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ABSTRACT

A methane-filled expansion cloud chamber, operated at 1/3 atmos-
phere, was ased to study the .C12 + p = p + 3a reaction. T'wd hundred events} -
“that satisfied momentum and energy conservation’ were acCepted for a,nalysisi :

4
One hundred forty eight of these had all four prongs visible; the remammg

fzfty-two had only three vxsible prongs with the fourth prong directed mto an i

One -quarter of the events proceeded via the

Be"~ ground state and at least one-half via the 2. 9-Mev level in Be8 ; poaszbly

higher levele in Be were also involved. vadence for the participatmn of

levela m C at 9 6, 16, 20, and 25 Mev was found. There is evidence that |

the C . (p. a) B reaction also partzéxpates, ‘with levels at 0 and 3.2 £ 1.0

Mev. The possabxhty of the C1 tp > Li5 + Be8 reactmn was mvestzgated

and it was concluded that it conld account for at mest five percem of the events.

At least one example of the C (p. d) 3a reactxon was seen.
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- and anert}‘ explaining the alpha- partlcle energy spectrum from B (p, a) Be .
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*  INTRODUGTION

One of the firgt successful analyses of a nuclear reaction in which

the reaction products consisted of more than two particles was that of Dee
8

Three alpha particles are produced in thts reaction, For a bombarding energy
of 200 kv the energy spectrum of the alpha particles can be divided into three
groups.z {a} a homogeneous group, which contains about one percent of the
alpha particles, at 5.7 Mev, (b) a broad group at 3.85 Mev, and {c)a con-

tinuous distribution extending fromn low energies to about 5 Mev, which con-

. tains roughly twice as rmany particles as Group Z.

These were mterpx eted by Dee and Gilbert as due to: {a) the reactmn
1 (n, a) Bea. ~writh the Be8 formed in the ground statp, {b) the reaction
(p, ‘m) Be8 with the Ee8 left in a state of exc1tatwn at 2.8 Mev. (The
wxdtn of Group 2, 0.51 Mev full width a.t half maximum, correspands to a width
of 0.77 Mev fcr this excited state), (c) the breakup of the excited Be8 nuclei,
Be8 - 2a. = » /

In 1949, Hanni, .Teleg'di. and Z{inti3 observed three-prong stars in | ’
nuclear emuleions that had been exposed to the y-rays from protons on lithium.
They determined the sum of the energies of the three prongs for each eveh_,t
(Et), assuming them to be alpha particlés. The distribution in E{ shqwe‘d two
peaks, one at 7.5 Mev and the other at 10.1 Mev. These values are in agree-
meut with the known energies of 17.6 and 14. 8 Mev for the 1iﬁhmm y-rays and

1

the value of 7.4 Mev for the Q of the C {v, 3a) reaction. These stars were

therefore identified as being due to this reaction produced in the carbon present

in the emulsion.

*Now at Oak Ridge National Laboratory, Oak Ridge, Tennessee.
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The energy spectrum of the alpha particles from the stars due to the
17. 6-Mev y-ray showed a continuurn that went to 5.3 Mev and showed a marked
peak at 4.7 Mev. This spectrum is similar to that obtained by Dee and Gilbert
from the reaction B”‘ +p - 3a. The analysis was carried out in the same
fashion and yielded similar results, i.e., a two-step process, in which the
firat step is a cl? (v, a) Be®*

. ) 9
excitation energy of 3.0 Mev, and the second the breakup of the Bea into two

* N
reaction where the Bee nucleus is left with an

alpha particles. They also noted stars that were interpreted as going through .
the ground state of Beg. _ . ‘
Following this, rrany experlmenters'g",“ have investigated the
(y. 3e) reaction at y-energies up to 300 Mev. Their results can be sum-
marized as follows:
Energy Dependence of the Cross Secticn.‘s'g’lo’“ The cross section

as a function cf energy shows twe large peaks at y-energies of 19 and 29 Mev,

with 8 marked minimum at 21 Mev. No events have been observed at energies
above 42 Mev. Examination of some 2, 500 stars gives evidence that the two
peaks are forred by the superpositioﬁ of narrow resonances spaced at about
l-Mev intervals. The strongest of these lie at y«energ-ieé of 17.3, 18.3, 21.9,
24.3, 26,5, and 29.4 Mev. The presence of these zﬁultiple resonances and
the strong minimum in the region of the giant {y, n) »1‘ésm1ance».-suggest a def-
inite compound-nucleus reaction, '

Reaction Mechanism. 4-10 At an energy of 17.6 Mev the reaction pro-

g% : -
czeds predominantly via the 3.0-Mev level in Beg with about two percent

going via the ground state. This preference for the 3. 0-Mev excited level -
holds true {or y-energies below about 19 Mev. For stars due td y-energies
greater than 26 Mev the reaction seems to proceed via either the ground state
in Be {12 percent) or one of three levels in Beg*, at 16.2, 17.8, or 6.4 Mev,
with the 16.9-Mev level pxﬁedoéninating Thls level has J = - 2 and even parity,
and is possibly the analogue of the Li8 and B ground statee with isotopic spin
T =1 | | | _ .

