O proton. Now, if this distribution is rendem, it should

" agree with the binomial (or Bernoulli) distribution using py and p, as
given by -"th.e observed total frequency ratio. The probability of exactly

nm alphas and (m-n) protons (n=3) is given bys

p { "..mo( , (Iﬁ-n)p} = __P_‘(_._;- p“m (1-pog yn-m

m $(n-m) ! °

The expectations based on these prébabilities are also plotted in Figure
20. Now we can use the Chi-square test to see whether the observed
data are a probable sample from the theoretical distribution. There are
four groups or classes in the distribution. However, the number of
degrees of freedom is less because, first, the total number of prongs is
é coﬁstant and, second, we have estimated one of the parameters of the
distribution, namely p, , from the sample, This leaves two degrees of
freedom, but we reduce it to one by combining the first two classes in

order to get a class size where the fluctuation can be expected to be

2
more nearly random. By definition, f: E a_s}z_ where s; is the
, i<

actual deviation from the theoretical mean and 0% is the standard devia-

tion of the parent population. @ = V. we get

xe _ (33-.26)2 (17)2 10)* _ 6
X = %+ St 10, = 17

The tables of X2 then show that for one degree of freedam this value is
significant at nearly the one percent level, which is called ®highly
significant®, This indicates that the chance is about one percent that

the actual sample came from a random distribution. From Fig. 20 it is
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evident that.the class of 2 alphass 1 proton is deficient while the 3
alpha, O proton class is overfilled., It indicates quite definitely that
the large ratio of alphas is not due entirely to an anguler momentum effect,

At the end of this. chapter are photographs of miscéllaneous stars
induced by C12 and C13, Photégraphs of stars illustrating special

features discussed later are included in Chapters IV, V, and VI.
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FIGURE 21.

Relative track lengths of alpha particles, ¢13 ang ¢l ions, all acceler=-
ated by the cyclotron. The alpha and ¢12 are in the usual 100 micron Il-
ford E-1 emulsion; the ¢1% is in & trial plate of 50 micron E-1 emulsion

that apparently had been desensitized until it was comparable in sensiti-

vity to D=1 emulsion.
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FIGURE 224

An elastic collision of C12 with 12, The angle between the two is
always 90 degreeso‘ In the case of 012, few elastic collisions are
“seen more energetic than this one. However, in the case of cl? as
the incident particle more violent elastic collisions are sometimes’
seen since €13 is harder to digintegrate than Clzo (The markers on

the left of the picture indicate about 10 microns-per unit.)

FIGURE 22B

A (ch,Zacn reaction. The elastic muclear collision of the product
micleus near the end of its track is typical of the heavier nuclei,
and might well indicate that the event was produced by the cl? in

a bromine or silver nucleus.
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FIGURE 23A

A (Clz,ZCL) reaction. The length of the product nucleus track (between
the two alphas) indicates that the nucleus struck was probably cafbon,
ni%rogen, or oxygen. The shorter alpha track corresponds to an energy )
of only 1.5 Mev. This event indicates the difficulty that might arise

in distinguishing a short alpha from a light product nucleus.

FIGURE 23B

A (Clz;ci,p)_reaction. Like the event in Figure 23A, this is a low energy
reaction. The alpha had 3.5 Mev. energy, the proton 1.05 Mev. From the
ranges, the nucleus struck was probably broming or silver. If so, the
energies of the evaporated particles are about the lowest that can be ex-

pected in view of the Coulomb barrier to be penetrated. See the discus-

sion by Le Couteur .41
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FIGURE 23 ZN320
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FIGURE 24A

A (C12;2p,0() reaction. The alpha is heavier than normel because it is
diving steeply. However, through the microscope, horizontal alphas and

protons in E-1 emulsion are almost as easily distinguished.

FIGURE 24B

This five-prong star from cl2 appears to be an incomplete double-disinte-
gration, i.e., an impact disintegration of the incident nucleus and of
the target nucleus. The impact disintegration origin for the star is
given credence by thevupper pair of alphas, which appears to have come

from Be8 in the ground state (See Chapter V),
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FIGURE 254

A (013,o<) reaction, probably from silver or bromine target nucleus.
Lighter target nuclei are less likely to give backward prongs be-
cause of the fofward momentum from the entering Cl3; a iight pro-
duct nucleus should give a longer track. The emulsion in this photo-
graph, as in Figs. 25B, 26A and 26B, is an insensitive 50 micron E-1,

of which only one plate was read,

’ FIGURE 25B

A five-prong star from 013.‘ The second from the bottom prong is the
product nucleus. Jthere are three alphas and one proton., The proton
ieft almost no track in this insensitive emulsion at its beginning,
although it was only about 600 microns long (about 10 Mev). The
proton track was not noticed in making the mosaic. The ¢13 ion under-
went an elastic collision before it hit the nucleus which produced
the event. Notice the dense ionization at the star. This frequently
occurs and sometimes makes it difficult to be certain as to whether

another prong is present.
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FIGURE 26A

A €13 reaction with a heavy nucleus in the emulsion. The two long tracks
are protons of approximately 6.2 and 7.5 Mev. The short track between
them may be either an alpha or & proton. The emulsion is a 50 micron E-l

that perhaps had been desensitized.

FIGURE 26B

An (o(,2p) evaporation from a compound nucleus formed by ¢13 with probably

silver or bromine.
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FIGURE 27

A seven-prong star produced by ¢1? in 100 micron E~1 emulsion., The pre-
sence of the seventh prong is easily seen under the microscope and is
indicated in the sequence of pictures at the right, taken at different
depths., The four identifiable prongs are alphas. For comparison, the
track of a Cl1° that was stopped by electron collisions, without an in-
elastic nuclear event, is shown at the left. On the average, only about
one track out of 1600 produces an inelastic nuclear event. The short
tracks on the emulsion surface are quite surely from ClZ(Z'F) ions that
came‘frém the gap between the dees or were scattered down the deflector
channel, They do not have one-ninth the energy of the 012(6+-) which
they should have if they followed the same trajectory to the plate., As
simple calculation shows, C2+ are over-deflected in the deflector
elect;ic field and, hence, cannot come out the channel unless they are

scattered,
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CHAPTER IV

SPECTAL .REACTIONS

In this chapter will be considered a few special reactions other
than stripping and impact disintegration, which will be discussed in
Chapter V,qandlfission of bismuth, discussed in Chapter VI.

A question which naturally arises is: Caﬁ we eXpect to find particles
heavier than alphas emitted in any of the carbon bombarament‘reéctioﬁs?
Such a parﬁicle might appear as the result of ény of several différent
types of processes (for the moment, fission of thé heavier components
of the emulsion is excluded): |

(1) As a residue from the nearly complete break—up'of the incident
carbon and light target nucleus; | | | |

(2) As an evaporated particle from a coﬁpound nucleus;

(3) Directly knocked‘out, or as a spallation fragment.

Fortunately, there is a means of identifying in the emulsioﬁ-some
of fhe products just heavier than an alpha. The most probabie particle
from the point of view of penetrating the Coulémb barrier is lithium.
146 and Ii7, which are stable, would Be hard to fecognize except that
their trace should be (3/2)% as heavy:as that of an alpha. .However,‘
1i® and 1i? could easily be identified by the fact that at the end of
their tracks would appear a Whermer™ from a pair of nearly equal and

opposite alphas, 13?2 is a so-called "delayed neutron emitter48 in that

It

48, W, L. Gardner, -N. Knable, and B. J. Moyer, Phys, Rev., 83,
1054 (1951). | o
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it decays by 6 emission with a half=life of Q.168 seconds “o an excited
state of Be? which mmed:.ately gives off a neutron, becomng Beg which
breaks up into the two alphas of the "“hammer®, L,.8 proceeds more direct 14*
to the same enci by‘emitting a 6-(half—-life s 0,88 seconds), thus falling
to one of three excited states of Beb- at 13 s 0, ov 3,0 Mém .These:
states are ﬁighly unstable, the Be®™ brealking into two alphas in about |
10-21 seconds. Decay of Lif to the ground state of Bef, which also is
unstable to breaking up into two alphas, bub which hes a longer 1life
(perhaps of the order of 10-16 seconds), is vforbiddepo

Two other detectable particles which are possible, but 1e‘és probable
because of their higher charge, are BS and 09, BE is the mirror of Lis
it gives off a @+ (half-life, 0.65 L 0.1 Second.)’;*g, decaying to an
excited state of Be® as did Li8 09 the mir or nuc'leﬁa of"Laf.g mi‘gh'
be expected to be a Wdelayed px'oton emitter®, 49 decaying by @"'t,o an
excited state of B9 which. would be unstable ermugn to emit a protang
thus becom:.ng Be8, | | |

All theszes r;aétlons would be recognluab_Le by the fact +hat the
pé.rent particle would have come to rest before the @ was emitted which
pemiﬁted fu.rthez‘ decay to Bef, The latter wo\uld then be recognized
by the "ha:mmer track“ 11: makes - two equal and opposite alpha prongs
of energy equal to that of the state of Be8 1nv01ved., ’i’he re might be
a slight deviation from colllnearn.‘tyandfrom equality in range 1ﬁ:the
Be8 breaks up before completir;é its recoil from the beta ‘ermlss:ion; or',

in the case of 1i9 and 09, from neutron and proton emission., In all cages

49. L. W, Alvarez, Phys. Rev. 80, 519 (1950).
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except possibly 117 and G’ the energy of the alphas would correspond to

8, with 132 and ¢ it seems

8

the 3.0 Mev or higher excited state of Be
possible that the decay could be to'the'ground state of Be , in which
case the hammer would correspond to 0.1 Mev disintegration energy and,
consequently, each alpha track would be less than one micron long. |
Be® haimers, almost entirely ascribable to 148 because of its low
charge, have been observed in photographic anulsibn under many different
types of bombardment. Franzinetti and Payne®© found 28 such events in
cosmic ray stars from direct hits or froﬁ mesons and neutrons, Of the
28, 13 seemed to be Cl¥4 nepLi®+ oL 4 p. Adelmsn end Jones5l found
11 Be® hammers in a study of 3000 negative pions from the 184~inch
Cyclotron. Titterton? in 5000 stars from neutrons of about 170 Mev,
found 21 hammer tracks. In only tw&vof the 21.éases;gas B® the
possible origin; one case seemed definitely tb be from B8° Tittérton,52
in research still under way with 170 Mev'prqfons on emuléion,}ié'finding
approximately the same proportion.of hammers ., J. K, ﬁowkef, continuing
the work of E. Gardner on 300 Mev alphés at the University7of California
Radiation Iaboratory, has found three hammers in about 1000 events

(unpublished). In addition to these emulsion studies, Wright53 has

found 1i® from ionization chamber bombardment of carbon, nitrogen, neon,

50. C. Franzinetti and R. M. Payne, Nature 161, 735 (1948).
5ls F. L. Adelman and S. B. Jones, Science 111, 226 (1950).
52. E. W. Titterton, Phil, Mag. 42, 113 (1951).

53. S. C. Wright, Phys., Rev. 79, 838 (1950);
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argon, krjpton and xenon in gaseous form with 340 Mev protoms and 190
Mev deuteronse'

The wide variety of conditions under which the Be® hammer‘t?a@kﬁ
have been found would lead one uncritically te expegt them from carbon don
bombardment since the excitation from carbon ions can be‘ngaxly‘ﬁgmparable
to that in some of the cases cited above. However; in the 865 Cl2 stars
and the 1427 617 stars examined, there were ns "hammer tracks ®. There
was only one possible case and it was finally classified as probably the
chance orientafion of a three-prong ster from a natural radiocactive
nucleus in the emulsion in such a manner thdn the end of one prong
touched near the beginning of.a short-range carbon, and thé'other o
prongs were nearly, but not quife, opposite egch'@ther and not quite
of the same_iengtho It coulé hé&e been an error to exclude this case,
but the cqnclusion would be unchanged that~1i8 is of a lower crder of
probability than in the other caseé cited, The reason was net hard %o
find. In most of the cases cited abovevthe 14% yas left as a residue
from highly;excitéd light nuclei-which‘had evaporated alphaég protons
and neutrons, Titterton discusses the possible reacti@ﬁs that agrée with
the stars he found. In each case carbon, niirogen or oxygen waes the
target nucleuso'AWTight also ascribes his 118 fraﬁ the light tafgat
élementé, carbon, nitrogen and neon to being a residus, The difference
in using carbon as a bombarding particle is that all the compound nuclel
that can be formed are considerably heavier than in the cases abaﬁeg They
would have to evaporate a larger number of particles in order o leave
8

Li®, This fact; plus the lower excitation because of inabilify te get
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. more . thah about half its energy into excitation of a light mucleus, cub
.*"thé. "hammers™ to the vanishing point.  There are a number of stars. in

the emulsion (mostly six-prong) where there séemS'to have been a break=-up
of both the-projected and target muclei, but the break-up occurred along
alpha-particle lines, As far as the necessary energy is.concerned, -
Wright obtained excitation functions which show, for instance, that for
60 Mev deuterons on carbon, the cross. section is only about 5 x 10™%
barns. This would be about one-thousandth the total cross section for.
star prbductidn by carbon particles. At 200 Mev it is nearly three times
as large. |

Another’possibiiity for 148 to appear is as a directly evaporated
particlé from a compound nucleus,not as a residue. The Coulomb barriers
are too high' and the excitation_too low from carbon ions to expect ‘such
an occurrence;' Wright found a much lower yield of Ii® from argon,
kfypton5 kenon indicating a different mechanism from that present in
the‘éase of the'lighter elements, He was able to get the correct order
of magnitude uéing an evaporation model.

The'pfodﬂction by a Spallation process or direct knock-on has been
postulated in higﬁ energy bombardment by light particles; such a process
is most improbable, however, from carbon on heavy nuclei, Marquez -and
Perlman,54‘in bombardment  of tin with 350 Mev protons and alpha particles,
found iodine activities, To obtain these activities, more charge must:
have been:introduced into the target than was carried by the bombarding

particle, They thought the most probable mechanism was by secondary

54s L. Marquez and I. Perlman, Phys. Rev, 81, 953 (1951).
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bombardmeﬁt with lithium muclei of masses o,7,8 knocked out by the primary
particle.‘ They could not reconcile the lithium emission with evaporation,
and so concluded the lithium was knocked .out at high velocity, directly
or by Spallat::.on° The threshold for. the production of iodine seemed to

be at about 50 Mev for both protons and alphas, but the yield was very
1QW'thcre; even at 340 Mev it was not higher than 5 x 10~2 barns. They
also found.ﬁhat béryllium nuclei may come from reactions produced by.335
Mev protons on a variety of target muclei.

Since the Suﬁject of delayed particle emitters has comc up in
connection with the identification of certain reaction products heavier
than an alpha, it is convenient to discuss delayed particle emission a
little more fully at this point. The interest now is in the delayed.
particle itself, not the nuclide left after its emissioﬁ. Since ohly
delayed protons and alphas would be detectable in the emu151on, delayed
neutrons w1ll not be mentioned, Alvarez49 has pointed out that delayed
proton or alpha emltters should occur on up the Helsenberg valley of
the nuclldes. -In cases where the carbon nucleus does form a compound
nucleus with a light target element we might get some of these,

An attractive prospect for proton emission is FL7¥ The jast

proton in F7 in the ground state has a binding energy of only 0.6
Mev.29 E17* could be reached in the case of carbon bombardment by the

following processs
. | 24 012——’12}4@,24_.’ lDNel7+ X+3n
17 et 7 +
10Ne . 9F'L + e

Fl 7*"—+ 8016 -+ lHl
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(The;loNe17'would be called the delayed proton emitter). Two delayed

alﬁha emitters which might occur from carbon bombardment are 11Na20 and

13814, by the following processes:

(1) “ 2 + 012?—912Mg24‘ —_— 17800 + P+ 3@
nNa20—>'ioNe20* + et
| lONeZO*_+ 8016, + X -

(@) 4+ 51 — ¥+
AT e A + e"' | .'

The improbability of these procésses is at once apparent. With an
incident carbon of 100 Mev, say, only about 50 Mev could be put into
the compound nucleus, plus about 15 Mev excitation from mass excess,
which mustlsuffice t§ evaporate four particles, The combination of
three neutrons and one alpha or proton is quite improbable from so light
a compound nucleus, .

Similar processes with the heavy component of the emulsion, silver
bromine and iodine, might have a higher probability though iﬁ would be
difficult to predict which would be delayed proton and alpha emitters.

After eliminating a number of cases where an alpha or proton céUld
have been knock-ons, there seems to be one reasonably definite case of

delayed emission, probably of a proton. It was an event produced by
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012 and.séems'to belong to none of the above categories. The proton,
of 28 microns rangé, comes off at a sharp angle from the very end of‘a
ﬁeavy steeply diving track. Besides this prong, there 1s an alpha, and
another prong heav1er than an alpha that looks like the typical product
nucleus fram one of the llght components of the emulsion.

The discussion now returns to heavy particles from nuclear reactions.
A more rewardingvstudy than looking for the Speéial particles that
would give a Bhammer track® was to look for ﬁracks frbm any particle with
a charge’definitely.greater than that of én aipha.

Care and reétraint_must be exercised in judging the charge or mass
of a particle by its track, particularly if there is any dip to the
track, The shrinkage of the emulsion in thickness by a factor of about
2,3 during processingrmakes non-horizontal tracks appear unduly heax}y°
However, at fairly_steep angles, a zigzag appeérance of.the track can
usually be seen for a particle as light as an alpha. 'Sometimes, to be
definite about the appearance of a dipping alpﬁa, comparison was made
with some of the cyclotron alphas in.the c12 emulsions Qhere-one of these
had been deflected steeply. | | |

Theré were many doubtful cases f&ﬁnd, from both ¢12 and 013, where
there appeared ﬁo be'fwo,prongs heavier tﬁan alphas (one such prong is

nearly always present from the product nucleus) But there were a

‘, number of cases where ‘the concluszon was 1neScapable. Among the 865

C'l2 stars there are conservatively of the order of 20 such stars and with

cl3 the ratio is at least as high. In general, these are not two-prong

stars; they usually have one additional proné. |
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' We might tentatively classify such stars into two groups: (1)
At ledst one particle is as light as carbon, or lighter, as seen from the
ranges of one or both of the particles heavier than alpha; (2) Shorter
range, and probably heavier, particles. - The first group is the more
numerous, It seems surprising that there should be :atﬁer frequent
cases of particles heavier than alphas without some of ﬁhéée leading
'maBégby way of the chains mentioned earlier, Perhaps the explanation
may be as follows: Since it is improbable for heavy particles to be
left by evaporation from a compound nucleus formed in carbon ion
bombardment, then their origin may be ascribed to a knocking out of
one or more particles from a light target nucleus, leaving a heavy
particle, without the amalgamation of the carbon nucleus .and the.struck:
nucleus into a campound nucleus ever occurring.  The wave length of the
carbon ions is short enough to accomplish such a feat. The particles
. most easily knocked out are alphas and protons, both because they have
a;Goulomb field to kmock on.and because they normally lie farther out
in the nucleus than do neutrons.. Now it“ﬁill be remarked that the nuclides
leading through decay to 388 require that rather special combinationg be
knocked out of .carbon, nitrogen or oXygen. The knocking out of a single
alpha or proton or one of each will in none of these cases lead to a
nucleus having a delayed emission and, hence,‘giving a hammer track from
Be8, Inlonly one case will it lead directly to Be8° This one direct
case}is the knocking out of an alpha frqm carbdn, either as targgt 6%
pfojecti;e (impact disintegration of 01?) or, alternatively, the cabture

,.of an alpha from the carbon nucleus by another mcleus (stripping).

o
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When we'see,1at§r.h0w~£requént these cases are, it will not seem quite
80 remarkable that we should flnd heavy fragments of various kinds
apparently fonmed by knocklng out an alpha or proton, Rather, we have
to explain their infrequency. by noting that lmocking an alpha out of C12
requires much less of a blow than knocking it out of other nuclei.
Figure 28 is*a.photdgraph of a star with two prongs heavier than
alpha particleé; -The incident particle was Clz, which traveled nine
microns before the event, Since the average total range‘wa33172 microns,
the range-energy-cufve~gives the probable energy at the‘time?of the
event as 107¢5 Meve The short track going upward in the picture is an
alpha which went out the top of the emulsion after 1l microns, Tt
looks a 1itt1e-heavier ﬁhan the normal alpha,probablj because of extra
sensitivity gt the emulsion surface. It makes an angle pf 83 degrees
with the capbcn”track extended., The second particle clockwise,-ﬁg
has a r#nge 0f.43e1 microns and makes an angle of 24 degrees with the

incident C12, 'The thzrd partlcle, B, has a range of 62.8 mlcronﬁ and

makes an angle;éf"47b3 degrees, Neither & nor B is heav1er than cl2.
If'both-wefe'clz; the éum of their energies would be 102;3 Mev and,
since ‘the alpha-had more than 3.1 Mev, the total does not leave enough |
energy for. the separatlon of the alpha from the nucleus. B@sxdes;
conservation of Jy.emamentugxls not satisfied upless the alpha had 25
M@vggne:gy;' Théféfore,_thévcollision appears'not to'£ave'been carbog
on oxygen; | It 1s not 612 on Cl?, 51nce ve would get Be8 w1th its. |
.dlslntegratlon 1nto alphas. But, if the event is ¢12 on N14 all the
data seem to flt.v A*would be G2 of energy Ahel MEV and B would be Blo-
with 43. 8 Mév (estlmated by interpolatlon on the range—energy curve)

To conserve‘)/-momentum, the alpha must have had an energy of 9.0 Mev
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FIGURE 28

The incident C12 knocks an alpha (headed upward in the photograph) from
N14, leaving it as Bl0 (bottom track)s The ¢12 was not disintegrated

(middle track) despite the low binding energy of the alpha in it.
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(range of 57 microns). This gives a perfect £it also for conservation of x-momen-
tum, The total prong energy is 97.0 Mev, leaving 10.5 Mev for separation energy.

