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THE MECHANISM OF THE REACTION Cl +p > P + 3 AT 32 MEV
John Logan Need

Radlatlon Laboratory, Department of Physics -
University of Cahforma, Berkeley, _Ca.hforma

December 3, 1954

ABSTRACT

A methane-filled expansion cloud chamber, Voperate‘d at 1/3 atmos-~
phere, was used to study the Clz +Pp =>p +30< reaction;. Two hundred °
events that satisfied momentum and energy conservation were accepted
for analysis. One huﬁdred forty-eight of these had ali fourj prongs visi-
ble; the remammg fifty -two had only three v151b1e prongs with the fourth
prong directed into an invisible region of the chamber. There is no evi-

3% '
dence for direct four-particle decay of N . One-quarter of the events

proceeded via the Be ground state and at least one-half via the 2. 9-Mev

level in Bes*9 poss1b1y hlgher levels in Be8 were also involved. Evidence
for the participation of levels in C}12 at 9. 6, 11, 8, 16, 20, and 25 Mev

was found. There are grounds for believ_in'g that_ the Clz (p-X) B

reaction also participates with evidence for levels at 0' and 32 ‘t 1.0

Mev, The possibilitvy of the C'12 +p = Lis + Be8 reaction was irl‘;sfes;tigated
and it was concluded that it could account f.o_'r"at most five percent of the ‘

events.
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THE MECHANISM OF THE REACTION C -+t p>p+t 3X AT 32 MEV -

v John Logan Need - ’

Radiation Labofato_ry, Departfhent of Physice

University of California, Berkeley, ,:_California:

Eecember 3, 1954

INTRODUCTION

One of the first successful analyses‘of a puclear reaetion in
which the reaction products censisted of more tha.n twe particles
was that‘of Dee eﬁd Gilbertl explaining the. élpha -partiele energsr
spectrum from B11 (p, X) Be8,_ . Three alpha‘particles are produced

in this reaction and (for 200 kv protons) they fall into three groups:

1. A homogeneous group at about 5. 7 Mev.
2. A broad group at about 3. 85 Mev.
3. A continuous distribution extending from low energies
to about 5 Mev, wh.ich’c-onte_xins roughly twice as many particles as
Group 2 v
Accoz;ding to Dee and Gﬂbert,- Gfoup ]l is'due to the reaction
,BM + p~y X ¢ Be8 with th.efBe.8 formed in the ground state, It
contains only about 1 percent of the alpha particles,
. :Group 2 is produced by the reaction Bll‘+ P = O+ Be8=§< and
- yields a value of 2.8 Mev fozic the excitation energy of the B'es* nucleus.
This group is not monoenergetic and ha.s a width at half maximum of
0.51 Mev, which gives:a width of 0. 7.7:-Mev'£orf<the Bés' eXcited level.
Group 3 is then due to time breakup. of the-excit‘ed;Bes* nuclei,
Bes*c-}’ Z.éta For constant bombarding energy and a unique eicitation
. of the Be8 nucleus, both-the velocity of the Bexs*'(v@Be)-in ‘the center of
nmaes 22d the velocity of the. second and third alpha particles (V 4 ) in

S 8% S :
the Be rest frames are constants. - The energy of the second and



third a,lpha particles in the center of mass is then given by

_-Z—(VBe + Vo = Z.VBeVd\COS 6),

Bo =73 Voo

where 6 'is the angle between the direction of flight of the Be8 nucleus

e

. ' , 8 ' '
and the direction of the:breakup cf“the Be" LAssuming isotropic

8% .
breakup in the Be . restframe,
dN/dq = const. = dN/27 sin 6 d6,.
Now, by different'iating ‘the éXpréssion_fo‘i' Ex , we get
dE’o(/dG = ZVBeVO( sin 6 = Con:s‘f? sin Gr,l
Therefore ' ‘

_dN / dE _ 27 sin ™ const, = const.’
INMEx =35/ T8 - const.* sin§ -

or, the distribution in energy of the secoﬁd and third alpha particles is
unifofm in the center of mass. The agreeiﬂent between the experimen-
tal and calculated spectra was excellent.. | . |
In 1949, Hanni, Telegdi, and Ziinti3 observed thr_ee-’-prdng stars

in nuclear emulsions that h%d been exposed tb ‘thé X -rays from protons -
on lithium. They determinéd the sum of the energies of the three prongs
for each eyent (Et)9 assuming them to be alpha pér‘ticles, The distri-
bution in Et showed two peaks, one at 7. 5"Me\} and the other at 10.1 Mev.
These values are in-agreement with the known energies of 17. 6 and 14. 8
Mev for the lithium Y-ray':fs and the value of 7.4 Mev for the :Q of the
Clz, (T , 30 ) reaction. Th’esé stars were therefore identified as
being due to this reaction produced in the carbon present in the emulsion.