In the reglon between 19 and 26 Mev the rechanism of the reaction
is uncertain., The pr0portion of events that go via the ground state of Be8 in-
creases with energy from about 5 percent to 18 percent in this regibn. Those
events which go via the 3.0-Mev level in Be8 can account fér é.t most one-third
of the events. It may be that higher levels in’ Be8 are involved, or posslbxy
even three-particle breakup in the remaindey of the events. The present data

are inconclusive on this point.
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-The breakup of C12 into three alpha particles has algsé been initiated

12 noted threez-prong stars in a methane-.fiiled cloud chamber

Ab'y neutrons. Aaki
exposed to Li + D neutrons. Their total energies were in agree"mem with the
bassumptwn of the reéction C:12 (n, ') 3a. Most of the stars showed a random
distribution of energy among the prongs, but there were some that had two
short prongs and the other quite long. These have since been interpreted as
events that went through the Be® ground level,

In 1949, Green and Gibson13 exposed nuciear emulsions to neutrons
from deuterons on lithium and observed thré-e*preng stars. At the emergies

available the two pogsible reactions were -

A

14 -
N©° +n->Li7 + 2a - 8.8 Mev,

12 e n' #3a- 7.4 Mev.

C

The staﬁxfs were analyrzed to obtain the energies of the incﬁi-deni and scattered .
neutrons, The observaﬁi.on‘s' were sufficiently accurate t6 eliminate the' pos-
sibility of the nitrogen reaction, and the stara were therefore zdent:ﬁed as
teing due to the CI (n, a') 3a reaction. .

The data of Green and Gibson were analyzed further by Livesey and
Smith, 9 who found that the energy spectrum of the inelastically scattered neu-
12 3t 9.6 and 11.8
Mev., Those events which appeared to go via the 9. 6’5Mev level in (.‘,12 were

trons showed two peaks cai'respond{ng to energy levels in C

all consistent with the assurﬁption that they involved the ground state of Bea.
The events that corresponded to the 11.8-Mev level in Clz went via the broad
3.0-Mev level in Bee* '

In this experiment methane was bombarded with 32-Mev protons to.
study th-e C; %+ p = p + 3@ reaction. It was expected that many of the above-
mentioned features of the reaction mleéhanism, would show up in the work. An V
investigation of this reaction is made difficult by the presence of three com-
peting reactione, which yield the same end products and thus give the same

appvearance in a cloud chamber. The three possible reactions are

> o ' .
2(?. P') cl?* L BB a = 3a, ) (N

“(p, @) B ~Bel+pepiza, (2)
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cl? (p, Li®%) Be® = p ¢ 30. (3)

Reaction (1) is suggested as parallel to the ct? (v, 3e) and C]'Z' (n, n') 3a

4

reactions in which C is formed in an excited state as an intermediate nucleus.

The first step of Reaction (2) has been identified at a bombarding energy of

18 Mev. 14 Peaks in the alphagparticle spectrﬁm corresponding to the ground
and first excited levels of BY were seen, together with a large b_a.ckground of
aipha particles at low energies. Reaction (3) is included as being energetically

possibie.
EXPERIMENTAL PROCEDURE

The cloud chamber was operated in the annex of the linear acceler-.
ator building. The proton beam from the linear accelerator was deflected 10°
by the steering magnet and sent down a 25-foot evacuated tube to the chamber.
The last 10 feet of the beam tube was made of soft iron p'ipe with a 2-inch out-
gide diameter and 0. 25-inch walls. This was done so that the beam diameter
was not greatly increased through deflection and momentium analysis of the beam |
by the fringing field of the Helmholtz woils, A 0.00l-inch aluminum thin window - |
covered the end of the beam tube. An air ionization chamber was g}laced be- '
tween the end of the beam tube and the cloud chamber to permit the operator
to adjust the machine for maximum beam intensity between pictures. Three
ccllimators were used: the four-jaw collirnator at the exit end of the linear
accelé_rator; a carbon collimator with a diameter of 0.1 inch, pléced at the
exit of the steering magnet; and a carbon ccllimator of 1/8-inch di.ametgr at
a distance of 15 feet along the beam tubé, shadowed by a carbon clipper of
5/32-inch diameter placed 1 foot away. The four-jaw collimator was used to -
limit the intensity of the beam entering the chamber. The carbon collimators
defined the beam direction and diameter.

The air-cooled Helimpholtz coils produced a peak field of 6570 gauss

. with a current of 2200 amperes when used in pulsed operation. Current was
supplied by a 540 -k w minesweeper generator with a 2-ton flywheel mounted
between the motor and generator. The current pulse, synchronized with the
cloud-cham.ber cycle, had a rise time of Z»l/z_seconda and remained stationary
at its peak for about 0.2 second. A cycle time of about 2 minutes was used.
This limit was imposed by the maximum femperature at which the magnet

could be safely operated.
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The cloud chamber was generally cylindrical in shape and was oper-
ated with its axis of rotation horizontal. It consisted of frout and back volumes
. of 15 inch inside diameter, the front volume being 4 inches hxgh and the back
volume 5 inches, The beam entered the chamber through a thin window of
0.00i-inch aluminum. Front and back ‘voluimés were separated by a lucite -
piston sealed by a diaphragm of 1/32-inch gum rubber. Pantograph arms
were used to keep the piston parallel to the front glass during the expansion.
Black velvet over a cheesecloth pad covered the piston on the {ront volume
side. This was used as a black background for the photography and as a wick
to supply water vapor to the top of the chamber. A clearing field was main- |
tained between the piston and a grid of 3-mil tungsten wire mounted on a lucite
gpacing ring just back of the front glas»a Fiducial marks of known eeparatmn
 were scribed on the inside of the front glass. .
Since it was desired to operate at a total pressure of about 1/2 atmos-
phere, a 'cylindri_cal' tank was put over the pop valve and evacuated before |
each éxpahgimi. The back-volume air pressure was ccﬁntroued,‘by a Moore
- regulator using a vacuum as the reference presaure. Slow expansions were
obtained by the use of a solenoid valve which simultaneously connected the
back volume to the vacuum tank and turned off the back~volume air sapply.
Stereopairs were taken on Eastman Linagraph Ortho film with a matched
pazr of Wollensak Velostigmat 127-mm lenses operated at £/8, Illumination
was by means of two (General Electric FT422 fiash tubes. Each tube was con-
nected across a 256-microfarad ¢apicator bank which was charged by a 2000-
volt power supply. ' | |
The linear acceierat'or wag operated at a repetition rate of 15 pulses
per second. Each pulse was 600 psec long. Synchronization with the cloud
chamber equipment wag effected by means of the linear accelerator equxpzr ent
pulse, which preceded the beam by about 20 usec. The cloud chambez- control
sequence operated the magnetic field, fast-expansion, clearing field, and lights.
The tifnizig of the fast part of this sequéence was recorded on paper tape with
marks for chamber bottom equipment pulse and lights. The beam was brought
into the chamber four milliseconds after the piston hit bottom and the lights
were flashed 33 milliseconds after the beain. At the end of the fast sequence
the linear accelerator beam was turned on to permit the operator to adjust
for maximum beam. A pneumatically operated lead shutter prevented the
beam from entering the chamber during this time, Two slow expansions were
used, followed by a waiting perwd of 50 seconds until the beginning of the next
cycle. ‘
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- ANALYSIS OF THE DATA