. Hornyak, Lauritsen, Morrison and Fowler29'give 11,7 Mev for the proper value, The

012 strick t;he’Nl4 a little above center and to the left., It is odd that the c2

was not the particle which was broken up,

The second class of stars with two prongs heaviser than alphas:has prongs short
enough that they might be heavier than carbon., The only possibilities-are from
silver, bromine and iodine of the emulsion, and the reaction apparently is one of
fission of "the compound nucleus. Because the effect may well be related to. another

effect, that of :the closed shell structure of the nucleus, the latter will be

mentioned first,

12 13

" Silver nuclei bombarded with C™*. or-G™~ ions give quite impressive visual evi-

dence for the location of the compound nucleus with respect to the 50-proton

Qlosed shell of the nucleus. The initial reactions with 012 are:

10 12
4t + ot = 1119

and -4.7Ag109 + 6012 — 531121°

The 50=-proton closed shell is reached-by evaporation of an alpha dnd a proton
from the compound nucleus. The cases where such events occurred are quite com=-
mon and are distinguished by the great length of the proton and alpha. tracks,
often in the back hemisphere. The identification is rather clear that they came
from a heavy nucleus from the appearance of the product nucleus -track - short,
and often with spurs and large angle deflections from nuclear collisions, as
expected from a heavy particle.

lIn the case of bromine bombarded by 12 or 013 the compound nucleus formed

is Nb. It can fall into the 50-neutron closed shell by evaporating one or more
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neutrons, depending on the isotope involved, This reactipn would not be seen
in the photographic emulsion. However, the strong binding against removal of
another neutron might dispose the §ucleus toward charged particle emission;
such as proton emission or fission, ”

The heavy tracks giving;evidence for a fission type reaction in silver
.or bromine from carbon bombardment are not as unmistakable as the long
range alphas and protons which give evidence for shell structure. In the
first place, short tracks give poor evidence és to ﬁhe mass of the particle,
except in an insensitive emulsion suéh“as D-l, In the second place, since
the product nucleus from silver or bromine would be heavy, there wiil often
be nuclear collisions in stopping and a fair percentage of the time these
Vill be with carbon, nitrogen, oxygen or even heavier nuclei. A consequént
appearance of forking of the product nucleus occurs in a large percentage
of the silver and bromine stars, However, since there is apparéntly”no o
reason for a fission reaction to bé delayed, we can at once diSrégard all
cases where an apparent splitting is_separated from the sta# itself, This
still leaves a few cases where two heavy particles comeAfrom é_star,‘both
from two~-prong stars and from those with another particle,isﬁdh és an alpha
or>proton; |

13 plates' to estimate the number of stars

A survey was made of the G
having two prongs heaVy enough to indicate fission of the silver of

bromine target nucleus., The GlB,plates were used because most of them
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are'éf D;liemulsien,'which*records better than E~1 the_difference between
carbén éndﬁa.heaVier‘parﬁicle;u‘Six‘quite eertaiﬁ cases were found fram
a ‘totdal of 1114 stars, Others are possible but,'fram‘the;iength'6f‘the’;'
préngs, might be cases similar to that shown in Fig, 28, where carbon hit
one of the lighter components ef the emulsion. |

"'There is no probability of confusing'the fission of bremine'or
silver wifh that of bismgth,sipce the aﬁgle between the prongs;is'mnbh
larger in the latter case. Rathef one rmst be sure that the cellisioh v
could not be elastlc, say C13 on 012, since the angle between prongs may
be near 90 degrees. The length of the prongs rules out an’ elastlc
collision, as does fhe density of the trackse |

Threevof the stars considered to be fission had only two emergent
partieles° Iﬁ two cases these were nearly symmetfic, and in one case,

'quite'eeymmetric,v The ether;three'stars included a proten or alpha esf
wel;vae ﬂwe.heaﬁy partic;es.: A remarkable feature was that the -alpha gr
proton (identificetion net certain) was of short range, of the order of |
20 microns for the two ending in the emulsien,'whiie the third, which =
left the emulsion, appeared to be of comparable length.

The effect that the sirong binding at the closed nuclear shells
might have in inducing fission is{npt hard to see., The closed shell
giﬁesutherpoésibiliﬁy'of ehergy releese greatef than could ordinarily be
expected., . If the short range partlcles observed were from tran31tlons to
a closed shell W1th lower energy release than expected on the average,
then the remaining excitation~would be particularly high.

The possibility of fission of Br or Ag is not entirely unexpected.
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Batzel and Seaborg55 found good evidence for a fission type process from
340 Mev proton bombérdmept of copper, bromine, silver, tin and bariwm.

For instance, GlBSIfrom copper bombérdment ws found definitely beginning
at 60 tc 70 Mev proton eneréy, well below the threshold for its production
by a Spallation_reagtidn hévihg no particle heavier than an alpha. Hanges
of the recoil. fragments gave further evidence for the fission reaction.
The yilelds aré low ;:about 2% +O"6 barns for the prdductioﬁ of a part-
icular nuclide, N&ZA, from»tin by 200 Mev protons,

It is known from mass caleculaticns that for nuclides as low as

He -

A 83 or Z :’42,‘symmeﬁrical fissicn would be exothermic. For higher

56

A or Z, asyﬁmetric fission becomes exothermic, Fission is prevented

by the potential énergy barrier, The threshold for fission ig the diff-
erence betwéen the barriér and the energy ¥eiease from mass differences

in the cése 6f fission., For Br 4+ G it is of the order of 40 Mev, for

57

Ag+ C, about 30 Mev, For asymmetrical fission the threshold would

be larger.

55. R. E. Batzel and G, T. Seaborg, Phys. Rev. §g, 607 (1951).

56. G. Gamow and C. L. Critchfield, Theory of Atomic Nugleus and Nuclear
Energy-Sources, p. 147. Oxford: The Clarendon Press {1949).

57. D, Halliday, Introductory Nuclear Physics, p. 415. John Wiley and
‘Sons, New York (1950},
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CHAPTER V

. IMPACT DISINTEGRATION AND STRIPPING OF CARBON NUGLEI
A, EXPERIMENTAL OBSERVATIONS

The phenomenon of impact disintegratioh of the C12 nucleus and the

| closely related stripping and Cépture of an alpha particle from C12

stand out strikingly. If an obée:ver, unaware of the identity of the
bombarding particle, viewed several hundred stars from incident C12
nuélei, he'would arrive at the firm inferenée'that the_bombafding nucleus
was composed of élpha particies and that the number of these alpﬁas was
three, Fﬁrfher, he would éee thé three-alpha nucleus freduently disinte-
grate into one'alpha plus a closely correlated pair of alphas, the two

of the pair having nearly the same range and only a small angular
‘divergehce (Sometimes aé low as 2 or 3 degrees)., In many 6ther caseé,
where the separafion of the pair of alphas was more violent, a correla;»
.tion could still‘be seen, Often, though not invériably, the collision:'
that broke up the bombarding nucleus was so light as to barely produce

é knoCk—dn-track.f‘Sometimes it was rather a hard coliision. .éoth fhe
light and hard collisions seemed sometimes to produce only two alphas
which, in the case of the gentle coilision,vwent flying by as a pair,
little deviéted. It'was apparent that, if a single bombarding pérticle )
héd beén used, thesé cases must répresent the stripping off and capture of
the third.alpﬁa. This process seemed not much more infrequent than the
thfeé—alpha process,

‘This is the general nature of the visual evidence, Knowing that
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cl? nuclei were the bombarding particles, one can soon estabiish the true
nature of the procesSes and 1den Lfy the palr wJ.dlohau in the case of
stripping, or the correlated palr 1n the case of 1mpac+ d191n+c"“&tlon,
as,BeQ,«elther'ln the ground_state or in one of several excited snates.’
Thg.verification_and the details. of 1ts occurrence pe@d on;j be put into
',analyﬁicalfterms;~'Fortﬁnatelv, there are enough cases,thai an analysis can
ascertain SQme of. the more pertinent dﬁtdLl concernlng the processs
(1) whether;@tvis a low or high v01001ty process, (2) whether 1t can be
produced by the Coulamb field (true electro—dlpnntcgratlon) or requires
the h;gh forces found only 1nm3 de the nucleus, ()) wheuher or not it
can oceur. with 013 bcmbdrament (it can), (4) whether the targeu nuclei
need be heavy or 1lght and (5) whether the energy may be partltloned
in unusgalzwaya@ An analypls is made easier by the fact that 1mnact
disiqtegratipn and stripping have been rather extensively analyzed in the
literatgre? particularly for the case of the deuteron. However; much
of't@ebaﬁalxgis;is applicable agiy to conditiéns,not_éxisting in the
present»casegpnﬁiso;in the 1itera£ure is a. considerable amount of research
on the 5£ru9£ure qf Fhe‘carban nucleus and on the photodisintegration of
cl=, Mention will be'made of the theory of impact a.isiﬁtegrat:z.on and
strlpplng after the experlmental ev¢aence from the pregent st uay has been
presented

Firut let us look brlefly'ab ime stcuﬁturs of the ClZ nueleus and
of'Beg;‘ Aiter’the:propbsal,about 1936 of the statistical models of
the nucleus aé a liqgid'drop or as & degenerate Fermi gas, the old

alpha—partlcle model of uhe nucleus was “bandonea. It had postulated
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the permanent: existence of the alpha particles in the nucleus, with the
alphas interacting in accord with potential functions between them, and -
with the forces additive when several alphas were present, -However,

the alpha particle concept in connection with certain nuclei, especially
those that are multiples of an alpha particle, was too much ih accord
with the behavior of these nuclei to be abandonéd completely. J. 4.
<Whee1er58 in 193§‘rephrased it in the form that is used today - thét alpha
particle’stfuétures and groupings of such structures form and reform in
the nucleus, existing on tﬁe average for periods long relative to the
oscillation and rotation periods of these groups before rearrangement
occurs,  The alpha structure determines the binding energies and imposes
certain restrictions on the energy levels and properties of the nucleus
which are observable, In 1938 Hafstad and Teller>? extended the model |
to includehnucliaes with one nucleon above or below the multiple of an

alpha-particle, Their description-applies, for instance, to Be9 and to

613, In c13 tpe extra neutron can interact with only one alpha. particle
at a time. See Gamow and Critchfield (Ref. 56, pp 102-106) and
R. R. Haefner® for a.survey of the alpha particle model, In G2 the

alpha particle model is an equilateral triangle with three bonds, and a

-

58. J. A, Wheeler, Phys. Rev, 52, 1083 and 1107 (1937).
59. L. R, Hafstad and E. Teller, Phys. Rev, 54, 681 (1938).
60. R. R. Haefner, Rev. Mod, Phys. 23, 228 (1951).
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binding of 2,59 -milli-mass-units per bond. In Be8 the model is 2
“dumbbeilﬂé.with‘é single bond. From the considerations above, we seo

ﬁhe factors.faﬁoringjthe disintegration of the carbon nucleus into

alphas e:thesalphé particles already in existence, . the 1§w binding energy
for-disintegration, and furtber,;a‘bambardment velociﬁy corresponding to

a de Broglie’waﬁe length short. enough that the interaction can be lpcalized
approxxmately on a single alpha. The energy level Qiagrams given by
'hornyakvet a129'show-the digintegration possibilities for c12 and GlB.a

8 in the ground state plus an alpha with a

€12 can bé,brokén.up inté Be
minimum energy reoulred of 7,39 Mev, Beg'then spontanecusly breaks up
~into twO alphas in a tlme‘estlmated to be shorter than 10'15.sec., with

a seperation energy of about 0;95 Mev. The lowest excited state of Be®
that might be formed is at 2.9 Mev, with & width of 0.9 Mev and a
correspondingly short life of about 10721 geconds before disintegrating
into twd'alphas,- Because of fhefSpacing between the ground state and
flrst ex01ted state, there will be little difficulty in recoganlng ground
state reactions in emu181ons once the calculations for a few cases.

have been run through. We notice further thai, although an alpha can
quite easily be knocked out of 012; such is not the caée with a éroton,
neutron or deuteron, which require respectively a minimum energy of 15,96,
18,68, and 25,20 ¥ev, Gollisions of 612 with hydrogen in the emulsion at
the velocitieé preéénﬁ in?this.experimént definitely cannof'préduce
digintegration, either by impact or By a reaction from the compound
nﬁcleuso The Coulamb barrier ceriainly is too low te deliver the neces~

b}

sary blow. The interior nuclear forces can deliver a sharper blow but,
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even if the proton velocity in the center of mass system were reversed
by a head-on blow, the energy transferred to an alpha particle in the
nucleus would be too low to knock it out. - Reactions from the compound

nucleus to give three alphas, such ash® 612(p',n)N12, followed by

+
le—-&% Clzf——>0(+B98 have too high a threshold (20.0% 0.1
Mev proton in the case cited). The case Cl.z(p,o()39’ with B’%., 2 +p
has not been observed,

In the case of disintegration of CB, a minimum of 12,26 Mev is
required to form Be8+ n 4+ & . The probable processes and -the evidence
regéi'ding disintegration of 013 will be discussed later in this chapter.
Because of the extra energy required to disintegrate cl3 in‘comparis.on
with G and the decrease in .probability with the amount of energy that
must be transferred, especially if the transfer is to be made by the .
Coulomb field, we expect that if cl3 is disintegrated at all it will
be 2 much lower order process than for 2. |

"The photodisintegration studies of cl2 supply an excellent background
of information on the disintegratvi‘ron process, although the photodisintegra-
tion process camnot .be extended to the present case, as will be shown.
later. Wilkins, Goward and co-workers®l, 62,63 in England have irradiated

emulsions with bremsstrahlung of energy principally from 23 to 25.5 Mev.

6i. F. K. Goward, V. L. Telegdi and J. J. Wilkins, Proc. Phys.
Soc.; London A63, 402 (1950).

62, J. J. Wilkins and F. K. Goward, Proc. Phys. Soc., London,
A63, 1173 (1950).

63, Jo J, Wilkins and F. K. Goward, Proc. Phys. Soc. R London,
A6, 201 (1951)
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Up to' Februdry,. 1951,-600 stars from photedisintegration of ™% had been
'.studied.r ; They find that in about .10 percent of the cases the process
vent -by‘.ﬁhe ‘ground state of BeP and, in the remaining cases, the 3 Mev.
excited i‘:.‘evel of ‘Be® was ‘predominanf, (Notice that the ca;é‘bon breaks
into an alpha and Beg, not directly into three alphas:.v The reason
apparently is the improbability of & three-bedy process,) ’vThe ground
state Be® stars form a-.background at all energies abé's;;e the threshold,-
but 'Ehe BeS*- stars sh_'ow‘a sharp rise beginning at a photjpn; é,nergy of
about 11.4 Mev, to a maximum at-about 19 Mev, followed by an abrupt-fall‘
and a gradual re—increaée, The lerge dip in the feaction- seems "ascri;nable_
to the incidence of (7,n) and ( 7 ,p) reactions, The peak cross:section
for the reaction is approximately 2.4 x 104 barns and Ilnight_’be re-
evaluated to not more than twice this value.

Telegdi and Vei;deél’ have studied the reaction with gamma rays of
- about’18 Mev éndf discusded the results in the light of the alpha |
particle ‘modele - Mei?:e» félcently‘,‘i.-Eder and Telegdi65' have used brems-—
str;hlung('with é. spectrum up to 32 Mev for photodisintegfation of ¢1?
:m .e'mulsi‘.on.” They veriﬁr thé ratio“of 10 percent gi'éund‘ st;t.é." to 20
p.erceﬁt' e:'.cciﬁed'lstatfz of Be® , .and they £ind the same abi'upt ‘dip and re-
increase. ‘They find that the ground state BeS stars do. not experience
the dip: bgt they have a‘.Imonotonely increasing cross section w:.th energy.

| In b:g'der to analyze; thé disintegration of c? by? J’_mpac;:o , it for-

tunately is not necessary to know what nucleus wag struck. If the

64: V. L Telegdi and Mi Verde, Helv, Phys.. Acta. 22, 380 (1949).

65. M. Eder and V. L. Telegdi, Helv. Phys. Acta 25, 55 (1952).
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fuli length of the three alphas can be observed, all the important.
details of the event can be determined. From‘the'range of each alpha,
its initiél énergy in the laboratory system can be found. From the
initial dip and azimuth of the alpha and the energy, the x; y and z
components of momentum are obtained, The motion of the center of mass
of the three alphas .qa.n then be determined and the energy and momentum
of each with respéct to this center of mass. The sum of these energies
relative to the lcenter of mass of thev three alphas plus 7.39 Mev for
disintegration into Bed and an al?ha, minus 0,09 Me# for the energy
:releasé on the break of Be® , gives the energy delivered to the G12 in
the impact, Also, the angle between each pair of’ alphas in this center

of mass system can be found from cos eij ::"?roci/dM .-?r¢‘j/bM where

|P c(i/cml IPO(J/cml

Pati/om is the momentum of the ith alpha with respect to the center of
mass of the three alphas. To test if ény pair of alphas came from BeB
we can maeke the assumption that it .did and find the disintegra.‘bioh energy

8 nucleus, 61 The

of the pair of alphas with respect to the parent Be
diagram showing the situation in the center of mass system of the

three alphas is as followss



w1l

Center
of Mass of
\the 3 AS

| R . ;o
<2 Vx&/ﬁea) = (vq;/mgg@ +6QJ. o 3dg)m2&(‘./ém’&.km)m%

If we denote the separation energy of &;- and Oﬁj-with'réspebﬁgtcjthe_m

Be8 nueleus as
E=;*/Be:8;==. l/Zﬁ (V o1 /)Pt 1/2 W, (7 ots mef)?
1,3 v : o4 ‘l/Be + / 9(’ ( g{.j/B68>
and put the triéﬁgie"relationship'in'terms of energy, we gets

Biy"/Be" = 1/2 (B o3 /CMBet’s +By /azots) - (B oci/cu B %j/GM);/Z cos By ¢

Ali the quéntities on the right hand side have beeﬁ méasuréd§"bermitting
calculating of the Be disintegration energ§ for each paif of alphas,
assuming it had its origin as Be8° Naturally, the resulf mist be meaning-
less for two out of the three pairs. In the case of bombardment by
carbon nuclei, sometimes three‘aiphas will be evaporated by a compound
nucléus,”in which case all threé separation energies are without meaning,

. The calculation can be used, however, to identify two alphas coming from

P
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Be® in the ground state and, with enough carbon disintegrations, the higher
states could also be recognized rather clearly.

To establish whether the high percentage of alphas and the non-random
distribution in their grouping per star (discussed in Chapter III) came
from the impact disintegration of Clzninto an alpha plus Bes, the
analysis indicated above was carried out for stars produced by c12 bam-
bardment. Bvery star was analyzed where there were three alphas ending in
the emulsion and no other prong except the product or knock-on nucieus,
The calculated date pertaining. to Be® are tabulated in Table 5.1, In each
case the Be® pair is starred if it is believed to exist. Sometimes the.
symmetry of the diagram in the center of mass system of the three alphas
was an.aid in showing which was probably the proper pair in the case of
excited.B68° The accuracy in the calculations in some places is not of-

a high order for the following reasonss

(1) A measurement of angle is difficult, particularly bétween alphas
from Be® in the gfound.state., In such cases the tangent of the angle was
measured using a reticule and hair-line but, even éo,vthe proper setiing-
was a guess. To some extent the difficulty was enhanced by an appearance
that the two alphas diverged from a point some distance out from the star,
When that was the case, the most probable separation point had to be
guessed.

| (2) E*, a small quantity in many cases, is calculated - from the
diffefence between large quantities,
“ (3) “Where some of the prongs dived rather steeply, an error is to

be expected from the use of an emulsion shrinkage factor of 2.0 rather



TABLE 5.1

DATA REGARDING Be® FROM G1° DISINTEGRATION

=16=

Star|g. E“. ZE@(- Separation Energies (Mev)l Upper limit of Be8 travel {Gomments
Noo f 1. %o lrel, éto agsumin Be® origin - before disintegration
Lab(Mev)C3 oc ta| “L2/Be” |E13/8e% [F23/8e% | (assuning there wisztgizel)
(Mev) estimateEbctremel(sec x 1013)
deoc W) (1) [Er T
i
1 |105.9 0,567 0,154%| 0,264 | 0.432 di2= 3| 5.0 | 0.74| 1.23{Fig. 32
2 | 69.9 |12.80| 9.78 | 9.32 ] o.102% | d23= 7| 8.0 | 2.69| 3.08
3 69,3 2.34 1 1.84 | 1.49 | 0.183% d23= 3| 4.0 0.85| 1.14
4 | 65.5 9.52 | 2,53 | 2.42 | 9.50% do3= 1| 1.0 | 0,17] 0.34 |Note 923,
5 1 344 2,13 | 0.126%| 1,90 | 1.16 dio= 1| 1.5 | 0.44] 0.65
5 1 17.9 | 11.3 | 2.44 (10.22 [ 4.31 0 0.0 | = - |I.D.2?
7 | 28,4 |16.79 | 6.81 |[l11.21 | 7.16 o 0,0 | = |- [I.D.?
8 | 55.7 5.22 | 0.344%| 2,90 | 4.58 diz= 14 1.5 | 0.48] 0.48
9 | 72,9 7.40 | 0,072%| 5,05 | 5.97 d122 2| 3.0 | 0.56] 0.8
10 74,0 65,20 |21:35 41,06 5,37% d23= 0] 0,0 - -
11 | 48.8 0.533] 0.423 | 0.243%| 0,133 31377, | 5.0 | 1.42| 1.771F
12 | 74.0 §30.76 | 0.265%|23.55 [22.31 d12= 3 1 4.0 | 0.741 0.99
13 | 17.6 3.86 | 2.58 | 3,16 | 0.046% | d23= 4| 1,0 | 0.17] 0.68
1, | 8L.6 |37.5 | 0.149%[26.97  |29.17 412z 33 5.0 | 0.84]1.20
15 § 36,1 116.8 | 7.47 J10.29% | 7.46 0 100 | = -]~
16 | 12.16 | 5.85 | 0.679%| 4.07 | 4.09 2= 0| 0.5 | 0.00]0.33} N
17 | 36.5 |22.3 | 0.048%27.4 |15.9 = | d12® 4| 6.0 | 1.74]2.61|Fig. 35
18 | 22.1 5,36 | 2,69 | 4.62 '} 0.726% | 42320 0.5 | 0.00] 0,27
19 { 38.6 3,021 2.33 | 2.12 | o0.090% } d23z4| 7.0 | 1.87]| 3.28
20 | 41.5 |15.7 | 8.88 [10.22 | 4.39% d23= 1 | 1.0 | 0:42] 0.42 |Note 923.
2T 1 55,7 | 17.8 | 0.114%[14.50 [12.07 U122 1 5.0 | 0.46] 1.53
22 § 66,3 | 30.4 | 2.75% {27.60 J15.2 0 0,0 | = |-
23 112.38 | 7.851 4.88 | 6.4 | 0.491% | 232 0| 0.5 | 0,00} 0.40
24 §52.3 | 1.36| o0.083%| 1,10 | 0.85 4122 4 | 5.0 | 1.26]1.57
25 45.1 21.9 1,77 |11.8 19.2 d12= 0| 2.0 - - I.D.?
26 1779.2 | 14.26 | 0.052%[11,09 [10.25 A2= 1 | 3.0 | 0.24] 0,73
27 §20.87 | 9.75 ] 0.125%] 7.57 | 6.92 4322 0| 1.0 | 0,00} 0.57
28 61.2 | 17.9 Lo82% 111.50 |10.60 di12= 0| 0.5 0,00{ 0.19 _
29 58,2 | 25.62 1 9.45 |25.03 3.95 0 0.0 - - I.D.?
30 43,2 27.92 110,41 - 14.91 |16.56 0 0,0. | = - I.D.2
3T § 78.1 8.32 | 0.829 | 5.97 | 5.68 422 0| 1.0 | - -  VI.D.?
32§ 31.46 | 9.73| 5.76, | 3.24% | 5.58 "0 0,0 | - |-
33 | 10.60 | 1.63) 0.874. ] 1.47. | 0.096% | d13= 13 2.5 | 0.98] 1.63
34 | 26.44 | 5.14 ) 0.206%| 3.14 | 4.36 d12= 3| 5.0 | 1.22}2.03
35 39.3 16.44 1 1.95 |12.86 | 9.8;4 d12= 0| 0.5 - - I.D.?
4 o<y 0%3 appear to be Be® pair.
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than the better value of 2,3.