'After development, the film was scanned under e highapowei' sterec- -
scopic viewer, and all events that appeared to consist of three or more cf;nQ
 current tracks were listed. A sketch of the appearance of each event was
made, The film was then put in the prdjec‘tion ‘apparatus, which duplicated
the geometry of the camera optlcs and produced full sized m,ages of the tracks
on a translucent screen.

' Measurements were made of dip angle, ammuthal angle, and range
~or slant radiug of curvatuzre for each track of the selected events., A carrectwﬁ
: waé appiied for the change in azimuth as the beam traversed the chamber.
Density of ionization and characteristic endings were used to tdentify the par-
ticles. The errors in each type of measurement were investigated; a complete
" discussion can be found elsewhere. -0 All the selected evenés-were read twice,
and where discrepancies greater than the expected errors were noted, the
filro was read a third time. , : '

The measgured data, the assumad zdenttty, the magnetic field, and
the range-energy reiation for the gasls were used to calculate the energy and
the rectangular components of momentum for each prong of the selected events.
Also, the errbrs in these quantities were calculateci by propagation of the errors
'of measarement, aésu&ning the latter to be independent. The error .calcul'atibn "
was done to cbtain a queinzi,tati_ve acceptance criterion for the events. |

Each event read wact identified as a three-, four-, or five~-prong event
according to thc number of visible prongs. In order to separate those events
caused by the C (p. p'} 3@ reaction from all the three-, four-, and ﬁve—progg :
events read, the foliowing identiﬁcationpréced{xre wag used. The events of
interesi consist of four prongs; one (the proton) is lightly ionizing and the other
threé'v'(the alpha _par‘ﬁclea) have much greatér tonizing power. Furthermore,
the total energy of the event is equal to the beam energy leé_s the reaction en- =
ergy, and the total momentum is equal to the incident mc'»m'entum..-z« Of cours‘e
particle identification may. sometimes be uncertain because of chamber con-' '
‘dition or because the prong has a range of less than about 3 cm.

There were seven £1ve -prong events congisting of a protan and four
alpha particles, whzch were" 1dent1ﬁed as_examples of the Ql {p, pP') 4a re-
action in the oxygen present in the water vapor. The total prong energies of
- each of these events {~ 14 Mev) were consistent with the identification, an&

the momenturn balance was satisfactory. The alpha prongs were short, about
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3 to 4 ¢cm, so that one could easily be hidden by the opaéue region of the beam. ‘
Therefore, those four-prong events which did not balance in longitudinal mo-
mentum and for which the total energy was about 14 Mev had to be investigated
for the possibility that they were in fact oxygen events with the fifth prong
hidden by the beam.

Among the four-—prong events there were some that did not have the
proper appearance. They had two lightly ionizing prongs. These events were
investigated in the high-power sterecscopic viewer, and most of them were
identified as the overlap of two elastic p-C scatters. In the five remaining
events, one of the two lightly ionizing prongs was discarded and the event was
calculated as & three-prong event. Subsequent calculations disposed of three
of them,

The remainder of the four-prong events, 211 in all, were teated for
energy and momentum balance to determine whether they were the C (p. ') 3¢
reaction. Where the identification of one or more pronge of an event was in
doubt, that choice of identity was made which gave three alphae and one proton
together with the smalleat deviation from momentum balance. Furthermore,
if the momentum balance could be improved by interchanging the particle i-
dentities of m;o of the prongs of an evént. it was done. All the identities ob-
tained by this requirement of best momentum balance were checked in the
high-power stereoscopic viewer by another observer, and if the ionisation did
not check with the identity chosen, the event was not accepted. Only two events
where the identity of two partiélep had been interéhanged were accepted. Of
those events where the initial particle identification was uncertain, eight were
accepted. ' _ ' |

Of the 211 events with four prongs viaible that were assumed to be
carbon events, 135 were accepted after the first balance. The remainder of
the events were examined to see if any of them could be identified as ox&geh
events. A fifth prong was fabricated which balahced the momentum. )'I‘he re-
quirements for acceptance as an oxygen event were that this prong be directed
into an invisible portion of the chamber and that the total energy of the event
"be about 14 Mev., Ten events met these requirements. The total number of
oxygen events (17) is in agreement with the number expected from the amount
of oxygen present in the chamber. '

One event was identified as a Cl3 (p, d) 3a reaction. The deuteron
track had a radius of curvature equal to that of the beam, but with a density
of ionization three times that of a beam proton. When it was identified as a

2
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Clz‘ event, the total énergf was greater than the beam energy; but when it v}a}s
identified as a C13 eveni, the total energy was correct. Two other events wege
identified as possibly due to this reaction. _ v

Those events left over, i.e., those not identified, were re-examined B
under the high-power stereoscopic viewer with the data cards at hand. More
detail was visible in the viewer than was visible on the projector because a
greater intensity of illumination was vavailialble. Each event was emmiﬁ‘;d
caref\illy to ‘see if any reason could be fouixd efther to discard it or to adjust
the data so that it would become acceptable. These reasons included exces-
sive turbulence, possible overlap of two events, improper choice of the fourth
prong when more than four prongs came from the same regién. and a scatter

that could change the measurement of the radius of curvature. Further, the

cards were re-examined to see what adjustments were necessary to bring the

event into balance. Forty events were discarded for one or more of the above
reasons, but there were 23 that had the appe‘arance of being _godd events. 50
that personal prejudice could be avoided, these events were reread by another
member of the group. The result of this final examination was that only 5 or
“the events became acceptable. Of the others, 15 had momentum deviations _
that.were outside the accéptable lirits but still within twice these limsits, i.e.,
they were probably true C12 {p, p') 3¢ events rejected. by the acceptance critéria,

| ‘The four-prong evenis were accepted on the basis of momentum and
ene“rg;:y regquirements. ¥or each event the X, ¥, and Z components of the totél
momentum were found. Pfoperly, the X and Y components of the total mo-
mentum should have been zero and the 2 componernt equal to.the momentum of
the incident proton (2. 70 in the units used). An event wag not accepted if the :
deviation from the proper value of any one of the three components of the total
momentum was greater than the sum, over the prongs of the event, of the er-
rors in that cOmpo‘nent; Further, those events were rejected for which the
total energy differed from 21.6 Mev by more than the sum of the errors in the
prong energies. (This value is equal to the beam energyfluss the reaction en-
ergy of 7.4 Mev for the Ciz - 3a reaction.} The simple sum of the errors was
used, rather than the correct square root of the sum of the squares, for the
sake of ease in computation. The simple sum lies between one and two, times
the value of the square root 61’ the sumn of the squares, and wa.é congidered to
be a satisfa.ctory criterion for selection, }

For each of the 138 events with three vigible prongs a fourth prong

was fabricated to give perfect momentum balance. The events were accepted
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~ when the following requirements were met: (a) the deviation from 21.6 Mev
of thé sum of the énergies of the four prongs was less than twice the sum of
ihe errors in the energies of the three measured prongs; (b) the fabricated
prong was dxrected into an invisible region of the chamber; and (c) the invis-
ible particle was chosen so that the event had one proton and three alpha par-
ticles. - Those three-prong events which met the energy roquement, 60 in
~all, were then examined under the high-power Stereosco;}_ic viewer to defze;-
miﬁe whether the prongs would or would not have been visible were théy at the
angles computed Ferty 8ix were accepted as bona fide C (p, P') 3a events,
since the fourth prong, as calculated, could not have been seen.

Because of the greater visibility into the opaque region when the film
was viewed én the stereoscopic :?iewer. there were 14 additional events for
which the fourth prong was found where computed. In six of these cases only
the‘ angles of the fourth préng could be read; it was impossible to make a rea-
‘sonable estimate of the momentuin. The momentum wase chosen to give the
B _rbinimu;u value of the sum of the deviations from momentum baiance. For _
the remaining eight events it was possible to get-all the meaéurements on the
~ fourth prong and therefore these eight events were then conmdered as four-~
- prong events. They were all acceptable. OGf tz;e three- preng eveants that did
not meet the energy rcquiremeﬁt, the great ma_lcznty had an energy around '
15 Mev. However, no further attempt was made to identify them.

The total number of évents accepted was 200. One bundred and forty -
eight of thewn had all four prongs visible; the other 52 had three pronge visible
and the fourth calculated to be in the. ‘invisibie region of the éhamber. In order
to check whether the three-prong events that were accepted had the same char-
acteristics as the four-prong events, the average value of total energy of an
event was determined for each group. The avgrage total energy of a four-
prong event was 21.9 Mev and that of a three-prong event was 21.7 Mev, which
is in very good agreement. ‘However, some. chiferencea between the two groups
. di:d show up-‘later in the investigation. There were very few events among the

three-prong gréup.that had a hiéh«-energya.ipha particie--only three out of 52,
as compared to 55 out of 148 for the four-pr.ohgfevent's; Also, the proportion
of three-prong'eve'nts decreased ior'higher excitation energies in CR, with
32 # 7 percent in the 8.0- to 17.0-Mev group and 21 + 5 percent above that.

The shorter a track, the larger the solig angle for which it wouyld be
: hidden by the beam; and t}-ese shorter tracks would be produced in the eventg
where the proton or one alpha particle took away most of the energy. Also,
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in an event with a high- -ensrgy alpha particie, the transverse 'momentum Te-
_ qmred to balance the event would place the short tracks at large angles to the
 beam. Because of these cep.s;dcra,twns. and the fact that the varicus energy
. distributions did not show any significant differe:icés between three- and four-

prong events, all events were treated together.
RESULTS

f The first possibility to be checked was that.of a difect four-particle
breakup of the N-I 5* compound nucleus. This was done by plotting the energy
' distributian of the alpha particles in the center-of-mass system. The trans-
formation to the center-of-mass system was carried out with the assumption
that the incident proton had an energy of 28.9 Mev. The beam energy was de-
t@rm_'ine& by measuring the radii of curvature of the tracks of individual protons
in pictures that contained only a few tracks. 15 It the reaction goes by way of
a four-pa.rtxcle breakup, them the distributien in energy of the alpha particles
is given by