Neverthelese, the data substentiates the visual evidence for impact
disintegration and, in particular, for the existence of the ground state.
Wherever the ground state could be distinguished visually without reserva-
tion, the analysis confirmed the assignment, Hence, both to establish the
existence of gfaéké”staié*sé8iin”the case of stripping end"to get
additional date for a SpeCtruﬁlof the disintegration energies, the
evident cases were analyzed from strlpplng and from stars where the third
alpha went out of the emu131on. The data are in Table 5.2 The disinte-
gration energles are grouped together to glve the Spectrum shown in Fig. 29
‘for the reglon below 1.0 - Mev dlSlntegratlon energy. -The mean value is
E 0,092 Mev for the arbltrary group of 29 taken by excludlng those
above 0,154 Mev. (In Fig. 2?,by error, a value of 0. 134 was plotted for
star No. 11 of Table 5.1, when the visual ev1dence is that the Bed pair
of alphas was the pair which ‘had a dlslntegratlon energy of 0.243 Mev).
The average value of 0,092 Mev is, to some extent accldentally, in excellent
agreement with. the beét‘values given”forfthe disintegration eﬁergy of Be8.
in the ground state. Hemmendlng;,er66 got the value 0.103 £ 0.010 Mev, and
Tollestrup, Fowler and- Laur1tsen67 the | value 0.089:t 0,005 Mev, These
values are in enough agreement with 6ach-other that it is doubtful if a
better value could be obtained iﬁ?thelbreSEnt case even from careful re-

measurements and the setting up of criteria for acceptance., The main

66, A Hemmendinger, Phys. Rev. 73, 806 (1948) and revision,
" Phys. Rev. 75, 1267 (1949).

67. A. V. Tollestrup, W. A. Fowler and C.C. Lauritsen,
Phys. Rev. 76, 428 (1949).
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TABLE 5.2

DATA REGARDING GROUND-STATE Be8 FROM STRIPPING -OF ¢.12 AND FROM IMPACT DISINTEGRATION

WITH THIRD ALPHA LEAVING THE EMULS ION.

Star-EBes/lab Disintegration| Upper limit of B’ travel before dis- |Comments
No. | (Mev) Energy E*(Mev)|integration (assuming thjre was travel)
A, Best B. - d/v
estimatefxtreme | (sec x 1013)
o el 's. B
36 | 78.5 - ,0598 3.0 4o5 | . 0,69 1.0,  |rig. 34
37 | 22.7 .0765 5.0 7.0 2.13 2,99 '
38 | 37.2 .0908 2.5 23,0 ©0.84 1.00
39 | 39.3 -0794 4.0 6.0 1.30 1.95
40 | 76.5 01042 - 3.0 4.0 - 0,70 - 0.93 :
41 | 54.4 .1024 8,0 10.0 2,21 2,76 Fig. 36
42 1.68.0 | .0612 3.5 | 5.0 | 0.86 1,24 Fig. 37
43 | 70,3 . 0952 2,0 3,0 - 0.49 0.73 '
44 | 46.2 .1186 . 3.5 40 . 1,05 . 1.20
45 | 42.9 .0920 2,0 | 3.0 0.62 0.93
46 | 55.8 .0688 6.0 12.0 1,50 2,99
47 ‘ 3909 00440 305 500 ’ lo13 ’ 1061' '
48 | 50,8 -0948 3.0 7.0 0.86 2,00
- 49 | 25.3 T .1102 2.0 3.0 0,81 1.22
50 | 27.1 - .0882 5.0 8.5 1.96 3.33
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uncertainty would always be in’the ‘angle of divergence between the-two .
alphas. Slightly improved accuracy Would come from analyzing merely the
BeB pair, as in the case of stripping.. . There the -velocity -of the center
of mass of the ?-Beg; was found and the momentmn and energy of either alpha
with.respect to this center of mass-; this energy, when doubled, gives at
once-the disintegration: enérgy;; -
© The lifetime of Be§ in ~thé ground state is known only very roughly.

Bethe68._ in 1937 calculated its lifetimé- on- the basis of the éystematics -
Qf- alpha—'_radioa,c‘tivity,.__using_\x;rarious values of the disintegration energy
(then_ unknown) and of the effective radius. For 0.10 Mev disintegration
energy he obtained a half-life of ‘o:bout‘ 2 x 10"',:'-6 sec. for R == 2:5'x 10~-13
cm and- about 2.8 x. 10-16 sec for R .-:;.5 x 10~13 cm, Theése vo.lues are much
longer than the 1072l sea half-life of BeB in the 2.9 Mev excited state and
indicate a narrow energy-level, which has: never been detected by scattering,
Bethets estimate nas only recently been questioned as..' tne'i'es'ult of an
-analysis by Millar and- Ca.meron69 of the d:.s:.ntegratlon of 016 into four
alphas-by 7 ,-rays-up to 26,7 Mev, Of 303 such stars in ILford Bl
emulsion, 119 had Be® as an intermediate product and -27 of these »showed a
measurable ‘displacement of the Be8 nucleus with ‘respect to tﬁe other half
of the 00 before disintegration of the BeS, From their measurements they
assigned to Bed in the ‘ground state a half-life of (5.3 lﬁl) rx 10-H

seconds. " After this result was announced, Wilkins and Got:iard70'reviewed

68. H, A Be'l:he Rev. Mod Phys. 95 69 (193’7) (po 167).
69?_ C H Mlllm a.nd A G W Cameron, Phys., Rev. 81 316 (1951)

70. J. I Wilkins and F K. Gowa:cd Proc. Ph;ys° Soc. R London,
A6L, 849 (1951).
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‘their stars from the photodisintegration of 06, - They found 280 stars with
Be® in the ground state, They made ‘a calculation of the limits of -
resolution on the ‘point where the disintegration occurred, based on the -

8

Be havingvabout 2.5 Mev kinetic energy. They conclude that such a definite

,half—life as that given by Millar and Cameron camnot be obtained, However,

tﬁéir anaiysis’indibates that 5 x.104 sec. can be accepted as an upper -
limit of the ‘half-life. |

The impact disintegration of carbeon in the present research gave some
promisé7ofv8hedding'light on the lifetimé of Be® since the diSpiacement.of
the Be® in the emilsion .before break-up ”wéuld“be'COnsidefably larger at:
the kinetic energies occurring here, which‘fénge up to.about 70 Mev, :T§~
counterbalance, ‘the angular resolution would“be pﬁoref;v In some of the
‘stars there did seem to be a definite intersection of the two alpha tracks:
beyond the star., OSuch an appearance could‘be?deceiViﬁg since it might be

 due to small angle scattering., But it must be borne in mind that the

'~7aisintegrgtion energy determines a definite. angle of separation for a given
kinetic energy of the Be8,'and a late divefgence_ofhthe alphas would have
to mean that they were scattered towards each other before'they were
finally scattered apart. It might be hoped that travel as Be8 would be
detectable by the ionization density. Since. the ionization varies aS»Z%;
the ionization from Be8 would;be,twicevthat,fromftwo alphas. However, the
response.of  the emulsion could: hardly bé'expected to be linear if two,
particles were close enough to pass through the same crystals..

With the.attitude'thatsit would be virtually impossible to actually

':set the point of disintegration, data were taken on the upper limit for
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that point: Two distances for each Be® in the ground state w ere recordeds
(1) - The best estimate of the upper limit under the assu:r_xp’c.iop -ﬁhat ‘the
Be® did travel before: disintegrating. This :-:would‘ be _=theidio‘.tance_ of the
solid ‘cv,raoﬂk“ béi'orej‘. it .-s:eem'ed to_' show any signs ofbwidening?i.-; (2) The
extreme upper limit, This would be the point, often still short.of
,distﬁiagtliShable double tracké ',“.‘.Awhe:re"’che track definitely showed a-
thickening, The' data are given in Tables 5.1 and 5.2; The times given by
the best »—esti;nate‘fof “the upper limit have been.grouped "in,to intervals of
0.5 x 10713 sec.: and the resulting histogram plotted in Fig.. 30 for the

36 cases ‘of ‘:ground otate Be® “that have been ,é.nalyzed;'x Except for a low:.
mmber in the _first-tme inte'_rval (which might be ascrioed, to the fact
that the upper limit vas estimated), the plot does. seem to give some
indication" of a half-life. of roughly 6 x 10~14 secoﬁds..-' ..Th_e : iﬁadequacy of
the data nmst of course, be kept in minds. 2 |

If such a long half-life is true, it may :Lndlcate as po:.nted out
by Sterns a.nd McDan:l.el,7l that the ground state of Be8 has .T .-2 cven :
pa.r:.ty, and that the 3-Mev level has-J = 0, even, -

X b‘et—t’er “determinaltion of the half-life: of 'Be8' thancan: bﬁe‘_, obtained
in photographic emuls:.on should be determinable from cloud- chamber
plctures, prov1d1ng that turbulence can be eliminated and thin ionization
tracks be obtalned In Jamuary, 1951, W. M. Powell and K. Ev .Relf, both
of the University of Gallforn:.a Radiation Laboratory, set up a 1a.rge
cloud chember outs:z.de the magne’clc field of the cyclotron. Carbcn ions

were piped to the cloud chamber through an-iron extensn.on snout oh the

71. M. B. Stearns and B. D. McBaniel, Phys. Rev, _z_s_g, 450 (1951).
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cyclotron that acted as a magnet:v.c shleld followed by a 'bwelve-mo'b brass
tube, The cloud chamber was f:.lled with argon for the express pU.I‘},osp

of detecting electro-d:.sn.ntegratlon of carbon nuclei. Elast:.c collis:.ons
were observed but no -inélastic events. From the cross sections -found in
emuls:n.on study, it ::.s appa.rent that an exceedlngly large. number oi‘ pictures
would have to be. made to obta:.n s:x.gn::.f:.cant date. on carbon dls:.ntegratz.on.
The cloud chamber picture becomes confused if there are more than about

a dozen tracks per expansions . ‘

W:.th resPect to Be8 1ifet:une, attention is ca.'L'Led to stars -Noe 4 and
20, which are cases Ainvolving exc:.ted states of Be8 reSpectJ.vely 9.5 Mev
' a.nd 4439 Mev fram the data,. These probably are the: 9.8 and" 4-9 Mev levels
shown by Hornyak et a1.29 It is well established that the 4.9 Mev level
must. decay by the rather slow process of 7 -emission before it can break
into two a.lphas. ._AS for 'bhe 948 Mev level, Hornyak et al- show that it
can break d:.rectly :Ln‘bo two a.lphas, if th:.s is true, the star observed
must represent a, dlfferent Jevel,. - v‘“ “ _-

‘What fract:.on of impact disintegrations of 012 involve the ground
state olees? A;surprlslngly_large number do. Of the-35_starszf:0m,cl?
with allthree alphas' ending in the emulsion, 21 or 22 have Be® in the
ground state, Gompare this to the 10 percent ground sta‘be figure found
from ?’ -ray d::.s:mtegrat:.on 63 65 bearing in mind also ’cha.t some of the
stars in the presen'b case, eSpec:LaJ.ly for hlgher values of the ind:.cated
disintegration energy, may not come from Cl2 disintegration b&t from-a
true gompound jj_nucleus...- ‘It mist be admitted that the data ;._bove' fran

carbonp__bombe.rdmen'éiis' uhévoid_ab],y biased against the excited states of
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Eea‘because the probability of finding three widely diverging alphas all
ending in the emulsion is much less than when two of the alphas have almost
the seme direction and length, A better idea of phe relative mumber of
ground and excited states can be gained by an enumeration of all stars

based on persomal judgment as to whether or not impact disintegration was

‘ifivolved, Accérdingly, Table 5,3 has been compiled. (It includes other

aata not pertinent at the moment - on strippingvand on comparison with

C13 bombardment.) To .indicate to some degree the reliability to be placed
on the assignment of stars, they were put into Wprobable" and "possiﬁle“
classes, The assigmment to "probable®™ is rather firm, especially if the
easily recognizable ground state is present. For the ®probable® éxcite&
states, the assignment must be based on such things as the symmetry of a
pair of alphas or the reappearance of nearly all the incident energy in

the three alphas., The ®possible® classification is much more indefinite

énd includes nearly all stars where there appear to be three alphas and

.16 other emitted particle. Of course, a considerable number of these will

be evaporation stars from a compound nugleus. The table shows that the
ratio of ground state to excited state was chgpged from 21/14 for stars
withball prongs ending in the emulsion, to 41/53 for "probable®™ impact
disintegrations, or to 50/78 for all "possible and probable™. The low-
est ratio corresponds to about 40 percent in the ground state. The reason
for the disagreement with photodisintegration is not far to seek.  As we
shall see, often little energy is transferred to the carbon other than
that to disintegrate it. The Be® is choeated off the G12 with hardly any

effect on the Be®, On the other hand in photodisintegration, since the
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TABLE 5.3

+ . n
Y

STARS PROBABLY OR POSSIBLY INVOLVING IMPACT DISINTEGRATION OR»STRIPPING.

Incident Particles ' | ¢l ' Gle”
IMPACT DISINTEGRATION
Probables
Ground state_Beg o 41 . 21) N
ste me® | > 94 48
Excited state Be™ . . 53 27
Possibles: B 128 P 7
Ground = . 9 3.
e EA | 27)
Excited 25 . 24
STRIPPING
Probable: _
Ground . llg - 13) |
' : - 59 ‘38
Excited 48 26 -
Possible: ' : r 141 . oy 68
Ground | a | 2
' 82) i 39
Excited 82 28
Total of all stars - . : : 865 | : 1114
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photon has almost no momentum, momentum mustvbe conserved in the disiﬁte—
gration by equal and opposite impulses on the alpha and the Be®, As a
result, the BeB is often excited.

Another question we seek information on is whefher impact disintegra-
tion is a high velocify or low velocity process. The distancés from the
track beginning to the events summarized in Table 5,3 were gathered for
C12 and plotted in Figﬁre 31, Since the data is not sufficient for
precise analysis, no attempt was'made to convert into energy terms, or
even into fraction of the total range. In view of the fact that the
average track length from plafe to platé has a variation about equal to
the standard deviation of the individual tracks on a plate (6 microns),
the raw figure of distance to the event was plotted. In the case of
impact disintegration, the ground state Be8 “probable".cases are shown
for comparison with the total of all %possible and‘probable, ground state
and excited®™ cases, The latter distribution shows some indication of a
double hump. If such is really the case, the first hump might be due to
the shearing of Be® from 12 with large impact parameters, with the third
alpha being kept out of the nucleus by the centrifugal barrier. The low
velocity hump then would possibly be'dué to more nearly central collisions.
The ground state Be® stars seem to show no preference for high or low
velocity. It will be recalled from Chapter III in the discussion on
backwafd prongé_(Fig. 17 and Table 3.6) that four-prong stars have
rather an early-range peak and that in comparison the cases of impact
disintegration (which are nearly all included in the four-prong stars)

have considerably longer average distance,
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There are some intefeéting features to the éﬁergy balances in the
disintegration of C¥, given in Table 5.4 for the seme sot of stars
considered in Table 5.1, For insfancé; we see how little energy was
éxpended in some cases beyond that necessary to break up the carbon
micleus, In ﬁhevfirst two stars, indeed, the enefgy comes out negative,
due to the uncertainty in the energy of the particles in the carbon Eeam.

‘Columns 3, 4 and 5 are considerably more accurate than is column 2, In
éome cases, e.g., stars 12 and 14, we see that. considerable energy beyond

8 in the

the 7,39 Mev required was absorbed by the 012, even though Be
ground state was involved. - |

Also light is she& on whether the struck nucleus was heavy or light
from the following two considerations: (i) Comparison of the energy
Bynock-ons delivered to the struck nucleus, with its range. Part of
Bxnock-on could, of course, go into excitation rather than kinetic energy.
Einock-on = (energy of 012 at time of event) - (energy of the three alphas
with respectvto the iaboratorybplus the disintegration energy, 7.39 Mev,
nimis 0,09 Mév for energy release by BeS), (2) Comparison of energy
transferred to the sﬁruck nucleus,‘EknO;k,on with the energy that went
into break-up of the G2, The latter (shown in the table as Eclzbreak—uﬁ)
equals the sum of the alpha energies with reSpéct to their center of mass,
plus 7,39 Mev, minus 0,09 Mev. | |

If the»energy delivered to the knock-on is comparable to that

delivered to the 012, then the struck nucleus probably was light, The

collisions seem to be fairly evenly divided heavy and iight target nuclei.



TABLE 5.4 -1§o-

ANALYSIS OF ENERGY IN IMPACT DISINTEGRATION OF Cl2,

Star|Expected E3oxig E30<., Egl2 64y ek~on [RANEE of |Heavy or Light Target
No, |Egl2 at |rel. to pel. o break-up{or |(Col 2-1,5l knock~on - Comments -
event lab., lab. | R (p) : '
®2.4 Mev H7.39 - '
s.d.) .09 . L —
1 [109.0 105.92 [113.22 | 7.87 |ad 0.0 | ~0,7 |Heavy? Fig. 32.
2 { 75.8 69.94 | 77.24 | 20.10 |Gd 0.0 | <£2.,0 |Heavy
31 97.2 69.32 | 76.62 9.64 |cd| 20.6 | 0,7 |Heavy
4} 9%.5 65.48 | 72,78 | 16.82 |* _21.7 0.0 |[Heavy .
5§ 56.2 34.42 141,72 | 9.43 lad|  14.5 17,5 |Light (maybe ¢12)
6| 72.0 17,94 | 25.24 | 18.62 |IDY 46.8 25,2 |Light (maybe Cl<)
7 ] 58.9. 28.38 | 35.68 | 24,08 [ID] 23.2 28,6 |Light (maybe Gl2)
8 | 73.2 55,68 }62.98 | 12,52 |Gd4 10.2 8.5 |Light
9 1 82.0 72.88 | 80.18 | 14.70 |aGd 1.2 2.0 |Heavy?
10 {101.2 74,02 | 8Ll.32 | 72.49 ¥ 19.9 9.2 |Light (1O<of 898 p)
II § 90.0 Z8.76 [ 56,06 | 7.83 [cd| 34.0 | V0.7 [Heavy? .
12 | 90.9 74,02 | 81,32 | 38.06. {Gd 9.6 10.0 |Light
13 | 38.4 17.56 | 24.86 { 11.16 |Gcd] 13.5 7.5 |Light
14 | 98.5 81.56 | 88.86 | 44.83 lad 9.7 1 1.5 |Heavy
15 {101.0 36.10 | 43,40 | 24,11 | * 57.6 30.2 {Light (prob. oxygen)
16 | 4.0 12,16 | 19.46 | I3.19 [Gdqd 2%4.5 18,1 [Light
17 | Thod 36,51 | 43.81 | 29.56 |Gcd| 30.6 24.8 |Light(prob.clR)Fig.35
18 | 42.0 22,10 |} 29.40 | 12.66 |GdY . 12.6 4.0 |Heavy? a
19 | 46.3 38,60 | 45.90 | 10.32 JaGd: 0.4 1.4 |Heavy?
20 | 52.8 L1.48 | 48.78 | 22.96 |* 460 4.0 |Heavy?
21§ 88.5 55,72 | 63.02 | 25.09 |ad 5.5 4.5 |Heavy?
22 | 80.9 66,26 | 73,56 | 37.68 |*¥ 7.3 10.0 |Light .
23 § 69.6 12.38 | 19.68 | 15.15 |adq 50.0 45.6 |Light (prob. G1R)
2, § 65.2 52,32 | 59,62 8.66 |Gd 5.6 2.0 |Heavy?
25 | 62,3 45.12 | 52.42 | 29.17 |ID 9,9 4.5 |Light?
26 | 87,7 79.36 | 86,66 | 21.56 |aGd 1.1 2.5 [Heavy?
27 1 53.5 20.87 | 28,17 | 17.05 lGd | 25.3 13,0 |Light
28 | 72.5 6l.22 | 68.52 | 25.24 | * 4,0 5.5 |Heavy?
29 | 83.3 58,16 | 65.46 | 32,92 |IDY} 17.8 9.7 |Light
30 | 73,1 43,19 | 50,49 | 35,22 |IDU 22.6 13.8 |Light
31} 87.6 78.14 | 85.44 | 15.62 |1ID 2.2 2.0 [Heavy?
32 | 98.2 31.46 | 38.76 | 17.03 |* 59.5 >25.5 |Light
33 | 76.8 10.60 | 17.90 | 8.93 |cd| 58.8 52,5 |Light (prob. Cl?)
34§ 79.2 26,44 | 33.74 | 12.44 |Ga| 45.5 1.5 |Heavy ,
35§ 51.4 39,26 | 46.56 | 23.74 | ID? 4.8 5.0 |Heavy?

Egl2 bréak-up = 2; Foc ;/CM of 30¢18+ 7,39 - 0.09
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In some cases, such aéjsiaré 17,‘23 ana_BB, the nucleus struck quite
definitely was G12, “In such a case, because of the indistinguishability
of 1ike particles, it cannot b known which is the incident and which the
struck particle, In star 33 the energy transfer was,morevthan 50 Mev .
~and yet one .Qf the éarbon muclei' was not disintegrated. |

| It is apparenf from'the'ehefgy tranéfers that in a number of cases,
such aé that shdyn in'3ig; 35; (sﬁar,17)’tﬁ§‘necessary transfer could not
have beén effectéd by the Coulcmb field alone., On the other hand, so
little energy was transferred in' certain other cases that there is no
reqsén to think there.was penetration beyond the Coulomb barrier
(oo étér No. 1,shown in Figure 32).