Jaw = 22 (g 2
dN/4E = E™/ " (B, - E),

where EMaK is the maximum energy available to a single alp}_xa particle in the
breakup. This curve, normalized to the total number of alpha particles, to-
gether with the experimental energy distribution, is shown in ¥ig, 1. Ag can
‘be scen, the agrecment is not very goed and it was concluded that the great.
majority of events proceeded by some other mechanism,

Next, the possibility that Bea wag involved as an interzvemate nucleus
in any of the reactions was investigated. For those events in which the reaction
. proceeded via Bes*, two of the three al pha parucl@s wepe produced in the bvea}'-
vp of the Bes . The vector that connects their end points is a direct measure
of the excitation energy {E%) of the BeB*. Since it is not known which iwe of
the three alpha particlee were produced in the breakup of the 338*, the cal-
cula;icm of E* was done for each of the threé pairs of alpha particles belong-

ing to each event, according to the exprension ~
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The value\{&, E - Cos 8 85 ig the scaler product of the two vectors represent-
ing the momenia of the alpba particles,

If all the eventg, or an appreciable fracucm of them. hav > proceeded
via deﬁnite levels in Beg there will be peaks in the E#* distributicn correspond-
mg,m the levels involved. Because only one in three of the E*'values is Si'g- |
mificant, the peéksﬁ will be superposed on 3 continuous background. The E*
&iistributibn for all the events is shown in Fig. 2. There are two marked peaks,
one at. 0.5 Mev and the cther at 3.0 Mev, Of the 51 values of E* less than 0.5
‘ Meir‘, 43 lie at 0.1 Mev. The energy available farlthe hreakup of _.the ‘}i’ieg ground
state into twe alpha pa»rticles is 96 kv; therefors the 51 events with one £
value less than 0.5 Mev are interpreted as having proceeded via the greund -
state of E-e8 as an intermediate nucleus., Of these 51 values of E* less than.
0.5 Mev, only one could kave arisen from the extreme edge of the broad level
at 2.9 Mev. Figure 3.is a photegraph of an event that was interpreted in this
fashion. The two alpha particles below the beaw are the two prcd-u;':ed in the.
-brea‘mp ' ’ o |
o Figure 4 gives the dmtribuﬁ:ian in E* for these 51 events with cne
- value of E* below 0,5 Mev which have been interpreted as having proceeded
via the ground gtate of -Bes, This group will be referred to in the future as
the ground-state group. The separation of those values of E* greater than
0.5 wiev into iwoe groups in«.iim,msk that the gréund state of Beg is preduced in
. at least two types of reactibbeo The group around 2 Mev was produced by re-

‘ adtcus in which the proton carried off most of the energy and which probably
‘mvmved C,i excited to a few Mev above threshold as an 1n4'er:r ediate nucleus.
That group centered at 1.4 Mev was produced by events in which most of thﬁ&
energy was carried off hy ene of the alpha particles and involved either C
in highly excited states er the low-lying states ci Bg ¢ _
In Fig. 5 the E* distribution for the oﬁ.her 149 events is shown. This
greup will be z‘eferred to in the future as the lhrees Mev group. The peak in
the distribution in the vicinity of 3.0 Mev is mtarpretea as mdu.'ating, that the
great ma,;orzty of these events wum‘. via the broad 4 9 -Mev level in Be8 . The
indication of a 3ube1diary pieak in the vzcmaéy of 9.0 Mev is similar to that seen
by Elder and Telegd17 in their study of the Cl (y, 2a} reaction with 32-Mev
bremsstrahlung. Their inter_pretatidn wag that pesmbly higher levels of Ees
contribute te the reaction. The position of the peak, however, does neot agree
wiil: the known levels at 7.5 and 10,0 Mev. 16 Statistical fluctuations could

account for the presence 6f this peak.
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Further evidence for the pdssibiliiy of the involvement of higher levels
in Bes* comes from the fact that 19 events kad all E¥'s greater than 4.5 Mev,
but the interpretation of these events remains unceriain. -Their E#* distribution
shows a peak at about 6.0 Mev. Of these events, 1,5 are conaisienﬁ: with the.

- CIZ +p> Li® + Beb rea.cnon The peculiar nature of these 19 events might

akso be due to errors in measurement; 16 of them had one or more alpha par-
ticles which had large errovs because of exceptwnal difficulty in x‘peasuremcﬁt ‘
The next step in the analysxs was to consider all 200 events as meugh

2%
they had praceedcd via levels in Cl . The excitation ener gy of the C C}
can be obtamed in two ways: {(a) by adding the energies of the three alpha par-
12

ticles in the rest frame of Lhe carhon nucleus to the {3 of the C77 = 3a reacﬁ;ion,

and (b} by aubtra.ctmg 13/;2 of the protoun energy in the center of mase of the -

. whoxe systein from the total energy available in this center of mass. These

two values for the e}bcttatwn of the C 12 nacleus s‘xould agree within the errors
for those events which p:oceeé either ﬁhz’ough C 2% or througn states in’ B?.