The‘pa;tiﬁion éf the enérgy betweenlthe,.Be8 and the third alpha
sometimes is qﬁite interesting. There a§e a few cases whére nearly all
the kinetic energy of the ¢12 (except for fhe‘7.39 Mev for disintegration)
went into. kinetic energy of the Be® and the alpha, and in some of these,
such as stars 1 (Fig. 32) and 9, the energy was fairly well divided in
the ratio 2 to 1. But there are other chses (and ‘these are not confined
to stars where nearly all the blz‘kinetic energy reappeared) where an
alpha got mare than one-third of the cle énergy»at the time of collisién‘
or a Be® in the ground state got more than two-thirds of the energy..

Some of the energetic alphas are quite striking. The alphas holding
the range record are of this type - 896 microns from 012, 898 microns from
¢l3 disintegratibns, while the range of cyclotron alphas is 500 microns.
Tabie 5.5 givés the data on the cases that have been analyzed of a long

alpha from impact disintegrations, Included are two cases from the ¢
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TABLE 5.5

MORE THAN PROPORTIONATE ENERGY DISTRIBUTION IN IMPACT DISINTEGRATION AND STRIPPING

OF CARBON NUCLEI.

Star|Ccl2. KEcarbon | Long range alpha from impact:disintegration:.
Noo |or | Gd | entering [Mass ° Range jActual |Dactyal [Pactual
’ ci3 or | avent motién |= ‘)cos_;l (p) |energy ?pmcos¢ e
* | @2.4 Mev)| momentam! (PmmPact) | '
ik . | . B}
2 |cl2|ea | 7s.8 | 10.60 | 19015t || 605 41,76 | 12,92 | 2.91. [57°36¢
10 |[clR | * 101.2 11.61 1930t || 896 |52.56. | 14.50 | 2.89  |57951¢
- |cie] 89,5  J| 10.92 | 13°30' -fl 751 |47.40 | 13.77 | 3.15  [54°35!
- |62 92.6 I 11.18 59451 || 654 [43.72 | 13.22 | 2.10 |670167¢
- |c3|= | 985 R il.on | & | 898 |55.20 | 11.86 | 3091 fws ot
= |[ct3| = 99.6 [ 11.07 4° 793 48,96 | 13.99'| 2.95 |57° 8!
— 38 S . :
or .Be” in pround .state (C1? stars only)
S : , - -
12 [c2|{m| 9.9 § 2112 | 3 l68.23 | 23.36 | 2.27
14 |cl2| 98.5 22,93 5% 8 - |7..35 | 23.89 | 1.05
26 [cl2| 1 87.7 [ 21.63 | 15%4! 170,55 | 23.76 | 2.89
31 |c¥l | 87.6: ) 22,60 | O 63.43 | 22,53 | 0.92%
36 |cl2| m| 103.0 [ 23.44 50401 78,51 | 25.06 | 1.73%
40 |clRls “109.4  f 24.15 19° . 7647 | 24.73 | 1.89
43 [cX2|s 91 o § 22.04 7030 |70.31 | 23.72 | 1.87
. - _ / "
t Fig. 33.
¥ Gd state?
§ Fig. 34.

Mass motion KE for alpha is 1
All momenta (so-ca.lled) are
Pinternal is taken as VI =
Maximum possible momentum, ppax = pmmcos
Actual energy Be8 = Eocl-l' Egy = 0. 09.,

8 = cos™ 1(pact = PmpCOS Q)
Pint.

KEg12 or 4/13 KEn133

Eint ernal-

for Be8 it is 2/3 KEGl2.
%th m, the mass number and E in Mev,.
4)(7.39) 5 436, - ' ' :
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stars. The table does not include every case of more than proportionate

: éﬁéfgy”division; therefore, no statistical conclusion regarding enérgy
partition is to be drawn from it, It will be noticed that in most of

the collisions broducing'a long alpha, the Be8 was excited. Such an

" oceurrence appears to be logical since the Be® was given a hard blow,
partially stopping it, while the alpha went forward. In two cases, however,
the Be8 was left in the gfound state. One such case (from an early plate
not totaled into the present study) is shown in Figure 33. In order to
show how large a component of the internal momentum of the alpha with respect
to its‘nucleus added onto the incident monentum, the various columns of
"momenta".have been célculated. For convenience, the "momentum™ is

giveh as V_MET with M =A, the mass number, and E in Mev. The proper
fractional share of the incident momentum is called p.. (mass motion
momentum) and its component in the difection of the long range alpha is
Pmmcos ? « The ihternal moﬁentﬁn, Pinfa is 'bakeﬁ as pint = Mi v‘x:.lhere.

I =17.39 Mev, the energy required to knock an alpha from the c1e i;.ucleuso
In uéing the value 7.39 Mev, we have taken an extreme upper 1limit for the
internal nomentum, It should be considered as a reference.point, not

as the true value. A more reasonable value of psnt might come from taking
I =(2/3)(7.39) = 4.93 Fev since each alpha is held by two of the three

' alpha-alpha bonds. Another value might come from A p A X Z -h where
for A x ve use v (x%)av given by Wheeler (see later in this qhapter).
From this relation we get a momentum that corresponds to an energy of about
3e44, Yev, Either of these values will imply that the inﬁernal‘momentum

lined up much more closely in the direction bf the actual momentum than
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is indicated by the angle  in Table 5.5, In fact, for the G star that
had.ah‘alpha of'898_microns range, the value I = 3.44 Mev is too;small to
give cos 8£ 1, .

The maximum possible momentum in the direction of the alpha would
be Rmmcossp‘ﬁ” Pinte The actual momentum, py.4, is calculated from the
energy implied by the actual range of the élpha.» A diagram of the

momenta is belows

9P

“/Omh cos @

Y T
-Fac'fua/

The second half of Table 5.5 gives cases of ground-state Be® from
. .

U

_

stripping and impact disintegration where the kinetic energy of the Be
Was more than two-thirds of the entering Clzlenergy{ Excited”sﬁateé of
Be8 WQreinot included because of the difficulty in being sure of the ;
classifications The internal motion of the Beg groups as a unit in the
carbon nuéleus shows up-less impressively than did the internal alpha

motion, yet can contribute an appreciable component of momentum, as



exempllfled by stars 12 and 26. )Oneief'thevBeS whlch got more than two-
}.thlrds of the 012 energy is shown in the 1mpact dlSlntegratlon of Figuze 34
(star No. 36) ' o '

| Untll nov 1mpact dlslntegratlon has been elscussed for 012, w1th
“honly bare' reference to 013 Fron the energy 1evel and reaction dlagrams,29
1t is’ ev1dent that the dlslntegratlon of 013 1nto three alphas, plus a
'neuuron, w1ll be more dlfflcult than breaklng 012 into three alphas.
o To hnock out an alpha frcm 013? leav1ng ground-state Be9 reoulres

i

at least lO 63 Mev, Be9 is stable but 1f Be9* is formed it can give Be®
plues a neutron, w1th a mlnlmum total energy requlrement of 12, 26 Mev.
Another p0351b111ty nlght be to knock out Hb5 leav1ng Be8. ThlS process
reoulres a mlnlmum of 1300 Mev. The He5 dlSlntegrates in about 204 x 10-21

sece 1nuo an alpha and neutron; A.thlrd p0851b111ty 1s to knock a_
'neutron out of 013 (4,88 Mev mlnlmum requlred) w1th the productlon of 012*
w‘whlch from 1ts 9 7 Mev level or hlgher, may decay to Be8-+-0(e DeSplte
the_lew enengy_for:knochlng out_a;neutyen,,;t{can eae;ly be understeednthat
the'precess:will be much less favoredvin the’case of"carbon:ionrbembardment
than is:knoeking ont an alpha or He5

_ . The bombardment of emu151on w1th 013 nuclel does not give unlque
ev1dence as to 013 dlsnntegratlon because of the presence of 012 in the
em.ulsion° In the center of mass system the bombardment could be considered
to be by elther 012 or 013 In fact the 012 has the hlgher veloc1ty, It

was seen from the energy and range analys;s of 012 1mpact dlSlntegratlons

in Table 504 that 012 is. frequently dlSlntegrated by c011151ons w1th llght
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nucleis: Therefore it is to be expected that many of the 1mpact dlSlnte-
:gratlon sters from 013 bcmbardment will be ascribable to 012 Qn srrvey~lg
the 013 plates, one is confronted with the ev1dence that such 1s 1ndeed the
case, On the Clz-bombarded plates the Be8 and alpha from impact dlSlntegren
‘tion are strongly dlrected forward and often have long ranges. On the cl3
plates, however, it is at once noticeable that the average kinetic energy
in the three alphas&ls much smaller and that their dlstrlbutlon is more
nearly. 1sotroplc. The track of what would be called the knock-on nucleus
in ¢12 bambardment 1s 1onger here, indlcatlng that 1t is 1ndeed the incident
particle, | ‘ ' . | )

Not all the impact disintegrations from 13 follow the'pétterﬁ |
deeeribed above, There is a considerable fractienhrithllogé range,
fqrward—projeeted'alphasjend shdrt knock-onAtracks, not:epparently

12 nuclei at high energy.

different frqm'dieintegretione.ef incident C
These stars ‘are ass;gnable to the impact dlSlntegratlon of the cl3 itself,
It was not p0851ble to determlne what fractlon of the dlslntegratlon
stars on a C13-bombarded plate is. actually the d1s1ntegration of C13 The
dlstlnctlon between dls1ntegratlon of ¢1? and 013 may be far fram clear-
,cut,when the ve1001ty has decreased appre01ably. Table 5.3 gives a
summary oflimpact disintegration of carbon from ¢13 bomberdheﬂt.wlthdut
distinctioﬁ between the two poesible'cases. The best'index?for coﬁparison
with 012 bombardment is the mmber of cases of stars with. probablen
ground state Be8 ~ From 013 bambardment there are 21 of these out of 1114
stars of all types- from G2 there were 41 out of 865 stars, about two and

a half tlmes as many from ¢! bombardnent, In Table 3e2 of Chapter III is
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shown the composition of the bismuth-loaded D-1 emulsions used in most of
the ‘013 bombardments, In them the percentage of the total geometric
nuclearféreafbéiohging té“c127ié about 18,2 percent, Thefefore,.roughly,
about (o,182)(1114), or 203, stars are from collision of 13 on G123, Tt
is Téadily seen that 21 Wprobabled impact disintegrations with Beg-inv£he
ground state gives too high a ratio by a fastor of two; The existence of
impact disintegration of G2 is thus confirmed and Toughly assigned half the
dféintégration stars. -~ A visual examination would say this estimate is not
unreasonable but perhaps a little high - that between a quarter and a half
of the disiﬂtegfatidns are of €13 ‘

'Since impact disintegration of 12 is possible; might not disinte-
" gration of OL6 in the emulsion also occur? The energy ievel diagrams<?
show ‘that it might be accomplished with an expenditure of about 16 Mev
by knbcking out én.alpha o' leavean excited state of C12 that could Break
ub’into Besiplus'an alpha, A few stars with féuf"alphas'have been noticed
that indeed appear to be disintegration of 016,
| ‘A1 theé expérimental evidence digcussed thus far has been on the
sufject‘ofniépaét'disiﬁtégration. Héwe#ér, the closely related phenomenon
of stripping is ﬁear1y as"frequen£ and hardly less striking., .As used here,
striﬁping:includes those cases where the carbon nucleus was disintegrated
into Be® and an alpha with the alpha being captured by the spruck nucleus,
The other possibility, of the Be® being captured and the dlpha flying past,
is not ‘included for two réasonss '(1} it would be-hard to identify a5’
stripping; (2) it doés nob oceur with & pfbbability"coéparable to that

of the other case.
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- A8 in. the case of impact. dis:.ntegra‘blon where the mpacxw were some-
t:unes hard sometn.mes ligh'b so- it is with str:.pp:.ng, W:Lth perhzms ES
larger proport:.on of light impacts. A spur from the struck nucleus may
| be - practlcally m‘visn.ble, as in the str:.pp:.ng in F:.gure 36 (star Noi 41)
where only a small bump marks the spot where the event occurred Such a
bump would not be counted as a prong in the ordinary .Sft_‘fa.rj. : In the case
of 'strippipg; héwevez:_,?the uniform rule was adopted that :'they should be
célled ithree-,-pr,ong s.tiars even though a third prong could ﬁqt be ‘seen for
certain‘. ( ‘ 4 |

~ The:distances to _5fposSible and probable stripéing events in cl2
bombardment were gathered and plotted in histogram ,iform :Ln the lower part
~of Figure- 31" for comparison with the same data from J.mpact disintegrations,
The two curves are not diésiniiJ?ax? though the stripping cu;fve"rathér_
definitely see’nis to "favor léwer velocities. It should be mentioned that
| for events near. the end of the carbon ion rénge there may. be some coni‘us:.on
between. strlpping a.nd J.mpact d:.s:.ntegratlon s:.nce 11: oft.en is J.mpossa.ble
to 'bell whether the th:.rd 'brack is of an alpha or of a 11ght 'ba:rget micleus,

In str:.pp:.ng, s:.nce an alpha is’ captured by the target nucleus there

' is the: possz.bn.lz.ty of an (o(,, x) reaction., These have been observed to
,occurv." They can be 1dent1fied for certa:Ln only when the react:.on is marked
" as»stz“.':.pp:,vng by the presence of Be48 in the ground»state. . &n example of -
stripping plus a,n (. _d.‘,' p) .reaction is shown in Figure 37. Hm 1;he
012 plates the défihité cases of stripping plus ( &, x) reactions ares
one of (o, p), -ﬁone of (oL, 2p), two of (OL, bCp)_o The case of an

( o(, s oU) reaction wbuld of course' be indistinguishabie from impact
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disintegration,

‘Stripping occwrs in G2 bombardment, as did impact disintegration
‘and apparently involves both the G12 in the emilsion and the incident ¢13,
Either He’ or He might be lmocked out of the ¢13 nucleus and captured
by the target micleus. | :

The frequency of stripping, from both C12 and GL3 bombardment, is
indicated in Table 5.3. For the Wprobable" cases the number is .seen to
be about twonthirus of the corresponding number of 1mpact diéintegrations°
‘The cases involving the ground state of Be8 appear to be a 81gnificantly
lower fraction of the total than in 1mpact disz.n‘oegrationc The explana~
tion may be that al the lower velocity the interaction with thé Beg-is
stronger; possibly also fhé impact is more nearly central than with
impact disintegration. In Table 5.3 the "possible® classification should
be discounted severely, as mentioned before, The classification was
included to give an upper limit for the precess.

A comparative assessment of cross sections can now be mades

012 bomberdmente

Lower Timit = Lﬂél (0.446);= O 049 ‘barn (based on probable” cases
only) :

Upper llmlt"(—-l (0.446) = 0,066 barn (based on all "possible and
865) probable® cases)
R (00446 -is the cross section at 110 Mev for
production of all types of stars).
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'Inipa‘:ct'gt:Disintegra'bion: (cont'd) :

G___b_gmb_a;;dmgnt (Disintegration of 012 in emulsion and C%3 are not
separated): ‘ . :

Lower*mt‘;-—_-_%_.L(O.B%) = 0.017 barn
o (1114) »

Upper limit= ( 75) (0.388) == 0,026 barn

(1114)
Strippings
Lower Limit —__222.(0o446) ==0.030 barn
(865)

Upper 1J_m1'l‘, = (141) ,(0,.446)-..-: 0,073 barn
(865)
g1l bombardmeht:

. Lower l:Lm:Lt — (38 ) (0.388) = 0.013 barn
o= o

Upper ln_m:Lt =.— ( 68 ) (0.388).‘.—“_-. 04024, barn
L (o
There is_:one' further piece of evidence regé.rding impact‘disintégration.
A& few five- and Six-prong stars have a pair of alp};as that look as if they
had come from Be® in the ground state. An example is the star in Figure
2/B, In add:.’c:.on, the compos:.tlon of the six=-prong stars, in particular,
is remarkable, Few of ‘then have a proton track, and.about ha.li‘ of them
seen dei‘z.n:.tely to have no prongs other 'bhan alphas, The 1nd:|.cated

conclus:l.on is that they represent a complete double d:.s:.ntegrat:.on of two
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carbon nuclei. -Correspondingly, some of the five-prong stars may represent
 partial double.disintegration fpam collisions Qith cdrbon, nitrogen or
oxygen in the emulsion.. Thevconclusion is supported by the fact that under
cle bcmbardment-there.appeafs a higher percentage of five-.and six-prong

stars than from C13 bombardment, as shown in Figure 14.

B. THEORETICAL ASPECTS

No complete theoretical description of the impact disintegration
and stripping ofwcl2 and c13 will be given here.: Insfead, a discussion
will be given of what méthodléf treatmént is applicablé,'and vhat is
not, compared to other cases treatédvin the literature,

Disintegration by impact as & quanﬁum mechanical problem was first
aiscussed by Oppenheimer’? in 1935 for the case of the deuteron. Since
th&t time there have been many other treatments for the deuteron, both
at low and high velocities, covering impaqt disiﬁtegratidn, strippiné,
and the Oppenheimer-Phillips préééss.: The‘discussion of impact disinte-
gration'hasjbeen extended to particleélother than the'deuteron, eSpecialLy
for the case of very high.velocities such as appeﬂ% in cosmic rays. At
high velocities the treatment can be made identical to that for phéto-
disintegration by setting up the qpéntum mechanicai description of the
electric field from the paésing*partidleo

Unfortunately, very little in the existing treatments can be applied

to the present case of impact disintegration of carbon nuclei. The

72. J. R. Oppenheimer, Phys. Rev. 47, 845 (1935).
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““reason-essentidlly is that the velocities here are rather low, fbﬁ-t:t,-hé .
'interactibn'must be reasenablyrstrcng; cl2 is fairly easy “to dlSlntegrate
'compared to: most other nucle1 since it requlres only 7.39 Mev to knock
out an alpha,:but it'is not as easy to break up as the deuteron where
the binding is onlj=2;18 Mev. .

We can‘rule out at once the photoelectric type of treatment?3s 74> 75,70

The treatment74 essentially is'a Fourier decomposition of the field of a
pa331ng charged partlcle fram the frame of reference of the partlcle to

wbe dlSlntegrated In thls fleld there must be frequen01es hlbh enough
to produce the dlSlntegratlon, that is, ;7));>> 7439 Mev. Eurther, ‘the
relative veloc1ty of the partlcles must bte hi h enough that the exponent;al
in the electrlc fleld term does not vary much durlna the colllslon tlme.

This cond:.t:z.on is-- .?.TTV <L y% where 7 and b 1s.

‘the 1mpact parameter. In addltlon, the treatment is valld only for
';1mpact parameters greater then the sum of the radii of the partlcles. In
the present case, from 2 7TV<< 11 we see that in order to get a high
enough frequency to dlSlntegrate the c12 nucleus at the exastlng velocltles,
the value of b w1ll be less than the sun of the nuclear radll. o
‘There remains the p0351b111ty oi u31ng a treatment 51m11ar to tha+

Bohr used in gettlng the energy 1oss of a heavy particle in colllslons

73. €. F, v;_Weiszacker,'Zs. f. Phys. 88” 612 (1934).

~ The B, J, Williams, Kgl. Danske Videnskabernes Selskab., Math—fys.‘
' Ieddelelser, 13, No. 4 (1935). :

75. B thspagnat C. R. Acad Sci. Parls, 230, 1268 (1950) and R
231, 38 (1950) e

76. S. M. Dancoff, Phys. Rév. ‘72, 1017 (1947').'
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with electrons. In order to apply it,. several features are to be noticed:
- (1) The classical orbital treatment given by Bohr is to be used,

not the Born approximation wave treatment by Bethe (see Chapter VII for

nore .c’omplet_e discussion on this poin'b).i. The criterion determining that

the orbital trestment, is valid is that |fm 25 Ze? 1,
: v

In collj_.gions between ¢1% and other nuclei, Zy = 6 and }i) 1 at all
velocities present here, if we neglect collisions with hydrogen, which do .
not produce disintegrations, . |

(2) The dé Broglie wave length is short enough that the incident
pa.rticlé can act on a single alpha particle in the ¢12 nucleus. Notice
that fche point of view has now been reversed so that the Clz, }'oarticle
No. 1 in the formulae, is at rés*b and the other particle, No, 2, is in
motién with respect to it. The problem is now oﬁe'of the scattering of
pa:c'tic\le No. 2, If its scattering angle, 62 >>_Z_ ’ w_here& represents
the dimensions of the cell occupied by the nuclgr particle (here the

alpha) then the action can be concentrated on that particle and will

result in the excitation or disintegration of the nucleus.’/ Since

X= :E;, the quantity 955 may be written as 2145— where ﬁ/&

is the characteristic momentum of the particle in the nucleus. e may be
written ‘a‘s .%?-, that is as the perpendicular component of momen‘bum.
transferredb over the total momentum, Therefore, the meaning of 8 >> %—
isn_thatr Atlr_le momentum transferred is much greater than the characteristic

momentum of the particle in the nucleus. Williams says that in such a

ke

77. B. J. Williams, Proc. Roy. Soc., London, 4169, 531 (1939). -
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collisiothhe"?pclear particle scatters as if it were "free® in the sense
used bijohr; and this scattering is over aﬁd.above the elastic scattering.

(3) If the iﬁpact péraméter b is greater than 1 <=rp not enough
energy can be: transferred to the C1R to disintegrate it. Therefore, the
particlgg must collide in thg:c;aésical sense of the word., Such a
cglliéion does not necessarily'implf‘that the Coulomb barrier will be
crossedo"The‘pafticleé7may be deflected enough during the collision that
there is no penetration. .

In the light of these remarks, it is evident thaﬁ knocking an alpha
out oflthe garbdn nucleus can be cénsideréé claésicallyo We may use the
Bchr concept qf”é:"free" collision between the incident particle and the
alpha; but the assuﬁptién is not as valid as tﬁe same assumption applied
to an orbital electron.