- The difference between thﬁm cannot, thereiore, serve to dxffez entiste the {wo
typee of events. - ' _ ,

For low excita;tion energies, the thrae alpha pa;rtiélea stop in the ga's,
and the errors in méas’uring their enexgies are generaliy smnall compared with
the error in the determination of the proton energy. Cn the other hand, for
high excitation energms, the error in the prut(m eﬁergy is small compared
with the error in the sum of the alpha-partzcle energzes Therefore, three
pmts were made: (a) Eg {p), calcuiated {rom the proton energyi;z_ib) Ec (9.), |
calculated from the sum of the alpha-particie energies in the C rest frame;
“and (<) ﬁ ,ia weighted average of {a) and (b). The values of E, (e} and E (p)

were we).ghted inversely as the errors in the laboratory enargy,

= ;{/@c'(&); E, (PW o L4 \
“e T\TEE, T BE,/ \ZaE] * AR

\ p/

A straight average ;yaa definitely not correct, and the method used had the
ad&antage of being easy to calculate. 'I‘hé errors in the lab ener'gies are not
the same ag the errors in the center-of-mass energies, but it seemed reason-
able to assume that the relative magmtude of the alpha-particle and proton
errors was not drastically changed by the transformation. The E{_ distribution,
ghown in Fig. 6, wasa plotted separately for the ground-state grou; and the
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three-Mev group. The events were divided into: .three main groups as showu. IR

which were then mvesttgaﬁed separately,

Group A: 8.0 < Eg < 13.0 Mev (42 Events) - | AR
Bocause all events with E <:11.0 Mév involved the fgréund state of

Bvr;es, a further division at 11.0 Mev was made. The distributions in Ec: {a).

and E* are shown in Fig. 7. The short arrows show the _lcinemaiic- limits of

BE* and the long arrows show the. positicna'oi the peaks to be expected: The

limits and the locations of the peake were calculated for events that went via .

12% and Beg‘ The interpretation af these distributions

is as follows: Group Alnﬁhe events proceeded via the 9.6-Mev level in Clz

anpvcartatn levels in C

and the Beg ground state in a twe-8tep process; ,‘Group Azuthe events went |
L px ' ) . oo )

~ via the levels in C“‘ in the region from 10.8 to 12.8 Mev to either the ground

or first excited levels in 1’3 8. also in.a two- -step proceﬁﬂ, wtth 4% % 17 pewcem

having gone via the grou.nd staté,

Group B 13.0 < Ec < 1? 0 Mev {43 Eventa)

The values of 'E', and E* for this group are gzven in Fig, 8, separately
for the ground-state and the three-Mev groups. The _ET distribution is fairly
smooth but one might say that the peak at 16 Mev is due to the 16.1-Mev level
in C , which is knowg t¢ eruit alpha particles. 16 The amall (7.5 = 4. 5 percent)

‘involvement of the Beﬁ rbund state in Group B ie consistent wtth the C (y, 3a)

8% data.? The rest of the events appear to ™

have gone via the 2.9 -Mev level in Beg*a

The assignment of the events in Groups A and B as pz‘aceevding via
levels in CIZ* is fairly certain. In Group A, all the alpha-particle enérgies
in the center-of-mass system lie 'wi,thini the kinematic limite, For Group B,
four events {(cut of 43) have alpha particles with energiee that 1fe above the
‘kinematic limita; however, the errors in the energies overlap the limit suf-
ficiently to account for these. erfe these higher-energy alpha particies pro-
duced directly in (p, a) reactions, they would corresp.ond to Bg produced in~ '

excited levels around ¢ to 11 Mev. It is impossible to say that these four events

results® and also the B! (p.. o) Be

are not produced in this fashion,

The events in these two groups were also ‘examined to determme
whether they could have been produced by the C + p -~ L1-5 + Be8 reaction.
Only three events {out of 83) could be so interpreted; one c;f these fits the Lis

reaction better than the Cld. Further, all events in the Groups A and B had
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one E¥ < 4,5 Mev, s0 that they are consistent with transitions either through
v A ‘

the ground state or the first excited level of Be .
Group C: 17.0 < E. (115 Events)
The - gituation with respect to Group € is more complex. In addition
to the C evehts, the lew-lymg levels of E9 can give E values in this group
12 5
as will the C

' .
R sl

+p-=Li” % Bes reaction. Figure 9 ahows the distribution of
 proton energies and the E_ distribution for all events in Group C plotted so

that corresponding energies lie at the same abscissa. Three subgroups, as
‘shown, were chosen, The creosshatched regions show the distribution for the
g:;ound-—state grbup. Both distributions show evidence of level structure at
Cl‘2 w1th levels at 20 and 25 Mev.

Strauch and Txms” report a level at 20 2 1 Mev produced by mela.s-

tically = scattered prownsjd 96 Mev boribarding energy. Hechtm reports a
level in the vicinity of 19.5 Mev., seen in inelastic scattering of 32-Mev pro-
tons. It scems possible that the level at 20 Mev found in this work is the same |
level reported by thece workers. -

- A resonance at 1 Mev in the B (d a) Bee reaction has been reported
by Whiwhead. 19 This corresponds te a level in C 12 at an energy of 26.3 Mev..
- Transitions to both the ground state and the first excited level in Beg were
seen, the ground-state transitions occurting in about 25 pere:ent of the cases.

V I all the events in Group ¢, are assumed to beléng to the resonance, it fol-
lows that Z7 # 10 percent w;nt viz the ground state. The level at 25 2 1 Mev
seen in this work may possibly be identified with the level reported by White-
head, or it could be the level seen by Goward and Wﬂki:mg at an energy of
25.6 Mev, which decays by a-emission.

The energy resolution and statistics of this experiment are insufficient
to separate Group CZ into any definite ievels. A

To determine the modes of decay cf these levels in C“‘, distributions -
in E* were made for each subgroup séparately. The statistics were poor,
however. Therefore t,he total E# distribution for all the events in Group C
was plotted. It is ngen in Fig 10. The long arrows show the positions cof
the expected peaks and the short arrows the limits of the continuum. These.