Thete is one feature of the present problem that'simplifies ite
That is tﬁefalﬁha—pafﬁiclé médel 6f’the carbon nucleus, as proposed by
Wheelef;58 Mbst’éf the time the C12 nucleus is in the fénm of three
alpha clusters, one at each éornef of an equilateral triangle, The
&uratiqhvof the Stfucﬁure before breaking up and rearrangement of the’
clusters is 1oﬁngith;re5péct to the rotatiohal‘and\vibrational.periods
of thg alphag.in thé nucleus, The Vibratiénal motioﬁ 'is principally of
intérest here; There are two fundamental modes of vibrétiong a non-
dégene?afé ﬁéde that is an.iéotropié'dilaﬁatioﬁ* and contraction of the
ﬁriang;é (qganﬁum number‘nl)y,and.a doubly degenerate mode (called
“tippingﬁ) iﬁ which 6né side of the triangle shortens and at the same

time mbves farther from the opposite vertex (quantum mumber mp)«
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Wheeler gives as the mean square displacement of an alpha from equilibrium,
(X2),y = (2014-1)(0.282)% 4 (2np + 1)(0.336)2

with the distance in units of _e2_ = 2,80 x 1013 cm,

— p—

me

For the ground statg,nlzz 0, n,= 0, the equation gives

' (3?)ay-;=1.228 x 15*13 cm.. Since the radius of the C* nucleus may

' be-taken as 3.14 x 10~13 cm,, we see that the alpha is relatively localized
in the carbon micleus.. Consequently, the effective impact parameter is
from the center of particle No, 2 to}ﬁhe center of the alpha ratﬁer than
"to the center of the carbon nucleus, More important yet, the possibility
for the collision becoming adiabatic’® is much lessened by the relatively
fixed position and the rather weak oscillations (the binding energy per
alpha-alpha bond is 2.46 Mev). If the alpha clusters moved freely in

the carbon micleus with a momentum corresponding to the 7.39 Mev disinte-
gration energy, it would be nearly impossible to disintegrate the ¢l
nucleus at- the velocities available.

‘Presumably the carbon nucleus may be disintegrated either by the
Coulomb field or by the high, short-range, specifically nuclear- forces.
The energy analjsis.of the disintegrations observed indicated that many
of them were produced by light blows. Consequently, it is of interest to
make-an eéstimate of the possibility of electro-disintegration, that is,

of disintegration by the Coulomb field. Of course the Coulomb field may

78, Fermis Orear, Rosenfeld, Schluter, Nuclear Physics, p. 29.
University of Chicago Press (1950). _
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be the effective agent even after penetration of the b:.a.m“':i;.e::“0«j However,
the d;scués:iqp .her"e will consider penetratién only to ‘the top of the
_ Coulofab bafriero; |

It is sﬁnple to compute dn impact parsmeter, by, measured from -
the center of the carbon nucleus to-the centér of particle No. 2, such
tha‘t;v the ip:‘%niz.mm l.disi’zalnce' of,‘ apprcaéh will be the sum of tﬁe, radii of the

two particles. From Chapter III,

- 2 2

Bnin(3 P Voz)

bmln = Bnin 1- where R = rg 4 1.
The quantity here called qn;m; the smallest impact parhémeter for which
there is'vno penetration of the Coulomb barrier, was called bp,. in
Chapter III where penetration was being considered. For the ‘appli(:ation
here, -bﬁax will be defined as the maximm impact pafameter at which 7,39 Mev
can be deliv'eregi to the .alpha, The eguation will'cor:t?.é‘Spond exactly to
that for bpin, with Ry,yx=rg+4r2 + (distance between their surfaces at |
perihelion),: rhat is, R is the perihelion distance of particle No. 2
with réSpég:ﬁ ?o. "'chgvcarbon micleus as a whole, whatéver the condition of
impacto‘.v The_ipsta{ltaneoﬁ.s cross section for electromdisihtegratiom a
should be approximately proportional to T (b%ax - 'b%ih)@

A,n apprométion ‘that should at least indicate the possibility 'of
electroedj.sintegration and give its dependence on velocity is obtained by
conéic_le:i_ng the alphe as a "free® particle and using the equé,t.icn for h

energy transfer by momenfum perpendicular to the traj ectory:
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where p may be written as o .
.2 ’
o 2 Tpe

(R« rg+Ty IV n(Rei‘Q, -‘78’ Pe 28?

(R - rg 4 ry is the perihelion distance with respect to an alpha
presumed to be lying in the carbon nucleus tangent.
to the point of nearest approach, In units of 10-13 cm,
R-ry4 v, =R = .96)
Another expression for p iss p=Mpv82 from Rutherford scattering theory,

where 92' is the deflection of particle No, 2 in a system where the carbon

. nucleus initially was at rest, Bma_:x. can be found from:

R = Yo+ T
BRpin = To+ Ty

i

where W(R . ) is the energy transferred in Mev ab Rpin.
The calcﬁlation will be most nearly correct for the heavy target ele-

' . . s . o7 12 o L A

ments, Consider a collision with Agl o The G nueleus will be considered
initially at rési_:, and the 4g107 nucleus passing by, We find that the
equation gives an upper limit of the kinetic energy of carbon nucléi"‘beyond
which elect;“omdisinteyation should not occur., This upper limit is at
about 99 Mev for the c1? with resPect'tc the laboratory; at that point
bpax a.nd bmih_-come together. As the velocity decreases ’ the gap between
e
Boax = 7019, bpin = 7.20 in units of 10~

a.nd‘lomul w:@ens uﬁtil it reaches a meximm when bmin= oo At 80 Mev,
B em, At this value of Bins

| W = 9,13 Mev transferred to the alpha., At 60 Mev, box = Teb2, -bnﬁ_n"'—' Le515
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(W = 12,18 Mev).: At 46,9 Mev, b . ==7.3, bpjn= 0 (¥=15.58 Mev), For
lower energies, bpji, Stays at zerc, but bmx does not become zero until
the energy is just under 25 Mev.

For the lighter elements of the enulsion, calculation shows & similar

curve for b - and b However, the upper energy limit is lower (e.ge

nln"
for 00112.8101“ m.th o;qygep, it is at about 67.8 Mev kinetic energy of the-
cie with respect to the laboratory). Also, the 1ox~.rer"e'ﬁei'gy limit-is
lowered.

"‘hese calcu.lat:.ono ind .ate theat ‘electro-disintegration is po.asible
and thaf, ‘it prefers rather low velocities since energy “transfer is more
effecﬁive at 1ox«f'veioci’cies._ ‘.It las been tacitly assumed that there is no
?;ifficulty';vi’ h the collisions becoming adisbatic at low velocities.

ﬁmothé:c expression for the cross section for electro-disintegration .
besidc;s:_af' =k T (bzznax. - b}im) is obtained by using the expression W

for energy transfer per collision and from it setting up the expression

-‘Q—B— , the energy loss in ccllisions per unit distance,
x . S o .

Then - %——'
Nkl W

where N is the umber. of nuclei per unit volume, kq is a constant and

W 13 the average energy transferred to the 012 per dlsz.n?;egratlon. The
poor feature of thls equation is that 0@erme;1t is the on.'l.y way to

determine W; theory fails.

It is necessary to have z proportionality comstant, k or kq, in the
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equations»fo:'the cross .section because disintegration quite evidently
will depend on the orientation of the equilateral triangle of alpﬁas with
respeqt to‘the target nucleus. . Orientation probably accounts for the

- failure of strong blows .in some cases to disintegrate the c1?,

- If we drop the restriction of considering only eiectfbndisintegration,
we find the additional cases of disintegration by forces inside the Coﬁlomb
barrier. The forces are higher there, bﬁt also the probability of
absorbing all or part of the carbon rucleus becomes important,

Stripping of an alpha from ¢ or ¢13 appears to be not greatly
diffeyenﬁJfrgm stripping in the case of the deuterofs /7 ' The carbon
nucleus is not as loosely bound as the deuteron nucleus, and the average
separation between - alpha clusters is relatively not as gréat as that

“between the protdn and neutron in the deuteron., These factors reduce the
cross.sectiqu Inlstripping‘of carbon there may be an effect analogous to
the.Oppenheimer—fhillips-processgso In this effect, which occurs at low
velocities, there is simple absorption of one particle ( the neutron in
the case of 'deuteron) while the other particle carries away the surplus
enérgy an@ mamentum.Sl In the case of carbon, certain ofientations at

~ fairly low.velocities would tend to drive one alpha into the nucleus while

the other ﬁwo alphas were slowed down until they did not penetrate, The

iongerange alphas in iﬁpact disintegration illustrate the principle,

79. R. Serber, Phys. Rev. 72, 1008 (1947).
80. J. R. Oppenheimer and M. Phillips, Phys. Rev. 48, 500 (1935).

81, H. A, Bethe, Phys. Rev, 53, 39 (1938).
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kY high velocities it is poszible thet cases which would J.'lG%f’erJ.,..Ly e

stri ipping’ at lower velocities show up as. lapach disin’begrati’*ns. This
night be the case if the centrifugal potenticl acts to prevent emalgamation
of the stripped sliphe into the micleus, or if it brings about an { o, ol V)

reaction when the ckmhw does enter the nucleus, - Howeve 1, the importance

of stripping mu*‘ an { o, At} 2 mede of impact disinbeg:

should nob be overestimated.

portent mechanism there

should occur more stripping plus (K, p) reactions than do.
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FIGURE 32
(Star No. 1 of Tables 5.1 and 5.4)

This star is an example of the impact disintegration of the

ineident CL2

nucleus into three alphas with very little energy.dem=
livered to the G2 (rvo.56 Mev)vbeyond the 7.39 Mev'neceséary to
diéintegrate it, The disintegration probably was a true electro-
disintegration produced by the Coulomb field alone, The energy de-
livered to the struck gucleus cannot be measured éd@urately, but
must have been very small. Its track is not over 3/4 micron long.

. The 012 nucleus had traveled five microns Before the collision and
presumably had 109,2 Mev energy remaining (2.4 Mev s.d. from the
energy spread of the beam)., The ranges of the alphas are (from top
to bottom) 389 microns (32.20 Mev), 476 microns (36032 Mev) and

500 microns (37.50 Mev), The last alpha may have gone out the bottom
of the emulsion near the -end of ité range, The sum of the'élpha
enefgies plus the 7.39 Mev to disintegrate theiclz»minus 0.09 Mev
reieased by the Begltotals 113,22 Mev, more than would have been

12

available unless the C™~ had had more than the average energy by

nearly two standard deviations. The top pair of alphas appears to
be the pair that came from Be8 in the ground state, A disintegration

energy analysis confirms the assignment and gives the disintegration

energy as 0.154 Mev,
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FIGURE 33.

This case of impect disintegration of Cl2 is aﬁ example of the internal
momentum edding on é component to the mass motioﬁ momentum of the alpha
to give a longér range.than would be expected 6nithe basis of assigning
to the alpha one-third the linear momentum of the Cl2 at the time of col-
lision. The C12 had traveled 34.3 microns before disintegreting. The
aversge range~6f carbon ions on the plate was 163.0 microns. Therefore,
the expected energy at ihe time of the event was 92.6 Mev. The long al-
pba had a range of 654 micrbns and energy of 4307.Mev°, nearly half the

energy of the 012°

The other pairvof,alphasvis from Be® in the ground state. The knock-on
nucleus gave a track 11 microns long just below the long alpha. The
énergygthat went to‘ﬁhe knock-on nﬁcleus has an expected vaiué of 11.7
Mev. Frém the fange and energy, the struck nucleus must have been light.
The short sﬁur at five o'clock is definitely present and could even be

& double track., More probably it is not = realatrack'but was caused by

the intense ionization at the point of collision,
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FIGURE 34
(Star No. 36 in Tables 5.2 and 5.5)

This star is an impact disintegratioh of Gl with more than two-

8, which broke

\th;rds the linear momentum going to the ground state Be
into the long pair of alphas, The third alphg_is the sﬁort prong at
| twelve otclock, It went out the top of the emulsion, The Bed pair
of alphas héd ranges of 553 microns (39.40 Mev) aﬁd 543 microns
(?9020 Mév)o The latter track appears slightly longer in the‘mosaico'
Actually it dipped aown, then back up and went out the top surface
of the emulsion near the end of its range. Therefore, the sum of
the energies, 78;60'Mev, is slightly less than the correct value, The
energy of the C12 at epllision was 103 Mev, The struck nuéleus is
at four ofeclock, It is twelve microns lbng and is going down in the
emulsién at an angie of 45 degrgeso

Deiﬁa rays can be seen quite clearly on the C12 track, There
is also a straight spur at eleven ofclock just ahead of the e?ento
What caused it is not known., It may be a very short préton track
from an elastic collision just before the event.

The heavy dark bar over halfway down the alpha tracks is a

flaw on the surface of the emulsion.
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FIGURE 35.
(STAR NO. 17 in TABLES 5.1 and 5.4)

This impact disintegration of c1? is one that could not have been pro-
duced by the Coulomb field alone but must have recuired the sharp speci-

fically nuclear forces.

The incident ci? traveled 85 microns before the event occurred. Its ex-
pected residual energy was 74.4 Mev. The top pair of alphas is from Bed

in the ground state, and gives a éisintegration energy of 0.048 Mev. The

upper alpha appears to have knocked-on a proton right at the end of its

range..

The three alphas (top to bottom) had kinetic energies of 11.64, 10.44
and 14.43 Mev., respectively. In the center of mass system the three
alphas had 22.26 Mev. - With the 7;30 Mev. (= 7.39 - 0.09) to disinte-
grate the C12, this means that 29.56 Mef. was the break—up energy de-
livered. 'The best value for the energy remeining for the knock-on par-
tiéle is 7hod - (110644—10044ir14o434-7030), or 30.6 Mev. Its range is
28.9 microns. These values of range and energy, and the near equality
in the energy delivered to each of the two colliding particles, indi-
cate the struck particie also was C12, If s0, then it is impossible

to say'which was the incidént particle. The orientations.at collision
nmust play a considerzble role in determining whether or not.a cl? wi11

be disintegrated.
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F1GURE 36.
(STAR NO. 41 of TABLE 5.2)

This star is an example of the stripping and capture of one alpha froﬁ
the incident C12 by the.struck nucleus. In the case shown, the Be8 was
left in the ground state. The nucleus which absorbed the third alpha‘
apparently was heavy. Its track is a bafly detectable hump at the point

of bending.

The C12 had traveled 66 microns before the event occurred. Its expec—
ted residual energy was 8.6 Mev. The two alphas had 25.76 and 28,72
Mev., giving & total exactly two-thirds of the cl2 energy. The disin-
tegration energy of the Be8 was 0.102 Mev. This star.shows how diffi-
cult it may be to decide on the diverging point of the two alphas in
order to measure the angle which determines thé‘separation energy, or

to measure the distance the Be8 traveled before disintegrating.

Cases of stripping with the Be8 left in an excited state often occur.
They are easily identified in the rather rare cases when no third track‘
can be seen, by the fact that the cl? suddenly breaks into two alphas
tracks diverging at a wide angle. The star of Figure 22B is a possible,
but not probable, stripping. The energy of the two alphas there is tpo

low, compared to the CL12 energy, for it to be "probable',
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FIGURE 37
(Star No. 42 of Table 5.2)

This star is a case of the stripping and capture of an alpha
from the incident C'2 nucleus, followed by an (o€,p) reaction in
the struck nucleus,

The fact that it is a stripping is verified by the ground state
.Be8 pair of alphas and by the failure of a charge as great as the
¢1% charge to appear in prongs., The light track is definitély_a
proton. It went out theltop of the emulsion after 28 micfons. It
appeared tovbe of medium range, say of the order of 100 microns,

The C12 traveled 28 microns before the event. Its residualv
energy should have been 99.4 Mev. -Of this the two alphas got 68,06
Mev, slightly more than their share, The energy of the alpha,
therefore, was 99.4 - (68,064 7.30), or 24.0 Mev.

‘The disintegration energy of .the Be® comes out as 0,061 Mev.,
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CHAPTER VI

FISSION OF BISMUTH

Fissioﬁ provides seriéus compétition'to other types of nuclear reactions
in the hea§y‘élementsAeven with moderate excitation. The fissionability
'ﬁaraméter ZZ/A.falls off rapidly with decreasing Z, but increases with
decreésing A, Theréfore, neutron deficient nuclides are especially subject
to fiséion.1 The,ccmpound nuclei formed in carbon ion bombardment of heavy
elements are already neutron deficient and they will evapoerate st111 more
neutrons because of their excitation;

Both for the sake of getting a general idea regarding fission in carbon
ion bombardmént and for obtaining information which might be applicable in
evaluating the pompetition7 of fission in trying to produce trans-
californiﬁm eiements? Jd. G. ﬁamilton proposed that bismuth-impregnated
emulsions be bombarded bj ¢13 ioms. Bismuth4was selected for the target
naterial for Se#éral“reasons: (1) It is stable, has a single isotope, and
15 high enough in the list of elements that the muclides formed by carbon
bambardment. should have apbreciable fission cross sectiéns. The object was
not to see how far down the list an elemént could be made to undergo fissiomn.
Such a program would give no statistical data because of the extreme rarity
of occurrence, based prgncipally on the amount of 1oading that can be put in
an emulsion. Fhrther; fiésion appears to be possible throughout the nuclide
chart, As it was, the frequency of fission was about one per 200,000 tracks,

for vhich the survey time ran about 30 hours, (2) Fission is expected not



to be the predominant reaction in bismuth.bombardment as it might be with
heavier elements. " The fission cross sectipna§h9ula still be fising shar?ly.
Data regarding the rising part of ﬁhé cur;e shéﬁld bé.of more use than data
taken somewhere on a nearly level plaﬁgau, {3)' Emulsions gre_ccmmefcially
available with bismuth loading. | o | "

It is desirable to have an insensiﬁive‘emulsiéﬁ; such as}Ilford D—l;
to search forvfission fragments,_in order to é;% goédvgontras#;geﬁween
these fragménts and ca:ﬁén ibnsdq On the other hand in D-1 emulsioh; if
c? ioms i-ather than ¢13 wer_e_u‘sed, there might arise tﬁe- pos.sibivlity oiﬁ‘i
confusing én ipcident alpha and a C12 jon, In order tq_avéid tﬁis possibil-
ity, it was proposed thgt c13 ions be used. . Their:use fit in well with the
,generalerogram_since,comparisgn studies of_C;;‘and cli3 bombardments. were
desirable,.

The emulsion used was Ilford D-1, 100 microns thick. The loadingis
0.27 gm/em’ of bismuth.at "™normal humidity". That is, one atom gut:off
‘every 104 is bismuth, In reply to an inquil’y,,,_Mr;, C. Waller of.-'ilfor;l""" '
Limited, stated that %...the bismuth is included in the emu;sioﬁ_in the
form of a water-soluble salt which will be more or 1e§é uniforgly distri-
buted. Lack of uniformity ﬁay_resﬁlt from migration of the salt when the
emulsion is dried, but this effect would be susll,® The nabure of bhe
bismuth salﬁ is not stated, (Dr. Harry Foremap,:of this 1aborét6ry9
prepared a bismuth salt by a chelation aétioﬁwgfbethylehg,diamine ﬁetra—_
acetate on bismuth subnitrate. Two atoms of bismuith could be;put.on sach

molecule, permitting a héavy loading. Emulsions loaded by soaking in this
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soldtién'ﬁere prepared,'but all the emulsioﬁs studied were those loaded by
Iford, Sinde'there gseemed to be a betterfguarantée of the amount and
uniformity of.lqading.)v | ‘

The bateh ovalford bismuth-loaded emulsions obtained had a considerable
number of.randomvspedks as if from foreign mattér,“and the size of the
silver—ermide crystals was far froﬁ‘uniform.;:These defects sometimes
interfered seriously'with-intofpretation of other stars but nefer of the
fission reactions, Mr, Waller, who examined the emnlsipn batch, expressed
the belief that thé’silver had becoﬁe aggregated in some way.

The question afose as to whether fission évents observed in the emulsion
might come from 6§rboh ions on uraniﬁmior:thorium in the émulsion.' Mr. |
Waller states théﬁ,'“Weihave previously begn asked whether the bismuth
salt we are using may be contaminated with a very small amount (e.g., 1 in
100,million) of a_radioactive'element, but We'héve'beén unable to obtain
this information".. For an approximate‘evaluatiqn‘of uranium content, 4.2
gréms'oflemuléion (6ontaining 0,313 grams of bismuth) were stripped off and,
after-aShing,in_é?druQiple, were analyzed spectrographically by Conway and
Tuttle of thé'Univérsity of California Radiation Laboréﬁory. They found
strong silver lines, moderate (1 to lO’percent céntqnt) bismuth lines, but
could not detect urénium lines. The uppgr limit for'nén-detection is about
0.1 percent since uranium lines arse not stﬁong. "This evidence, weak though
it is, would rule out uranium fission, Unless the uranium (or other eleﬁent)
loading were greater than .atbou’t, one-£ifth the bismuth loading, which is

heavy, the cross section would have to be larger than the geometric cross
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sectiopflbObservgpioqrQE;QQpayﬁsﬁarsﬁfromfngpérallbeQQLQaqpivemqtgmsUin the |
emulsion indicatgs_the_l;mip_gfirgdigactive¢impurit;es isigotmh;gher,than‘
in ordinary emulsion, | v o | |

Flates were exposed at pgg,maximum til£i§f;8°5l'.to,increase the pro=-
bability of both fission fragments ending in the emulsion., Eleven plates .
were examinédov;The last two Elates‘have tracks of greateg,rangefthan the
others because the beam energy had been increased. to about lBO{Mev, from
120 Mev, by balancing.the dee voltages and iQEreasing7thehgrequencyo,-..

Nine cases“of fissiqn_we:e.fognd in 1,702,609 tracks that .produced.
a total of 1121 even_t_s__o.f&_‘allvkinds° All the cases of fisslon were un-
questionable and. it is doubtful if dny‘were missed., There was.one case -
of fission where a third particle, preswmed to be an alpha, but .not iden-
tified»c@rtainlyg‘appears..-Phoﬁoggaphs vatwo'of the fission events are .
shown in Figurgs,ﬁSﬁand 39, - In Fig. 40, there is a projection:tracing of
eaqh Qf_the events.witb the :pertinent data alongside., X is. the distance
to the event, ﬁhtheiaveragéfrange‘pﬁ,trackswon‘thqiplaﬁg,{Esis;the;kinet;c

energy‘of the Cl3

with Tespect to the laboratory, at the time of the event,
and E, is the-exgitatiqupfkthe;qomppund nﬁcleus, The angles given are
the opening angle?bgtween_thggtwo fragments .and the angle between cne prong,
and the entering carbon tragké‘ The track length of each. fragment is given,
In cases where there was a nuclear collision, the length is based on a
guess as to which partlcle was the fragment, - ‘

The radius- for 0011131on of cl? with B1209 is 11,350 x 10 13 e,
corresponding to a Coulomb.barrier of 63,11 Mev. To cross this barrier,

13

the C7~ nucleus mﬁst have 67,04 Mev with respect to the laboratory since

only 0.9414 of its energy is available in the center of the mass system.
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We may now-calculate the. crosﬁs section for fission,

6.1

‘a;f PBi ;—Ni (Ri - RB)

 where n = 9, e py = 0,778 x 1021 atons/cm3 the density of bismuth

atoms in the emulsion, N; is the number of tracks on the J.th plate, with
average range Rj_,: and RB =74.6 microns, the residual range at the Coulomb
barrier of 67,04 Mev, The calculation gives Tp = 0,538 barn, The uncer-
tainty in t'his“__ value J.s..""'_ 33 p;argént from the expected statistical fluctua~
tions. o | | |

The geometr:‘Lc‘ cross secb:.on,'lTR = 4.050 barn.:.' LIowevex- not all the

geometr:n.c CI‘OwS sect:.on is avallable for reactions because of the centrlfugal

barrier. The penetrab:.llty cross sect:.on d“p =TR? (l ....V.coul.
| K313/ ¢.u.

is given belows

0% , S

o 10961 1.785] 1.5800 1.337 1e032 0.656] 0,174 | . ©
(barns) : R . . )
Res-’;‘i‘é;% 211.5 185.'7 (1615 [139:0 P74 |97.5 |79:5 Thi

It is no’o :E'an.r to compare these 1n.>tantaneous cross sect:.ons directly w:.th

the.‘ averag‘e-_,qross secthn given by equation (6ed) o An average value of
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a5 with respect to range isxrequired;as;é,funcﬁionﬁqf the initial energy, .

E;, .The equaﬁ'ion\ iss
a.’p (E;‘) V — 602.
P v T, . N . RI3 ‘ . . :
" where (" o as a function of range is given by the table above. p(R)

.rcorres;)o-nds' to ﬁ;— % Of the ueual excitation ﬁmc‘bion, and equatlon
(6 2) converts this value tc the -cross section as a functlon of the

J.n:.’c:l.al energ;y. From a plot of G"' vs. R an aonrox:.mate value of 0" P(EZL)
Jwas obta::.ned by talcmrr a value of 200 nicrons (Ej= 125 6 Mev) for R;_ h

- for all the. plates,, The result was that Ovp(El = 125 6 Mev) Lo .’1.6 barns,
The . value oi‘ va found 1s almost exactly half the correspondlng penetrablllty
croes sect:x.on, mplylng that about 50 percent, perhaps more, o;f.' all nuclear

reactlons (excludlng mpact 6131ntegratlon of the Cl3 nucleus) are flsswn

om e s

gwentels T e | .‘l

Calliug the reaction Afission of bismith® is SGmewhat a”miénqper;”.in
o ali‘nos‘t’ every case the nucleus whlch flsclons m.ll be 89A° :Th"ére 'Will be
no s:.ngle 1sotcpe resPonsn_ble for all the evenus, but the mos’c probable

B nucleus is- 89A0215 because it has the closed shell of 126 neutrons, glv:mg

| strong b:.ndlng of" the last nevtron a.nd making removal of one’ more’ neu‘c.rcm

d:.ff:Lcult. It‘would be produced by a (013 » 7n) 'reactlon,, which one would
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guess to be one. of the most probable reactions in view of the large yield7

cl2

of:/n and én reactions from the rather low energy internal beam on gold,

A‘n‘estimate can be obtained as follows of the most probable number of
neutrons evaporated before f::.ssmn. (The assumption, to be dlScussed lar,er,
is made that neutron evaporation precedes fission.) The excitation of the

“compound nucleus- i-s the sum of the kinetic energy of the ¢33 in the ceni'.er

of mass system ,and‘ of the mass excitation, which is negative, 17,43 Mev,

— 3 , :
KE of (geiglab " . 130 120 67.04
| 222 | : : L
Ex °€M2$’) | ﬂ 104.9 95,5 L5.7 .

,(Fcr comnariSon;' we notice that the case.s oi‘ fission o’cserved na.d a Spec’ervm
of excitation energies of the compound nucleus extending from 66 6 Mev

to 93.5 Mev (Fig.: 40) The lowes‘o value is well above the 'bheoretical
lower l:un:.'b ) CorreSpondJ.nﬁ to any excitation a temperature may be
ass:.gned to the nucleus s cons:.derz.ng it as 8 degenerate Fermi gas. Ex .= '
a(kfI‘)?-_',‘ neglectlng hlgher: terms in T, The value of a is not _well known,

Weisskopf® gives the equation:

a=l_§ii§. (& -Q"'AQ)I/ & '(:Mev)"l

where By and kT are both measured in Mev, For A = 222, this equation gives

a= 11,33. In a later estimate ,82 Blatt and Weisskopf igive the value e=‘10

for odd values of A in the neighborhood of A =201, Nuclei with even &

82, J. M. Blatt and V. F. Weisskopf, The Theory of Nuclear Reactions.:. (A
fortheoming book, issued in part as ONR Technical Report No, 42, and
AEC Report NP-1587, laboratory for MNuclear Science and Engineering,
Mass. Inst. of Technology, 1950).
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brobably.havevsmaller energy level densities and consequently smaller values
of" a, .The approximate nuclear temperatures, kT, calculated with a = 10

for.a few values of excitation_arez‘A

B (ev) || 1049 | 93.5 6646 45.7

KT(Mev) 3.24 3,06 | 2.58 2,14

The two dutside values are the éxirgmes of initial temperature for 130 Mev
cl3 bombardnént “the thwo inmver are the extremes in’ observed Tissions
WeisskopfhO states that each neutron evaporated vill hf@?‘;, a most P,.I‘Qﬁable
kinetic enérgy of.ZkT'w@ere kT{is the temperature of‘the;gﬁcleué aftéf
emission. For the First n’eiitrdn“é\}é;“)éfa"bed, 2kl 22 6,0 HMev and the binding
" energy 15 6.5 Mév. The binding energy is higher for odd A, vhere there is
an even number of neutrons. The average value for even and odd duelei is
ini%féiiffaEQut'7;O'Mev; It risés'Slowly to' about 8.0 Mévjas.A§Aecfééses
to A=212, Méaﬁwhilé, the excitation has decfeased'ra@iﬁ;&'with each -
néu%fbn évépdfatéd and thertemPeraﬁﬁre had fallen cbrreSpondingly{"The‘
nuﬁbef'ofrheutrons evaporated in the observed cases of fission probably
was between six and ten. A4 more accurate estimate could be~madé'along‘f
the lines of the calculatlon in Ref, 78, ps.163.

The cases of fission produced by carbon ion bomE;rdment are Wfast
nfissionﬂ,_that'is; the initial excitation is high. In Such ceses the
..inSSiénﬁffégment yield cuf%e haé beén 655erﬁed to have a single hump‘iﬁ
contrast to the double-hump curve found in low energy flss1on such as that

from 0235 plus -thermal neu’crons° In the single-hump curve, Symmetrwc
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fission is more prominent than ‘any other single partition, but slight asym-
jnlletryf ’is'-b the' rule. 'Jungeman'erid“Wfigh'bsB found that in the:case of neutron
bombardment of heav-y elenients , the double-peaked curve began to appear when
the energy was owered to 45 Mev.

The sn.ngle-hump curve g:.ves evidence tha’c evaporatlon of most or all
of the neutrons energet:.cally po,ss;.ble comes before fission, For fission
| fragnents from,bombarduent of bismith with 190 Mev. deuterons, Goecker—
.mann and Perlman84 found a Slngle-hump curve vwith its maximum po:Ln’b cor-
reSpondmg to the evapora‘blon of abou‘b 12 neutrons before fission. This
dJ.Splacement must have preceded- f:.ssion since there were the appropriate
nuniber of' p+emitters in the fission fragmen‘bs, unde;' the assumption that
Z and A sPlit propor‘b:.onally. | | |
| F\xrther ev1dence was found by Jungeman and Wr:.ght who measured -the
energy in :Lnd:.vidual fission pulses. They obtained qu:.te closely the
same average energy fo;t?frig&:s of incident neutron energy. They conclude
that the actua.l- fission_ mst occur when the mucleus is in a relatively
unexcited state ‘and that the energy of the fragments is from the energy
released by splitting elone.

On the other hand, if it were -pea.rly an e:::clusive rule that evapora-
tion of zieutrons proceeded until the excitation was reduced below the
binding energy of the next neutfon before fissioﬁ occurs, then there would

hardly be _i*ea,son to expect other than the asymmetric fission characteristic

83. J. Jungerman and S. C. Wright, Phys. Rev, 76, 1112 (1949).
84. R. H. Goeckermann and I, Perlman, Phys. Rev, 76, 628 (1949).
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- of such excitations, .Asymmetric. fission gives the greatest fraction of .
- the total~ene§gy §e1ease in;theifieeigp;pg;eeﬁiﬁse;f;’the@ is,gthe‘mindxwml
of energy is spent in»edbeequentmde_excitatiqnwbylbeéadand gamma emiesioﬁ&_
 For symmetrlc flSSlon pulseq to exhibit nearly the same energy, the nuc¢e1
must-have undergone fission when they:hed mg;e e:s c1tat10n than 1f all
pOSSible:neﬁtrons had been evaporated,. Eﬁrther,“evldencevof flSSlon in. the
middle of the nucllde chart, where the. fission *hreshold may be cf uhe orde”
of 30 Mev,. shows that fission may compete 1n sPeed thh neutron em1531on.
De5p1te.reservatlons, it may be accepted as a falrly accurate rule ‘
that large yields in fission w1ll oceur only when the f1551on threshold
“is lower than the binding energy of the last neutron that can be evapOﬂated
The importance of fission cqppared to other methods=o§ defexedtatlonxsuch
as,gamma—emissionithen‘will;depend_agproxipeﬁely_On ﬁh?dg&bﬁﬁetﬁeeévdeutron
binding energy and fieeiqn“thresheld compared to the gap between’the fission
threshold and zero.excitetion.“ F18$1on does not however, beccme 1mportant
immediately af,its‘threehqld,, The curve sketched below shows the relatlve

gaps ‘in the present case.. ..
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The upper curve . 1s the blndlng energy for removal of a neutron from
actlnlum of the mass number shown, It is calculated from the table522
of N. Metropolls and Geo ReltW1esner, u31ng the valne M-A = 8,939 mlMU

10 - The calculated

for the neutron, given by Mattauch and Flammersfeld.
values do not take into consideration the effect of the closed neutron
shell on binding. For Ac?l® the binding will be higher by an unknown
amount, Also sketched in is the threshold for fission, baeed on’Zg/A,
Vcaleelaped~byﬂfiankel and Metropolie85 on the Eniac, Even at AcRR
fission is possible. Its ZZ/A is 35,67, almost exactly,fhe.Saﬁe as

*that of UZBS.- For Ae215, ZZ/A = 36,8, ‘The thresholds for photo-fission

85, S, FPrankel and N. Metropolis, Phys. Rev. 72, 914 (1947).
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~are: for Ac™™", appro wtcﬂy 6 Mev; for Ac™™7, approximately 4.5 Mevs
210 :

for A, ”hbroxlﬂotelv Hev, , o

4

It is interesting to caleulate in detail the IbCﬁ”qjcu ol one of

the fission events. to see how it asgrees vith theory. Consider the

fission in Figure 38, The excitation was 65,6 Mev. In order o study

symmetric fission, assume 6 neutrons were evapcorated before fission

and thalt in evaporation they carried sway essentialily all the @yc;h@tlo

but no net mementun (= fairly sccurate ezsumpbion), The fission reaction
106 .. 108 | : . .

Was aoht™ e ) R -+'45nh . The relation .between momenta of the

fission fragments in the center of mess system snd the 19borduory yetem

is sketched helow, : F%X

8, -
Peen ZPZ/L;b'

Fex

The . equa ﬁans are!

D.ﬁ__ = Pifem ‘9 sz ‘sz

Sin 6 sin 67%5°

2) Fox_ = Pefeu ajé+<92+/57/ = /80°

3) Phm = Pefem 6) /O/X< /%x)‘.E_'f_
(an assam/of'/on)




FIGURE 38,

Fission of bismuth_ by c13, The date for this star are given in Fig. 40
and the event is analyzed in the text, This fission event had the least
excitation of any found, namely 66,6 Mev. The initiel compound nucleus,
AcR<2 » probably evaporated 6 or 7 neutrons before fission. The fission
seems to have been symmetricel or nearly so. Both fraginent tracks are
horizontel in the emlsion, The length of the track at 6 o'clock is

11.5 p; of the other, 12.3 P (to include the two detached grains).
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The 501utioﬁ of'these.eqﬁations givess _

0= 9054"’ GQ':H'10°361. .
“'apd>the;energyubf,each fragment in thefcaﬁter of mass system -is 79 Mev.
© The éﬁergy of. fiSsion'calculated fromrthe masses ish163.3'Mev;l (Mass.

of" Ac216

89
.RthS_: 107.95111)* The agreement is good,

216.07925 Mass Unl‘bs, nass.of Rul%® = '107,95265, mass of

It might be well to.calqulate the ninimm angle between prongs
in symmetric fiésion‘;>The,minimum angle‘occurs;whén,the break=up in
.the center of masslsystem_isfexactiyrperpendicular“to the ‘entering
e momentumgfandswﬁen the latter is a-maximum.(IBO-MEV,CIB)d Assume . -
- 10'neutronsfevapofated before fission,: fhe energy release. from
mass différencés‘Qill:be'166;5 Meve ' The minimum angle comes out as .
155° 20t

No estimates have been made ffom,ranges of the fragments as_ to.. .
whether the actual fission is symmetric. The ranges are so short in
emulsion, the.*hé:a" collisions so frequent, andthe range-energy
relation so j;npe;éfect"ly known, that it appeared little information
could be gained, Consideration of the moﬁenta, as above,bindicates
that a single-hump fission yield curve seems compatible with the
observed fragments. |

From the tra01ngs of Fig, 40, notice how many of the fission
fragments had branching due to elastic nuclear collisions, The high
frequency is explalned by the theory of the utopplng of flSSlon
fragments.’ See Chapter VII. | o R

The flSSlon event w1th an alpha (presumed) also emlutea (shown .
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in Fige 39), cannot.of course,. be taken as'an indication of the frequency of
. such .an- event, 'Ne:v.'erthele's's;, foi-:?,highly neutron~-deficient nuclides su.ch‘-as
are formed, it is not highly iﬁaprobable‘ that a charged particle should be |
evap‘orated;. -either ﬁomthe parent: nucleus or from one of A'thefexcited‘
fr'agﬁe'ﬂts.uj Alpha emission in fission of muclides such as 0235 and puR3?

by slbw-ne’ﬁtro‘ns.is"w'ell established,86,87,88 ,Thé frequency: is ‘low Vf-

about one in 250 events for 1'2'}2345;., £lpha enission does not seem to occur with
comparable frequency in. ﬁ’#sion" by fast neutrons, an indication that the
alpha comes “from the ‘com'p'oun‘d“‘ nucleus, "not( from one of the i“ragments, and
that alpha emission is diseriminated against by the speed of the reaction.,
However , the .caée i’s‘n‘éf one of highly neutron-deficient muclides such as

carbon bombardment produces.

86, G. Farwell E. Segre and C. Wiegand Phys. Rev. l_, 327 (1947)
87, L. Marshall Phys. Rev. Zj, 1339 (1949).
88, K. W. Kllen and J. T. Dewan, Phys. Rev. 80, l8l (1950)
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FIGURE 39.

Fission of bismuth-by 013‘with an alpha emitted in addition. The event
occurred after 30;9 miérons. The excitation of the éompound_nucleus was
93.5 Mev. The identification of the thifd particle as an alpha is not
certain, butwits preSence is. It shows up better under the microscope
than in the mosaic. Its range cannot be stated since it went out the top
of the emulsion after 6.5 microns. The fragment track at 8 o'clock is
10.0 microns long, the one in the forward direction is 13.5 microns. The
fission fragments probably get most of the forward momentum of the C13

ion but very little of its kinetic energy.
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CHAPTER. VII

RANGE - ENERGY RELATION FOR CARBON NUGIEI
A, THEORY

4 range-energy relation for carbon nmuclei is of interest not only

for its practical use in calculations=for example, in finding the energy
that a carbon nucleus carries_into a nuclear reaction ~ but also for its
theoretical aspects, in that carbon occupies an intermediate position
between 1ight.fast nuclei and fission fragments, two classés in vhich
different types of stopping effects play the major role. Carbon lies,
of course, much nearer to the light fast nuclel - protons, deuterons, alphas.

~ For the llght and heavy incident mmeclei, the energy loss per unit
path length may be written as the sum of two terms, the first giving the -

loss in electron encounters, the second in elastic muclear collisions.

2 T N(2")? &4 5+ 2T NZy 27, 264
' mvR - Mo By

~dB/dx = 7.1
This equation corresponds to that given by Bohr.89 ‘The subscript 1 denotes
the incidert particle, 2 the target atom. The first term contains the
electron mass, m, but not the incident -particle mass. It depends on the

square of the effective charge, %1%, of the incident particle. N is the

89, N. Bohr: The Penetration of Atomic Partlcles $hrough Matter. Kgl..
" Danske Vldenskabernes Selskab., (Math-fys. Meddelelser) 18, No. &

(1948) P 124.



. - .number ‘of target atoms per unit volume, and it is multiplied by Zg,

- (inCIudéd'in?Bé-)ﬂtofgive the mmber of electrons per unit volume. 35

-is-a'logéritﬁmic'teﬁm, which may be ‘called the ¥stopping number®; £

;denotéS‘thatvif is for electronic“collisions.. It:will be discussed below,
‘The second term is anmalogous to the firéﬁ but-concerns collisions

with target nuglei.“ Hence, the single eléétrqn charge is replaced by

'Zy and the eléctron mass by My, N is the ﬁﬁmbér of muclei per unit voXime

" and By is the logarithmic .term pertaining to nuclear collisions. Notice

“*+ that 2% has been replaced by Z;.

.+ Tt is at”once evident (ref, 89,p. 124) that because of the appearanée
“of the electron mass in the denominator in the first term, M/Z, compared to
My/Z; in the second term, (there is & Z, included in By of the first term)
the energy loss to electrons is much greater than therloss to target nuclei
except when the.incident velocity. becomes so low that the incident nucleus
picks up electrons, making‘21*, enough lower{thah Z7 to reverse the rela-
tive magﬁifudé‘of the terms. Indeed the'first;term is the important one
even for fission fragments over the large part of their range, :
Fission‘ffagments always carry s@me electrons about their nuclei,
giving & Z1* less than 2. There is an approximate criterion, but a
reliablé‘one;‘giveﬁ by Bohr (ref. 89,7. 116) that when the speed of a
nucleus exceeds that of the'électrdn in a'given Worbit", the nucleus in
interaction With'ﬁatter wiil lose that electron.. This is a-statistical
'»criterion, the atom alpernating between 1osing and capturing an electron
' in the particular state, but we may be quite éuie that for the larger

part of the time 'a mucleus of velocity greater than that of the electron

e
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Jin it51i£3j-orbit will bé\cempletely”sﬁripped: _Hence,- beyond this velocity
_*
for llght nuclei Towd15cuse<the1r:energy loss, ltgls‘advantageous-to

bedbmes-zl ‘The' domain where-this is true.is, generally considerable

“T'break“the e1ectronicfstopping.term;into two. parts, one-where_Zi*u::kzl
-and the other with Zl. r4 Zl°‘ These will be discussed succe331ve1y.

- 1, dB/dx when Zl Zl (stripped nucleus)

B Queﬁtum mechanies should'give.the cbmplete‘solution, but in the praetical
‘solution of problems, it has: been necessary to use approxxmatlons whlch
'apply_only under specific circumstances, Tle se ‘circumstances, or. criteria,
will be discusSed‘here since they. delimit the~zenes'where carbon nuclei
“behave dlfferently from llghter, or frdm heav1er, nuclel.‘ The distinction
" between the different treatments can most easmly be shown by discussing .