.. locations were calculated on the aesumptxon that the events were due to CIZ

levels and went via either the 2.9-Mev level or the ground state of Bea. The
‘experimental results agree very nicely for the ground-state group. In the

three-Mev group, however, the agreement is not se good. The peak at 3.0
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Mev does not account for enough of the events. It would seem sui‘p’x‘isihg if
none of the events went v:.a the 2.9-Mev level, in view of the fact that the ground
state partwipated. From the height of the distnbntion at 3.0 Mev it is estimated
that between one-third and one-half of the events in the thret-Mev group pro- '
ceeded via the 2. 0-Mev level. The peak in the vicinity of 8.0 Mev ia,.l,(;ompaubiev
with statistical fluctuations, but it might‘becom'e more definite with more data.
If it i consxdered to be real then it can be interpreted as indicating that higher
levels in Bes » possibly the 7. 5. and 10.0-Mev levels, participated in the
 reaction from these high levels in Clz. All 19 of the events with all E* values
greater than 4.5 Mev are included in thig di_»stribution. The possibility of 'thfee— '
particle breakup is not excluded, and this mechanigm could account for as much
.as one-third of the events in the three-Mev group of Group,C. o

The above anaiyaxs of Group C has been carried out on the assumptzou i
that C1 levels participated in all the events. It is kno»vnl that the C (p, a) B9
reaction occurs at 18 Mev bonbarding energy, and it is haghly unlikely that it
does 90t occur with 29-Mev protons; therefore the assumpﬁon that all events
proceeded via levels in _612 is probably not justified. The conclusions about
the preportion of events that proceeded via ievels in Eeg made from the Es
distribution, however, are not changéﬁ. The shape of the E* ziistribution is
chieﬂy deterrcined by the Bea lavels involved, and is only slightly depencienf
upon the nucleus fror which the Beg was formed,

in order to analyze the data for evidence of the CIZ

(p, a) B’ reaction,
a plot was made of the energy disiribution of the most energetic alpha particle
from each eveal in Group C. Figuare 11 presents the results., The distribution
shows evidence for groups at 13 and 10 Mev, which correspond to the ground
state, Qnd a level at 4 Mev., There is no evidence for the known level at 2.4
Mev (which would appear at an alpha-particle energy of 11.5 Mev}; however,
the statistics are not good and the energy resolution is about £ 1.5 Mev.

_ As a further examination of the levels of the Bg reaction, a trans-
formation to the B’ rest frame was carriéd out for zll the events in Group C.
The transformation was -effected by adding 4/9 of the velocity componenté of
the most energetic alpha particle to the velocity components of the other three
particles. Then the energies of the proton and the two alpha particles in the
B’ '
the energy of the most energetic alpha particle. Only those events which fell
within 1.5 Mev in E of the expected line were considered. ©n the basis of

calculations, all the events, whether they proceeded via C,lz or B , shauld

+

rest frame were determined. The sum of these energies was plotted against
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lie in this region of acceptance. The grouping in evidence in Fig. 12, however,

- would come about only if some of the events proceeded via .39 levels. The

combination of the peaks in the energy spectrum of the most energetic alpha
parti:c_les., ‘together with the grouping in Fig. 12, gives good evidence for the
participation of Bq levels in the reaction. The position of the second group
in Fig., 12 is at 3.5 ¢ 1.0 Mev. This corresponds to an extitation energy of
3.2 # 1, 0 Mev for the Bg,
Mev for the known le\mi. |

The guestion still remaing as to the decay mechanism of the E’ The
9

which is in better agreement with the value of 2.4

five events in the B ground state group have one value of E# less than 0.5
Mev. However, there is anly 0.28 Mev available for the breakup of the ground
state of B into two alpha particles and a proton, so that even if the breakup
went direcﬂy o0& proicm and two alpha particles there would be one value of

E% leas thanjﬁ. 5 Mav. Thus, the fact that these five events have such a value

of E* is not néceasarﬁy an indication that Be‘va in the gréund state was involved.

Of the twelve events in the second gréup in Fig. 12, six have one value of E*
less than 0.5 Mev., There m about 3.5 Mev available for the breakup from

this level, and t)n, presezxce of one value ef E* less tha.n 0.5 Mev for an event

- is good evidence that the Beg ground state was involved in the: reaction. The
V . other six events in this group are consistent with decay tl’arough the 2.9-Mev

ievel of Bes. :
" The last poin% tG be examined is thé passszlity of the p + Gl - Be8 + Li
reaction. This is a two~ body reaction, and therefore the energy of the Bes

in the center of mass wﬂ} have one of sevéeral unique values, depending on the

~ states in which the Be and Lzs are formed, Only the ground state and the

16

2.5-Mev level™ ~ of Li are accessgible with the energy available, ‘T—ha-eaérgy

of the Bés in the center of masgsis given by

B . - T " %

Epe = By + Egy - E¥y
{that is, the energy is the sum of the kinetic energies in the center -of-mass
system of the two alpha particles produced in the Beg decay minus the Be
excitation energy). A more convenient value to calculate is the relative energy

8 _
of the Be , Be’ ;t i; giyen by

-

E. + E, - E#,
b] i

1
Be T TI9T - E:*j

5
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'I‘he value 19.2 Mev is the kinetic energy available fo the 14’ and B.éa_ﬁrheﬁ
'_thiay aro both formed in their ground states. For the ground state of Lis the

“Be values lie between .87 and 0,92, and for the 2.5-Mev Li5 level, between
0.72 anrd 0.78. The proper choica of the two alpha particles produced in the

Ees decay for each event has been facilitated by the E* determination. The

’ 'calculatwn of “Be was carried out for akl evente. Eor those eventis in the

groundaai:ate group the pair of alphas which produced t‘he low value of E* were

chogen. . For the other events, each pair that preduced an E% between 1.5 and
4.% Mev, or, if noné. ‘then that pair which gave the lowest E% value, was ch‘da@'n. :
Only three evenis {out of 85) in Groupg A and B could have proceeded in this

- fashion. For Group € there are 49 that are consistent with the Lis. poasibility.