* “them in'theifﬁhistoricel‘order,b R ‘

j After’the discever& of the nuclear atem by‘Rutherford,jéafly5at?empts
. were made toeeEédunt fof’the-quite definite range ofaalpha%perticies as
‘being due'te»the'cumuletiveAeffect-of a large number ef'émall enefgy |
loses to eieetronS»bound-around the muclei in the target atoms. J.J.Thomson
.and ‘C. G, Darwin gave separate: treatments, considering the binding ;f the

electron to the‘nucleuse‘eN,_Bohf?Q

in 1913, gave an equation_for;the

rate of enefgy.loss to electrons,in which the treatment was elessieal;
.“theaeseential contribution being'in.his demonstration that the energy.
transfer to ,the.;» electron through the interaction of its Coulamb field with
‘}éhat'of the incident nucleus did.not‘involva the binding of the’elecﬁfon.
to the parent nucleus 1f the time of colllslon, Z? .» ‘Was much shorter. than

- the. perlod 7’ s of the electron in -its orbite. - These may be.called afree":

90, N. Bohir, Phil, Mag, (6) 25, 10 (1913).
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collisions., If we specify the impact: parameter, b, -as the perpendicular:

distence from the center of the target atom to the J.ncident path of the

d
nucleus, “then Z’ -~ ‘-]"@;—, . v being the i incident velocity. T....-)-J;-— ~-E-

if d is the orbital ‘size and {{ the Worbital velocity" Hence, to have
<< T, we nust have the :un*:act parameter b less than bpax = v_or
La, For»b > ax’ ad:.abat:.c cond:.t:z.ons beo-:.n to set in, the energy
transfer is no lonﬂef 1ndependent of the binding to the nucleu.s , and as A
b increases i‘urther, ‘the poss:.ble energy transfer falls off as e~ (Ref. 77,
P 29) |
| The Bohr equat:.on may easily be derived (Ref. 77) by cons:.dering the
:an:Ldent nucleus as havn.ng a well-defined impact parameter u:Lth respect
| to 'the 'barvet atom ahd cons::.derlng the energy transferred through impulses
for bma.n < b < bmax , where an approxmate bospn 1s glven by the fact
) that not mere energy can be del:l.vered to an electron than 1/2 111(2v)2
bin= nzi o . The resulting equation iss
LT Zizel'*l\f | B
‘m v E

~dE/dx = 7.2

,... : 3
.Wwhere the stopping number, B, = %, In _Eng_&_‘zs_.—_ 7- 1n ‘%‘L'Z' - ) .
| - € 22 bs == &e

Now _e2 =7V, , the orbital velocity of an electron in the ls-orbit in
the hydrogen a’c.om, a.nd h v ' I, the 1omzat:.on energy for a given

electron. In pract:l.ce for an averase over all the- electrons, we must

replacc I by T. " T must come from experiment. since attempts to derive it
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. theoretically have been unsuccessful (Ref 89, pp 97-99). We get

jj'bmgx“ — 2T av
bmln TZLl Yo

(V.Af'l;,er' Heleenberg fomulated the uncerta:.nty pr:mc:x.ple , and
'Schrodmger the wave mechamcs ’ :Ln 1924 and 1925, the :.mpl:.cat:.ons in the
assumpt:.ons unc‘ler the derivation of the Bohr equa'tlon could be seex; more
.ele_ag.'_'_ly,. In the f:.rst place, in vorder ’co have a deflnlte :meacﬁ para.me‘ber,
we‘ must be able to descrlbe the 1nc1dent »part:.cle by a wave packet with
d:_mens::.ons small with respect to atomic d:.mens:.ons, 4, That is, 'the"_.'
I:de Broglle wave length divided by 27T , Btde B? must satisfy the
v‘requlrement- ‘ Tde g << a, (If the uncertalnty in the :.mpact para—
.meter, Ax, ';rere of the order of a, then from Ap Ax > t)- we get

A P ‘t‘",o BU-t We nmust have Ap<< p= Ml V. Hence jl-~<<Ml v or
(.kde P << o)

& further eondition is found from the fact that to calculate the
mpﬁlse transferred we must have the ﬁneef{:ainty in the of:i'.g.inell momentum
much‘ 1ees than the .A change in momentum of the inciden£ perticle during the
colllsion,whlch is ‘the transferred momentum, The perpendicular impulse
is approx:i_mafely _Z_;ZJ_GE_ (Ref. 77, Po 28) or ==—where Vis the

vb
potent:.al energy of the electron in the incident partlcle‘s field,

A p<< p transferred gives l<< Io - In a Coulomb f:.eld this

becomes, us:.ng the same distance element on both s::.des, :%—-_\;-—))

o ae 23 &R
or, more closely, -TL—»]-"
- :
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For' further reference we deflne -

K 7-‘—

The criteria for Bohr's energy-loss equation thus ares

@ LT
Xps<Ka o T
 >>

These cond::.t;ions mean that the equatlon requ:_res a well-defined orbit
throughout and a strong interaction. It is, therefore, entirely classical,
It" is J.llumz.natlng to notice that the energy loss through collisions
may be derlved frqm the Rutherford scatterlng law., Williems?1 has given
an: eSpec:x.ally good discuss:.on of this derlva’clon. Since the :mmden-t .
heavy partlcle ig deflected through a very small angle, its momentum &'
transfer to the electron is closely Mi v e, measured in the laboratory
" frame of reference,‘and the;energy transfer -is _Qﬁg;zJEXi ;7‘ If this
e 5 :
gives

term be multiplied by the Rutherford scatterlng law which / the probalile
distribution in 8, and by the mumber of collisions per unit distance,

NZo, and the whole integrated from emln to emax, the result should be

the Bohr energy-loss equation,

91. E. J. Williams, Rev. Mod, Phys. 17, 217 (1945).
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2
~dg/dx = (Ml ve . . aqv dew
2m - dw :
' 2 2 R
h 40~ e~ 2. Z 1 SN
iy L —3 end  dw) = 2T sin©d @
| sir 7 _8 S

In -——gz: s 27 =1 since the deflection is due ‘to an'electron..

'Sin & 2 8, while Bpax Ry —ﬁ—]?, and &3, is found from the momentum

transfer at bmax"’_
M | R Z, e? | 2

v .

or 3 = —-—_-—-—‘_ .
2 qflil-n ) Ml' v

- [We get,

Bjax

~ where 1.35 =Zzln ;enﬂ. = 2z 1n f: mv3 P >’

a result which.differs from the previous one only by a faqto:_;ﬂof 2 in the
~log term;. the .differencel; could be eliminated by closer evaluation. ..

The Rutherford scattering law was derived on a classical basis, but
: lat"erv was found fr.o be .strictly true quantum-_-meqhanically, fb:j._fa Coulomb

field,, Hence, despite the conditions for the validity of the Bohr equation,
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it ‘was -thought it might hold in the region of weak interaction, where

K<< L.

In 1930, however, Bethe9? derived a scmewhat different expression
for dE/dx using Bornts first approximation for the treatment of collision
problems. The essential conditions for the validity of Born's approxima-
tion are:?1. |
(a) k de B << a
o KK 1

7;4

- Thé Bethe equation is93

e = AWk
' o nmve. €

vhere the ?é_topping number® B é = 2 2_1;_1;2

Bethe's equatibn c}_ifi‘érs from Bohr's onJ.& in the argument of the logarithm,
which, in the Bohr equation, is —i= times that in the Bethe equation.

B - % 1n f{ .. Williens”! has explained the reason for this

i |
=3B
[ &
. discrepancy between Bohr'!s and Bethe's equations. Although the Rutherford
sc'a'btgring laq}ris correct ‘both classically and quentum-mechanically as to
the distribution in ®, the regions which give scattering into the angle €

are different in the classical and in the Born derivation of it. In the

e ’ . 2
classical case, we saw from momentum transfer, Nv © = Z_E_Lﬁ_, that is,
- ' ' bv :

92, H. A. Bethe, A, d. Physik 5, 325 (1930).
93, M. S, Livingston and H. A, Bethe, Rev. Mod. Phys. 9, 245 (1937), p. 263.
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scattéring_.fin’qo-'the ;-*&n.gle & is from collisions with an impact parameter
b= .z_.zi-i%— . In the wave treatment, in.which no impact parame‘téi' is

. dgafined, scaftering into*é comes from the region '3;’;,_5'. ‘The ratio .
between the %wo is 'éeen.to be Yt. Accprdinglyj, ve see tha"o at l't:: 1
the twoftreétmehts come together. (Sée also ref. 89, De 77) Since the
differing factor is in a logarithmic term, the divergence 1;etween the two
is not‘rapid near ?t: 1. However, the diffefénce is d‘étectable in i'bs.
effect on the range of a particle, as Williams has shown,% Both Boflr's
and Bethe "é equations are to be regarded as good approﬁmations justified
by quantum mechanics in the .reé;ion of their validity, respectively l()) 1
and Pi<< 1. 4&s the applicétion of either is :,extended beyond its doniain,
it givés t.oo high an energy 'ioss and, gén-é"e,xa' shorter réﬁge than is found
experimentally. At Pi"a&l, both err on the high side in eﬂne_r'gy loss.
Williems has studied from e:&permen‘c}a’l_ d_’ét'a théf‘ ‘op"'bimim” poin;r. foi‘ changlng
fram one treatment to the other and £inds it to be at about [=1.2 for our
definition of }io (Actually, Williéin:s » and many other writers, use the
criterion kf:i;-%‘: Hovever, W as'defined above is selected by Bohr |
(Ref, 89, po 18) as appropriate.) .Qha'.;b can ve séy now as .to t,l:ae rlaﬁgé»-

" energy law that should be fulfilled for carbon nuclei ‘compared to lighter
nuclei and compared to fission: fragments? In this conhe"ctiéll,"fconsider |
" other ways of writing n . Since &2 = 'vg, ', theorbital velocity of the

W

electron in the-Bohr hydrogen atom, ‘and " Zl == 2y Vo = vg; the.

9. E, J. Williams, Proc. Roy. Soc., Londen, & 135, 108 (1932).
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velocity of a K-electron around the incident nucleus, we have

K= ?zkzi e? =2 z:l_%rfg.;z __:;«:"_ | 0.6
and at K_ 42, V= 1.6’7 vg. As noted earlier, when x.r =vg, a nucleus.

_ beg;ns_to‘alternatevcgpturlng and losing theAnglectron, Since fission
-uwfxagmentsfﬁevenﬁlgse theirlxkeleétrons, theif %élocity is always less. than
VK and; hence, for them, the Bethg equation is invalid, .the Bohr.eéugtion
suitable (modified to have Zi* rather than Zj). The table below shows

- the ﬁeviétion_gf cl? nuclei from the lighter nuclei.,

TABIE 7,1

- 10.73

3.73 0.4368 | 0.398
|~2, 0.2184 040497

0,0248

The ranges for alphas and protons are those given by Wilkinsl® for Ilford -

nuclear emulsions of density 3¢92{gm/cm3; The ranges for carbon nuclel
are thoseifOundiexpéfimentallyqiﬁfthe present research. It is apparent
lthat for alphas, deuberons and protons of the initial  energy glven by the
the- Crocker 60-inch Gyclotron, almost the whole range in emulslon is glven

by ‘the ‘Bethe equatlon. However, for carbon nuclei’ the Bohr equatlon'glves
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a better épproximation'at an apprecilable residual range. It is to be under-.
stood tﬁat changing the type of stopping law will not greatly change fhe‘
range of the carbon nuclei;;:The tQO'laﬁé é&é tﬁeAséhe‘excépt~iﬁ'£he
logarithmic term and there they differ by the ergument in the ‘_B<'>hr equation
beiﬁg 1/ K ‘timés that of the Bethe equatiom. ‘This ‘mear;s ‘that, in the
valid domain of_tﬁe_Bohr equation, it gives a slightly smaller étopping_
than the Beﬁhe equatibnvand, henéé; a 1ongef'r;ngé, which we expect to be
realizeéd experi.mén'tall&.' 7

It will be noticed in Table 7.1 that the velocity of the nucleus
reaches‘the'veldéity of its K-electrons at a péint not greatly lower than
the cross—over point to the Bohr equation. The effect of the consequent.
.electron plck—up (to be discussed later) will be a greater effect in
extendlno the range -than 18 the functlonal change in’ O'o:.ng from the Bethe
to the Bohr equatlon° - |

It is well known that so long as we use a 51ngle funct*onal relaulon
for dB/dx, we may get a sumple relatlon between the ranges of particles of
_various masses and charges (Ref 935 Pe 269) The reglon where .such a

procedure is usefu; is only in the Bethe region, P[Z?(l.

| dB/ax —kl -éw- 3111:2 v?— 2:2 f (v)

/ dx = f —;-(-v— » R, being the res:.dual range

at which the Lunctlon changes and o the correSpondlng veloclu ‘ Slnce
the chanae is gradual, the relau*on wlll be more accurate qu less useiul,

the hlgher we take Ro° Né need only one constant 3 hence, we could
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extrapolate the law down to Ry= O and calculate a corresponding v, if
we wish,

The integration givess Rt-Ro=-%g" (Fi(v) - Fy(vo))
Fi(v) = Z (E-EQZ 4 F1(v,) where Fl(vo)_—_ a constant, c.
'InVer"bing the i‘uhct’ion, we get .
v= B (-ﬁ_"‘z“" ) -+9
L M
or EM=TF (M -+ c>‘ | 747
. ' M ' )

If we absorb _z.zﬁi.?‘.n. in ¢, we see that for stripped nuclei of different

masses and charges, if vy == vp, then

. :-_.E.) h i 1ia 22 = Z° ‘
)l (Mz which implies ey Ly 2+ C. 7.8

&%

M,

Hence, an elegant way of piotting ran;ge-'energy curves is to plot

Lzﬁn- e -ﬁ-. - The curves in the regio’n Yt<<l should differ b:} only an
additive éonéta,nt .in their abscissae, The experimental range-energy curve
for C12 muclei 'wiil-be ccmpa:bed to that of alphas and protons 'b.‘;f this
criteriqn; - .:

In the original ﬁérivaﬁqn of Bethe's equation, in ‘order to have a
wéak enough interéctign to permit “‘ﬁse ygf Born's approximation, he assuned

that the velocity of the incident nucléus was higher than that of any of
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the electrons in bhe stopping materisl, a sericus limitation on the use
of'thé equation if the -stopping material nuclei ére heavier than the
incident nucleus, |

Mott95 showed that the limitation could be remedied, since he proved
that a QQAnﬁqm_mechaniéal:solu{ion“qf the pfoﬁieﬁ*in térms of impact para-
meter ﬁqruytﬁil.and jk:de B <?< a (eqe 743 (b)) gave the same‘answer as.
the Born wayedapproximatioﬂ, and, hence, except for close slow collisions,
the limitation of.Born's'metth to ﬁgst‘pollisions qould be removed, down to
the limit P{F&], This permifted Be%ﬁé.(ﬁef; 93,;)° 265) to modify his
equation, putiing B& = %45 In C@L?Aﬁ)_cx w_hez:e ck takes care
of the diminished stopping, and‘consequent‘iﬁcreaséd range, due to the |
fact thgt the incident nucleus is no longer able to knoék out the Kj“'
electrohs from the stopping material; cK has beeﬁveééiuatea by Bethé.:
Similarly, a CL‘ dould be deflned but it would be useful only for é
light incident nacleus in a heavy “targ et, since the use of the vorrectlon
is based on the assumption that Yi<( 1, that is, that the 1nc1dent nucleus
has not gone into the Bohr reglon,nor started to plckuup.electrons_1tseli.
“Adding cg has not éffected the validity of the forn (7.7) for fhe Tange-
energy relation° Hotlce tnaL for alphas in hydrogen or carbon nuclel in,
say, berylllum, the cg correction cannob be uqed there Ulll be a |
correction due to failure to exglte the K&electrons, but before that tine

the incidént nucleus will have started picking up electrons.

95. N. F. Mott, Proc. Camb, Phil. Soc. 27, 553 (1931). -
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2, dB/dx for Z".&, 293

Thla ls the region fo which‘fission fragments.are born, and the region
any nuoleus must enter when its velocity falls below v‘:!‘vK (at 91532'
not faf inside the‘Bohf region) The 012 nuclei enter the region at aboutb
10, 73 Mev, when they have a remalnlng range of about 9,2 microns, Alphas
énter the region at about 0.4 Mev and protons at O 025 Mev where their
re51dual ranges are very small, Even so, the capture of electrons by the
alpha.;s principally respon81ble for extending the alpha range beyond strict

proportionality to that of protons, so that eq.‘(7.3) becomes{g

Ry (B) = 1.0069 R (3.973 E) = L3 in emlsion.l® In air the
constant is about 0.2 cme wefmnéf expeot the eleotnon piekup;effect to be
much larger 1n extendlng the range of carbon 1ons W1Lh respect to alphas
and protons. For 1nstance, the experlmental dev1at10n fram proportlonal-
1ty 1s glven by the equation below, which must not be used for carbon ions
vbelow about 40 Mev. | |

LZ_M) = <Z'2R(v) +24)1

M

or’_ Bclz (B = (-“__QQQ@ (-l—e-o-Q% )-t- 8. o}: 7.9

In comparison with’the expression written for protons and alphas,

R d:(;:) = 3.00192 Rgip (3.00192 E’) - 240)1
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Eq. (7°9) shows how nearly the relation is true that a ¢12 nucleus of the
. three tlmes the energy of an alpha will have one- thlrd the range°
- For 013 nuclel as compared to 012 the effect of electron plckup
_and of change over from the Bethe to the Bohr reglon w111 be exactly
the same for 1dent1cal ve1001t1es. Hence, we expect a strlct proportlon—

allty at the same veloclty (Ref. 93, Ps 271):

(Zzﬁv) 913 = "“‘9225 ‘c.l?-.:,_

(13,00428 13.00428 SR
RCB <.,00060 >= o or® T

From the residual range of 10 microaeédown,ica?bon ions might be ex-
pected to-behave‘somewhat like :fissioa ffagmenta of small ohafge. |
.Actually the_oomparison will be foﬁndvto hoid for a ﬁuch ehofﬁer éange
of about 2;‘3 " )1 Jla quick glance at.the behavior of vfirss‘:'.o_‘n“ffagmeﬁts'w’ill
give a baS1s for comparlson.89 B |

Stopplng by electron COlllSlon is by far predomlnant for fission
fragments untll thelr velocity falls to v'_.vb, the ve1001ty of the ground
state electron in hydrogen. At that time’ they have covered about two- '
thlrds of thelr range° The rate of energy loss through electronic
c011151ons per unlt path 1ength varies as (Zl )2/v2 Since a fissioa
fragment froa_its;origig hae3a full.coge_of‘K‘and L elecfnons, and since

the electronic stopping term cuts off at v 29 Vo, before all the valence
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electfene are picked up, we are concerned only with intermediate shells

where theﬂThemes—Fer@i‘statistical deecription may be used (Ref. 89, p. 101
and llé)to give the estimatez th'tﬂxl le/3 Q/Vb s valid'for,the region
Yo < < 7?3 Vo . Thersfore, ve see that dB/dx is roughly independent
of the ve1001ty; in marked contrasu to the case of a particle of flxed charge,
where the 1onlzatlon increases rapidly as. the particle slows downs EWen“
for flSSlon fragments, in case of the lighter group, the ionization may at
first increase slightly as the velocity decreases.

In the case ‘of carbon nuc1e1 we cannot use the Thomas-Fermi statistical
method to give Zi o The carbon nucleus has a kinetic energy of 10.7 Mev
when 1ts veloc1ty 15 ‘that of the slxth electrone It pieks up the two
K electrons in thls region. Then its charge will be fairly constant until
it reacpes;the velocity of its fourth electron, at l.4 Mev. ;In Fig. 41
are indicated the 012 kinetic energies corre8poﬁding to the velocities of
its various electrons; with an approximate curve drawn for Z;%, We must
not.expecﬁAelectrone fo_go from zero to full time occupancy of an electronic
state at _a.-rvly‘v'lell'-.-deter_‘mined point, nor is zl* to be intei'éreted to
correspond to the actual charge that exlsts, since the effective charge
may be less in a stopping substance lighter than the 1n01aent particle
than it is in a heavier (Ref 89, p. 118).

We may thlnk of the 012 ion as redu01ng ite charge by two'unitse in
the neighborhood of v = @ v,, but behaving then Like a pafticle of
" fixed eherge --fef instance, 1ts 1onlzatlon loss per unit path increasing

as l/v2 - untiljthe kinetic energy falls to the v101n1ty of . 1,4 Mev and
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the ion begins to pick up L electrons. nge, possibly, we may use an expression
like Z* = ._zll/ 9/v, if we limit it to the region: v,&v&2.5 vo. It has
. been sketched in on the graph to show how it fits. In_this'regidn it appears
that the carbon ion should behave much-like a fission fragment in that thé
ionization will pot inerease as the velocity decreases, In Ilford E-1 emulsion,
it is noticeable that ngér"its end the carbon track»appears to thin dqwn a
little and, within 2 to 4 microns ffom the end, may even have a gap of two{

It is of_passing interest to noti¢e the effect of electron capture on
the Bragg ionizaﬁion curve for carbon nuclei‘compared to ﬁhat.for alphas, In the
region of stfipped nuclei, dE/dx for carbdn nuélei is, according to the equation,
nine times as high as for alphas of the same velocity (still almost true after
) entering the Bohr region, since the only.change is entry of Z; under thellong
term). But at about 11 Mev the carbon nucleus begins to reduce its charge (at |
v ?-"6vo s while the alpha does not reduce charge until v ¥ 2v5). From v = 6vg,
to approximately 2.5 v, the carbon ionization may increase, but not at the
rate expected by 1/v2 since its charge has fallen from six to four. Indeed,
at v = 2 v, dE/dx_for'an alpha equals the value a carbon nucleus had at
v = 6_vo. The ihcfeﬁse in ionization from 6 v, to 2 v, is’the only edge the
carbon ion has on the alpha, In emulsion an alpha track a few microns from
its end may become fairly comparable in density to a .carbon track ét the same
point. A Bragg curve made by recording oscilloscope "pip" heights from an

ionization chamber shows a wide low peak for carbon ions.

3. DNuclear Collision Region: v< Vg,

Loss of energy through electronic collisions is the important mode

until v = v, quite closely. At that point Z;* decreases very rapidly because
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of the plck—up of the valence electrons' therefore, electronlc stopplng becomes
‘very small°: If a new effect did not come in there would be' 2 long tall added
to-fhe'range. The new effect.is nuclear colllslonu, which have been rare
occurrences thus fari Now the factor My in the denomlnator, whlch kept this
stopplng term small is overbalanced by the decrease 1n velocitys..

of course, the nuclear collision region is an ex tremely small part
- of the range for a proton or alpha, and not much largeér for a carbonanucleus
(its energy 1s only 0,25 Mev when it enters the region). Ifiwe camnaré-fhe
'nuclear collls1on term with the electron term Lor- carbon ions and for fission
fragments we see that although it appears as the same .function for each-'
vnalelY: varylng as (Zl/Zl )2 this does not denote the same Ievel of 51gn1f1~
cance for carbon and fission fragments at a glven velocity. At v = Vs '
Zl is not,essgnﬁ;ally dlfferent for the‘two parulcles, and decréases't0§érd
zero at about the seme velocity, but Z) 1S, of course, of the order of six
%o»nine.times greater for a fission ffagménts'«Hénce, the nucleéf*stépping |
tefm is a relativélylmuch lafger effect‘for‘fissﬁoh-frégments,vas'iS'evidenced
by the bendlng and branchlng of -a fission. fragment track in ‘the latter half of
its.rangeo A,carbon track will often be bent into a hook-shape at its very |
end but branchlng there is falrly rare, _FUrther, the branchlng from nuclear
collisions in the early part of the;tracknisblessﬁfrequeﬁt for carbon ions
than for flSSlon fragments since the cross section. (Ref. 89, p 43) for nuclear
CO—llslonS varies as Z;?. CorreSpondlngly, it is notlceable 1nathe emulsions
containing C}2 and alphas together that branching oécuré}ﬁuCﬁ m6}e ffequently
foy*éérﬁons'than for alphés;. One fﬁrthéf»pqint to-remark on is that vhen

My > My, the deflections of the incident particle are not large in muclear
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collisions, and the slowiﬁgmdown process is comparable to that from électronié
collisions. Thisizhe usual case for fission fragments, the exception being
for heavy stopping materials., But when M'fg.Mé,_the elastic nuclear
collisions produce large deflections and disperse the beam, This process
accounts for the spali hbok-endSeoften observed on carbon tracks.

When the incident particlé is deflected in a nuclear collision, the
struck particle is also displaced, though often the displacement may not '
be'sufficienf that“it could be detected as visible branching. Just as the
Rutherford scattéring law gives a forward-pesked maximum in the laboratory
system for the incident particle, so it gives a peak towards 90 degrees
for the struck particles.; The displacement of atoms in the target materials
is studied under the name of ®radiation aamage" 96 The much greater
capacity of carbon ions, as compared to 11ghter ions, in producing radiation
damage has stxmulated 1nterest in their use for this purpose.:

e Region of‘gaé kinetic co;;;é;ogé.