The “Be dwtrzhutmn from the evc—mts of Group C is given in Fag 13, When
there were two ¢ “He values for an event, the choice was made in a pre*lwtermmed
random fashion. Also shown in the figure (dcmed line) is the ¢ Be distribution

to be expected {rom the events of Group C if they go via Glz‘in the proportions

' dete‘rmined above, normalized to the same number of events. The agreement
'between the twos curves iz excellent. The experimental peak at 0. 65 Mev is
" below the peak at 0.75 expected for the I..;is reaction, and there is no evidence

-

~for a peak around 0.90 that would be produced in the 1i’ ground-state reaction.

Therefore, there seems to be nc evidence for any large coniribution to the
events from this reaction, with at moat five percent of the events having been

produced in this fadhion. = o s
SUMMARY S

It was confirmed that both the ground state and the 2.9-Mev level of
Be8 were invoived as intermediate nuclei in the reaction. The possibility of
the participation of higher levels was not excluded. About one-fourth of all

events proceeded via the Beg ground state and a minimum of one-half by way -

 of the 2.9-Mev level.

Definite evidence for the participation of levels in Clz wags seen.
levels were identified at 9.6, 16, 20, and 25 Mev. The 9.6-Mev level went
only to the Bea ground state. Those levels in the vicinity of 12 Mev decayed

- to either the ground state or the 2.9-Mev level of Be® with equal probability.

For the levels between 13 and 16 Mev, less than five percént of the events
went to the Beg ground state and the rest were consistent with transitions
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thraugh the 2.9-Mev lovel. The decay m.echanism of thc 20+ and 25 Mev levels
is uncertain because any given event could eg uany well be interpreted as having
proceeded in any of several ways. "However, if we assume that these events‘
did go via these two levels in Clz, then 16 % 9 percent and 27 = 10 percent
respéctiveiy for the 20 and 25-Mev level decayed into the Rea ground state,

It was estimated that bcﬂ.ween onp -half and one-third of the remaining evemts

&=
‘asmgnecﬁ to these levels m C meceeded via the 2.9-Mev level in Bea . Tha

mechanigm of the ramammw events wasg undecided, with a geod poss:bihty
that the 7.6-Mev level in Ees wae involved in seme of therm. ‘
For the one event identified as CI (P- d} 3a, the analysis is consistent

with the following reaction scheme:

CM {p, d). (exmted to the 9. 6-rMev level)
cle® . Eseg #a {ground state) .
Beg - 20 .
s . L
‘The {nveatiwatian of the ossibility of *‘I'ge'ﬁ9 reaction ‘qﬁowad that

the grcund state and the f{irst e‘:c;ted state of Bg were produced and ﬁecayt a

~ into two alpba particles and one proton. The mechaniem of the decay of these

levels was undecided though all the events were consistent with the par nupa“mn

of either the ground oz 2.9 “\aev levels of Beg'. A

in the C ulz P La + mes reaction it was found that although 52 of

the events, 49 of which were in Group C, were consistent with this reaction,

the diétribuiib’ in relative energies of the Bes nuclm was fitted quite well by

the di stmbutwn t6 be expected from the events when they were considered as

mmha.vmg proceeded via levels in G2, 5t was estimated that this reaction could

account for no more than five percent of the events,

The mechanism Cm {(py 2") Ciz with the subaseguent decay of the
excited GIZ inte three alpha particles has been confirined as the principgl
mode of the reaction C™7 {p, p'} 3a. Emission of an alpha particle from the
C}’2 excited levels to either the ground or 2.9-Mev levels in Bea is favored
over direct tripartition into three alpha particles. The reaction may also go
via the mode ,CIZ {p, )B with at least the ground and first excited states of

Bg participating Here, also, BPB is formed as an intermediate nucleus.

12 the modes of decay are-in agreement

7 ’9 The fact that no

For the excited levels of c’
with the data from photodmmtegration experimepts.
events were seen corresponding to the 7.6- .Mev level in Cl ' can be explained
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by the results of the inelastic scattering of ’*2 Mev protons by carbon, 16 in
winich the number of protons cbrreopondmg to the 7. 6-Mev level was very much
sn zller than the number from the 9.6-Mev level. This result was also seen

at 96 Mev bombarding energy. 17 | B

te
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Fig. 1 Total center-of-ma8s energy distribution for alpha particies.,}-' The -

indicated errors are the statistical standard deviations,
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Total distribution in E%. o
Fig. 3 An event in which the ground state of Besb was involved. The two
alpha particles below the beam were produced by the decay of the Begv-v

intermadlate nucleus.
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Fig.

Distr ibution in E* for those events with one E* value < 0.5 Mev.
Fig. 5 Distribution in E* for those events with no E# value < 0.5 Mev.
Fi‘g. 6 Distribution in E for all events. |
Fig. 7 The dmﬁributmns in E {a) and E# for Groups Al and Az
Fig. 8 The distributions in E Lz, and F‘* for Group B.
Fig. 9 The distributions in proton energy (E ) and E for Group C.

Fig. 10 The distributions in £¥ for Group C. o . _
Fig. 11 The distribution in energy of the most energetic alpha pa.rtxcm o£ each
event in Group C.
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¥Fig. 12 Selected ev-.,n"c.fs plotted with the encrgy of the most. cnergetzc alpha |
| particle of each event as abscissa and the sum of the kmeuc snergws
cf the protcn and the other two alpha particles in the E reat :frax* K

as ordinate. , !

Fig. 13 The distribution in ‘Be for Group C.
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