The nuclear 0011181on term in Eq. (7,1) holds for.a- , ‘considerable distance
below v,, but does not hold for v<3(wr The nucléar collisions continue,
but a different'type of equation must be used (Ref. 89, p. 136), and the
colllslon cross sections became 1arger until, at the very end of its
velocity, the partlcle is brought to rest or to equlllbrlum (1n case the

.stopplng substance is a gas) by gas kinetic collls1ons. This region is com-

pletely 1nconsequent1al for carbon ions in emuls1on.

96. J. C. Slater, J. Appl. Phys., 22, 237 (1951).



5. Siraggling in Ra.nge."
Since- the stopplng of a nucleus is almost entmelv due -to small -
energy losses in collisions :the statistical fluctuation in the number of

these ‘collisions per unit length will show up in a fluctuation of tlie energy

lost pér un:.t d::.stu.pce traveled and,hence,  of %the edper'“red renge beyond

&

that in.tem(al.‘ The total range to bri ing a particle to rest may fiuctuate
considerablyv.f ‘For particles as heavy as ﬁuclei we need nct concern our-
selves with'l;}anée straggllng from enother source:s curved paths from
‘muliiple scattering. | '

For 'small enetrgy 1osses, the probability function for the energy loss
' fgr-any given t.h:l.cknes.; will be closel 1y gaussian; conseguently, the mean
square fluctuation in energy may be eval.uated, :—mdl transformed to mean sguare
fhictuation of the fa.rig‘e (Ref. 9, pe 127). For = particle traveling among
nucledi heavier than itselff’, the resulting’e:é;pression for straggling from
electronic collisions "'is:.
3m \1/2

w—
o || —

F M

where E{R}.’LS the standard u.ev:,atlon in ranbe II-, is the mass of the
in.cic‘xunt particle, and n the ma.ss of an electron. For O.lpha” in emulm.,on
thié glves a range s‘i:raggh.ng ccmpared to the tor,al ranr'e of close to ons
percent; for carbon nuclei, 0.6 percent, for fi.ssicﬁ i‘ragmc—:-nts}. ‘C!.l percent,
Straggling frem nuclear collisions may alsc bs calculated, For alphas

and carbons it is at most é. few percent of the s_tfaggling from electronic
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celllslonu, and, hence, is negllglble. Fbr{fieeioﬁ’freéﬁente;‘héwever;:there
is a 1arge contrlbutlon in The close nelghborhood of v oY ‘where the residual
range is abqut one-th;rd OLfthe total range. This’ may glve a relative
_sﬁandafd e%feggiing‘effabout 3'pereeﬁtAof"£he.totel'fange (Ref. 89, p. 138).
Fef'earﬁgﬁ?fﬁeﬁfesidual range at ¥ =V, is so small that the contribution

to the %eféi‘?enge’sﬁraégiing”woﬂld be extremely small, even if the carbon
were in a medium lighter than itself rather than one heavier, which ténds
instead to eceﬁ%eri%he carbon nucleue,drIn‘ﬁeaeﬁring’the‘rangee of”cefbbn
nuclei?in:emﬁiSiens$in %his;reeeafch; it was easy to straighten out visually
the SQallneﬁd'hoeks fodgive a closé measurement of ‘the actual distance

traveled,"

'B. EXPERIMENTAL EQUIPMENT AND RESULTS. -

1

In d931gn1ng apperatus to obtain a rangenenergy.eufve, the obgedtiee
set was to get an “absolute" relatlon in the sense that the energy would
be obtalned from measurement of the eurvature.ln a known magnetlc fleld
and the range of the same partlcles would be recorded in emu131on. At
the same tlme 1t was de31rable to obtalﬁ "relatlve“_range-energy data,
with the range and energy of ‘the carbon lone compared dlrectly to that
of another type of part:.cle0 Relatlve sets of data may show up errors“‘
'that would go undetected on an absolute measurement ba51s, Slnce alpha

012

particles are accelerated along with the ‘ilons, .it was convenlent to

use them as a relative ‘standard; ‘the‘range~energy\relation for them -has

“been measured by many experimenters and cannct be far wrong. If ¢12 ions
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were to be used; there was no necessity for making measurements on C
iens, :Direpﬁ.proporpiénaliﬁy.should Qold verytcloselyfz

.An_igegl_wey to measure the energy is by setting up three'narrow
slits in thelnearly uniform magnetic field betweep the ﬁole’tips and %o
adqut_these.slits 8o that a few particles deflected up or down frem ﬁhe
beaﬁ platter"will‘pass through the slits.. Hubbard and MacKenzie?7 have
used this*metbod-tovobtain precise range-energy data fer protons. It was
not practicable on the GrockeraLaboratory sixty~inech eyclotron to ser up
the necessary apparatus inside the tank. However; the same principie could
- be used‘en,the“external beam without . the necessity of scattering itﬁout of
the median plane;;;The accuracy of measurements would be limited principally
by the gize of therbeam available but should be quite‘adeqﬁate.

The prerequisiteS'for measuring the energy in the external magnetic
field are that the field strength and the slit positions should be accur-—
ately known; The slits must, of course, be narrow, spaced as far apart
as possible, and there must be a means of deteetlng when they are adJusted
so that the max1mum beam 1s passing through them.f | -

The magnetlc fleld is falllng of f rapldly in the reglon travelea by
the external beam. Unless it were made nearly unlform, 1t would not be
possible to easure it accurately and also, there would be -3 large error
in the calculated energy from any small error in measurement of the absolute
Iposition of the slite. Aecordingly, steel plates to uniformize the fidld

were designed* For'symmetry the inner and outer edges were circular arcs

97. E. L. Hubbard and K. R, MacKenzie; Phys. Rev. 85, 107 (1952).

* I am indebted to Professor Wilson Powell for a discussion of the
practical aspects of design of uniformizing plates. . It was not pos%lble
to follow all his recommendations, e.g., that the beam be kept in the
central portlon only,
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which were placed at the corresponding radii with respect. to the'ceﬁter

of the pole:tips (Figure.42). .The.inner faces were made parallel and as
close to each other as feasible.(actﬁally'9/16-inch),_ The outer .surfaces
were then tapered, with the amount of-taperscalculated on the engineering
approximatioh_that,véonsidering the magnetic field above and.below the -
plates as undisturbed, the magnetomotive. force f —I?od-f '(measured' along .
‘any field line) that originally was present in the region occupied by the
plates wouidVall be placed across the gap betweenbthe'plateso7 Theibasis
for thé approximation is that H in the iron is very small:,ﬂﬂiroﬁ = Hair‘

If tl.and tz are the plate thicknesses at the inner and outer radii, one
could be found in terms of the other by H; (2t1+W) = Hz' (Rt,+W) where W
is the gap between the inner faces. For the inner arc at the 35-inch radius
and the outer at. the 47-inch radius, suitable thicknesses were one-half
inch and two' inches. For ease of machining, the taper was.made uniform.
Two-inch,boiler}pléte was used. In Figure 46 is shown a composite of meas-
urements of the magnetic :field between the pole tips and of .the field
between the plates. The field beyon& the,ﬁlates was measured with them

in éosition;. Figﬁre 43 is a;photog?éph-made during the méasuremént.of the
field between the plates. This measurement was made with a General Electric
flwmeter and a specially constructed small,coil@ Relative measurements
of the field were taken élong four radial lines, approximately at slits 1,
2 and 3, and at the center of the photographic chamber, Along each radial
line,>thé field was measured at halfminch intervals, One absolute measure~
ment was taken oﬁ each radial line. At the inner and outer edges, the

fiéld varied rapidly, but it was relatively uniform in the middle region.
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FIGURE 43.

The apparatus for obtaining raﬁge—energy is shown in
.positidn withvthe»faceplate removed. Measurements .
of the magnetic field with the General Electric flux-
méter are being made. The blocking‘probe is in the

poft”ét the extreme right of the picture.



=238~




=239~

FIGURE 44

The sagitta-maasuring'arm with its three slits to measure

the beam energy and the photographic plates to record the
range are shown in their relative positions. The top guide
plate for the center slit has beén removed to expose the slit
to:view. The stainless steel ﬁiCrbmeter which moves the center
sliﬁ caﬁ be seen through the lucite window. HNumbers 1 and 3
slits‘are fixed with reSpect to the arm. The pivots at these
points for the a&&usting rods,are directly over the slits;
Behiﬁd the third slit is the scintillator head in position.
The 1ight is transmitted down a lucite rod to the photomulti-
plier tube in the magﬁeﬁic shield, Below it is its amplifier,’
After the beam is located, the scintillator is retracted

enough to permit the beam to pass to the photographic plates.
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FIGURE 45

A combined blocking probe and ionization chamber are shown

in this picture. The blocking probe was desirable to. elim=
inate stray beam in off-center orbits from coming out between
the dees. To use the blocking probe effectively, it was nec=
essary to know where the maximum of the deflected beam lay;
this was the function of the ionization chamber. After loc-
ating the beém, the probe was moved out the amount necessary
Yo put the slit where the chﬁmber window had been, Later a =~
longer, more effective blocking probe was used, separate

from the ionization chamber.
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In the area where the beam would be-meésured, the field was uniform
within about three percent.

Since the field was relatively uniform, it was not necessary that
the absolute position of each slit be measured with great precision.
The only precise measurement required was the position of the mlddle
slit with respedﬁ-to the two outer slits. To satisfy these requirements,
the beam arm, or sagltta—measurlng arm shown in Fi lg. 44, was. de51gned.
- The- flrst and last slits are fixed on the arm, but the arm can be moved
as-desired by rods attached to bearlng collars centered over these slits,
The mlddle slit is centered between the other two and ean move -in and
out in a”éhannel; It is on a plungér loaded by a phbsphor-bronze-spring
so that it always presses against ‘the end of a stalnless steel micrometer.
The micrometer is adjusted by a rod leadlng through a: Wilson seal. Its
one-inch throw is extended by ingerting gauge,blocks. The setting of
the micrdmeter, aftér”thé‘slits;are édjﬁsteéffér maximum beam, can be
read through a. luclte window. ' From this reading.and a value previously
found for the line of sight measurement of the three sllts, the sagitta
of a circular arc %hrough the three slits can be obtained ‘with an accuracy
of approx1mately 0,001 1nch.< The non-uniformity of the field will cause
a deviation from a circular arc,'butilhevcofréction can be calculated
with the circular arc as the first approximation.

The adjusting rod attached to the third slit is made of two tubes
. with a lucite rod inside.‘ On the inner end of the rod, an anthracene..
| crystal.wagweemented to give sqln@illations from particles coming through

No. 3 slit,  The lucite rod conducted the light pulses to where the
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magnetic field was small enough.that-a 1P=-21 phdtomultiplier»tube‘could
be'shielded.fromjit.~ After the beam wasvloéated, the inner stainless -
steel tube'could be retracted a little more than anjinch to ‘permit the .
beam to%pass:to"the-photggraphic plates which then were shoved. into .
places. In-brder fdr.individual scintillation pulses to show clearly on
an oscillbscope screen to permit adjusting to’pick:up the beam, a f"pulse~
stretcher” w.s added to the amplifier by K. D. Jenkins.

The photogﬁaphiq plates were brought up_in'a'cassetté, which was .
pumped down after positioning it on the apparatus. Then a wedge-action
vacuum lock could be opened to permit-shoving the plate holder:-into position.
The plate hoidér‘cpuld.be:maneuvered by two rods and located with-.respsct
to No. 3 é;it~by means of notches. The plétes were inclined to the
horizontél at_aﬁ angle of 4045{, An especially large plate holder was used,
holding two plates 3-1// x Afl/L inches, in order to get a.long trace of
the beam pencil, = The lowest energy for which the béam‘armfcan be.used is
about 40 Mev. - Fé: range~energy data below AO‘Mév,fthéﬂbéamfof'that energy
vcould'be paséed thfbugh a-thin foil which would give:little dispersion,
‘and thevnew‘enérgy éoﬁld'be‘measured~by the curvature of the center line
of ‘the beaﬁ on the two plates.

In addition,.ﬁhe length of trace given by two‘plates wés desired in
order'to.exberiment with the capture and loss of electrons by carbon ions
out near-the.endAof their range. When the first 'and second electrons
_ bégan”to be picked up,.tracesﬂéf 06,>05f, and 643 beamé;shouldﬂbe seen,
The separation of the t;aees would be: adequate, at least-op tﬁe second -

plate: A few accurate points.on the capture and ‘loss of .electrons by
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- carbon nuclei would be of considerable interest for comparison with theory
since the-pick=up:of the two inner electrons should be essentially dif-
ferent fo?’éérbdﬁﬁions passing through a foil of greater atomic number,
sayfaluminuﬁ?orfgold,ﬂcbmpared to their passing through one of less atomic
number, for example, beryllium (see reference -89, Chapter 4).:

The entire-region=between'the plates had to be in vacuum, with no
other magnetic material than the two field-uniformizing plates. The .
sealing strip around the .plate. edges, the-face—plate'aséembly, and the

‘photographic :chamber. vacuum lock were made of brass. All these were hard-

. :goldered to the steel plates. The high heat required and unequal shrink-

age’caused warping of the brass and cracking at. soldered joints. Great:
difficulty was:had in obtaining a vacuum tight system.r . Other than that,
" the apparatus functioned well.,. .
. Theé second difficulty was in getting a carbon beam intense enough
" that the three narrow slits could be brought into adjustment to pass it.
‘The -procedure was-as follows: Nos, 1 and 2 slits were retracted. A
toderately narrow beam entering the plates Waé qbtainedffrom either the
: blockingwpgobe'slit,or the slit in front of the ‘foil wheel, No. 3 slit
ws moved in or out to find the limits of the beam and its approximate
maximm,. Then No. 1 slit was moved into position'with No. 2 still re-
“tracted. Finally,:No. 2 was moved in until, first, the inner face of
the slit cut out the'beaﬁ,“and.then the beam reappeared: through the .
slit, During adjustments of slits Nes, 1 and 2, theﬁbéam'oftgn’faded, _
into“the5background of randoﬁ‘pulses,/.ﬂo points could. be obtained with

the slits open 0:010 inches, - Two good points in the range-energy curve
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were obtained with the slits open 0.020 inches, and two more with them
open ‘0.040 incﬁestﬁ Even with theflatter‘slit.width, the ceﬁter of the
energyidistriﬁutidn is well determined, although the energy spread
passed is higher than desired.

'As a first approximation, the beam energy could be calculated from
the measured sagitta under the assumption that the magnetic field was
uniform, ‘When the‘range—energy points based on this agsumption were. .
plotted, they were found to be uniforhly of too low an energy for the
ranggfmeasuredgf This error could be;seeﬁ,from the points found for: the.
alphas that came through the slits at the same time the carbon ions did.
The error was large, corresponding t¢ a magnetic field nine percent 'too-
low. Thé aceuracy of the General Electric fluxmeter was expscted.to:be:
within one-half percent. The:only source of error seemed to be thatb
the absbluﬁé field measurements may have been taken where the field -
-was changing rapidly or that the area used for the coil was in error..
The coil had been destroyed and measurements'could not be repeated.
;~However,ncheck-meaéurements:were'méde with a ‘Rawson=Lush rotating—coil
- Gaussmeter. The average of readings w1ﬁh it 1nd1cated the- orlglnal
E.absolute vaiues wers, as predlcted nlne percent too low.ﬁ However, the’z
Rawson—Lush could=not glve 1ndLV1dual readlngs of the f1e1&=tﬁéﬁ4%éfeT""
accurate enough to use.. Its accuraty is only 2.5 'percent of full
scale (12,000 oérsteds). Indeed, the motor rotating the coil could be
heartl -slowing down as the probe‘WAS'mov§d'in'beyond the center of the .
plates.

‘Absolute energy values’ for the measuréd ranges had to be foregone,
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Fortunately, the relative alpha.staq@apdawas,a;Wst,presept,’glthough
the ‘number of. alphas that could be-found on some of the plates was
lower than desired@v;The'aatagfromnthese.innta, for both. carbon ions
and alphasyare given in Table 7.2. .

The data of Tablef752 do not specify what,value_gf_anergy gorres-
ponds to the measured ranges. It is known that the mgmenﬁuﬁvper_unit
charge waé the same for'the carbon and helium iong. -Assuming that
charges and masses are well established, we can oalculaﬁe that the
energy'ofathe ¢arbon ions was’B,OOl?é;times that of the alphasg, . From -
that point pg,“the“actual value gf.the carbon energy will be determined
by the range-energy data:assumed for the alpha., In the low snergy -
part of the curve;;ca1¢ulated from knock-on. protons, thé_energy will
similarly depend on. the protonArangewenergy-datadusedwm In the present
work,: the data;given:by«Wilkinslss(which is in -agreement.with that of
Rotblat) has been used. . The. numerical values (plotted in Fig. 47) for

the measurements made with the slits are:

TR} (nicrons) [[173.63£0.20 [61.86£0.14 |54.51£0.12 [45.2940.10

E ' (MGV) B | 3 : 112002 ' (PN 56-52 52.20 4504«3

Notice that it is 6’{’51_};, ‘not G"{R} s which is of intereé-t. ~The accuracy
of the carbon ion curve. in the -region determined by the slits (from
45 Mev up) should be about that of the alpha’ curve, which is presumed.
to be of the order of one percent.

Because of the~unknown_m&gﬁetie.fieLd strength,jtha.veryllow_energy

points could not be obtained by the proposed method, nor would it bs

~
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TABLE 7.2

COMPARATIVE RANGES (MIGROND) I ILFORD E-1 EMULSION COF 012 AND He4

IOND OF _LHE SAME MOI\'E_.NTUM PL.R UNIT CHAPGE

Run No.

Pafticl

\Iumber of fethod of . ‘
with Tracks [Measurement - oy True { , . |
Slit Mea.sured R o o’{R} Z2_ A(?QZF) ¢ A(_z;?_)}
Opening - : oo S 4 .. MR VJIT\WMERH, MR
RUN.I |c® - | 125 |Superstage  [173.63 | 2.20 | 0.20 | 520.87 . '
0.020" micrometer ' 21.59. 0.85
Slit .| Alpha -|:125 . . .|Superstage [499.62 | 6.70 | 0.60 | 499.28 . .
' micrometer :
RUN II| G2 | 100  |meticule [ 61.68 | 1.43 | 0.14 | 185.57
0,040" | D D I . |27.18 0.76
S1lit Alpha, 50 Superstage (158,39 YARCYA 0.6 | 158,28 ‘
’ micrometer ' : - S
RUN II7 c® 100  |Eyepiece 54,51 | 1,16 | 0.12 | 163.52
0, 040" |reticule’ | I 2445 0.77
Slit Alpha L4, Superstage  |139.17 |  4.50 0.68 | 139.07
v micrometer '
RON IV | c12 100 |a)Reticute | 43.31 | 0.39 - | 0.04
0,020" b)Superstage| 44.96 1.26 | 0,13
S1it v micrometer | o
cle 100  |calibrated | 45.29 | 0.98 | 0.10 | 135.87
- Lo eyepiece - o ' : 24,70 - 0.61
Apha | -11 = |calibrated |111.25 | .77 | 0.53 | 111.17
eyepiece : ‘

The value used for the smooth curve through. the data in Flg. 47 is as follows:

Weighted average A(ZZR) 2(21 59) + 27,

True (Z2/M

True ZZ/ M) 012

Under the

sample, -

d{R}ﬁs

l - 00000692

3(1 - 0.000050)

5

[

T

18+2445+24’70-2390i nNO,75,

columns headed @' , the values glven are the estlmate, s, of 6‘ from the

-1 Ve M/ \M Jcle W <
)2 o> {RClZ z2)
112
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poeSible tofevaluate'aeeurafely any data on eapture and loss of‘eiectronsa
In addition, the _near-zero beam through the sllts prevented gettlng the

,‘ » ¢

desired data.

“To obtain range—energy pomnts below. 45 Mev, a method somewhat simalar
to that used by Rotblat98 29 was employed.’ By measurlng the angle between
the carbon ion and a knock-on proton, and from a knowledge of the energy

of the proton based on a measurement of ‘its range, the energy of the

carbon ion after the colllslon can be calculated to plot against its

range. The equatlon is:
‘ Ec/lab Ep/lax,fl_ gé)
‘ ' 4Mp cosR (o+9P)
Me

or E i '"'g2;§98431
er ¢ '»Ep cos 94—%»

where 9+? is the a.ngle bet.ween the proton and the carbon ion after the

'collision: In‘the original survey of plates exposed-to study nnelear,
events, eoprdinates_had been set down for many proton knock-ons., The
most suitable ofrthese near the end of the range were now analyzed. The
resulting,poinﬁsiare plotted as open triangles invFigure'47; Each -
point is fromia'singlejknockfon; The accuracy .is not,hign.compared to
that of Rotblat; he used atdleast 800 tracks at eaeh energy point, The
valuee ef the 0;2 range and energy calculated fron the individual’

knock-on events are:

98, J. Rotblat, Nature 165, 387 (1950).. . . . =
99. J.‘Rotbiat,;Nature léZ? 55@ (1951),
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R(u) E(Mev) R(u) E(Mev) R(u) E(Mev)
469 6625 13.4 16.93 18,1 20,68
6.3 8,50 13,7 14.04 20.3 24.82
6.8 9,60 13.7 14.92 - R21.9 27.96
7.5 7.96 14.5 19,72 23.0 24,50

. 7.8 8.44 16.2 : 18,28 R3.4 28,02
9.3 12,78 16.9 21.35 274 30.65
- 11.4 - 16,97 ‘ 17.1 20,52 . 28,8 - 28,69

The G12 energies shown were calculated after calibratiﬁg the microscops
verfical adjustmeht against a standard of depth obt&iﬁed from the Film
Group of the ﬁniVérs;ty of California Radiation;Laboratory., Also the
proper emulsion sh'r"inkage factof of 2 3 was used. = The dispersion of the
individual points is probably due prlmarlly to uncertalnty in measuring
the angle Q'*jp between the C12 and the proton after the colllslon° If
the angle is 60 degrees, an error of one degree will give about six percent
error in enefg&,_ A judgment as to the true angie might be in error by as
much as threeﬁdegr_ees° |

It will be noticed that the difference Betwéen the ZZR/M for carbon
ions and for alphas bégins_to decrease_loné before the'éxpeéted-piok—up
of the innermoét gledtron b& carbén. This is the'éfféct to be expected
as the velocity énters the cross-overlregion from the Bethe equation as
the velocity enters the cgcss-over region from the Bethe equation (Ft(l)
to the Bohr equation 0ﬂ5>1)5 The optimum cross~over poi nt sKR=1.2 is at
29,83 Mev. The divergence appears to begin slightly above that value,
as is predicted.

As the curve enters the fegion of electron pick-up, a conceptual curve
as to what the shape should be has been drawn in to give the best fit for

the pointsa.
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