" The energy spectrﬁm of Ithc—f-, aipha part'liclves frvorr'v1 the stars due tol the
17. 6-Mev 7-ray showed a continuum whichv\x‘/_ent to 5 3 Mev énd showed
a marked peak at 4.7 Mev. This spectrum is similar to that obtained
by Dee and Gilbert from the reaction Bll- + p+3CX-. The analysis was

carried out in the same fashion and yielded similar results, i.e., a .
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. ’ ' ) 12 8%
‘two-step process, in which the first step is a C (X » X) Be reaction

e

8%
shere the Be nucleus is left ‘with an excitation energy of 3.0 Mev, and

. 8 ,
the second the b'reakup of the Be 1into two alph.a particles. They also

noted stars that were interp‘reted'as going throngh the ground state of

Be

- . e ‘ . 4-11 . . .

»° Following this, many experimenters .... have investigated the
L 12 : .
C (7,31 reaction at 7T -energies up to 300 Mev. Their resulfs can
be summarized as follows: | | | :
- 5.8, 10, 11
Energy Dependence of the Cross Section: o The cross

section as a function of energy shows' two large peaks at T‘-ene‘rgies of
19 and 29 Mev, with a marked 'rnin‘imum at 21 Mev. \NO events have been
obsefved at energiee above 42 Mev., Examination in some 2, 500 stars
gives evidence that the two peaks are formed by the superposition of nar~
row resonances spaced at about 1-Mev intervals. ‘The strongest of these i
lie at 7 -energies of 17.3, 18.3, 21.9, 24.3, 254.5, and 29. 4 Mev. The
presence of these multiple resonances and the strong minimum in the
region of the giant (" .,, n ) resonance suggest a definite compound-nucleus
reaction.- o

. 4.10 : |
Reaction Mechanism: At an energy of 17. 6 Mev the reaction

' : *
proceeds predominantly via the 3. 0-Mev level in Be8 with about two

pefcent goi‘ng via the ground state. This preference for tiae 3.0-Mev -
excitedrlevei holds true for v ae'nergies below about 19 Mev. For stars
due to "T-—.enefgieé greater than 26 Mev the reaction seems to proceed
via either the ground state-in’ B’e8 (12%) or one of three levels in Bes*,
at 16, 9, 17. 8 or 16.4 Mev,, w1th the 16 9-Mev level predommatmg
This level has J 2 and even parlty, and is poss1b1y the analogue of the
Lis and B8 ground states with the 1sotop1c spin T=1.

In the region befcween 19 and 26 Mev the mechamsm of the reac-

tion is uncertain. The pr0port10n of events th.at go via the ground

o 8
state of Be increases w1th energy from about 5% to 18% in this region,
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T‘I'l.ose events which go via the 3. 0-Mev level in Bgs can account for at
most on_e-third of the events; It may be that higher levels in Be8 are
involved; or possibly even threeré}tic’le breakup in the_ remainder of

the events. The present data aré inconclusive on this point.

: 12 ' . :
The breakup of C  into three alpha particles has also been initia-

téd by neutrons. Aoki12 noted three-prong stars in a methane -filled
cloud chamber exposed to Li+D neutrons. Their total energies were in
agreement with the assumptibn?of, the reaction C12 (in, n) 3K . ‘Most
of the stars showed a random :distri'buti'on of energy among the prongs,
but there were ‘some that had tvi?o ‘short prongs :and the other quite
long. These have since been interpreted as gvenfs that went through
the Be8 ground level. |

In 1949, Green and Gibsonl3 exposed nuclear emulsions to
neutrons from deuterons on lithium“and 6bsergve.d three-prong stars.
The stars were not seen when ti;e: neutron er'ieffgy wais below 7 M“ev.

At the energies available the two possible reactions were

14 ‘ 7 ‘
N +n->Li +2x - 8.8 Mev,

12 .
C +n - n' +3x =7.4 Mev.

The stars were analyzed to obtain’the cnergies of the iﬁcident and

3catteréd ne'utréns. The» obs_e.rva:tions‘were sufficiently accurate

to éliminate the possibility of the nitrogen reacti_on,‘ and the stars

Wére therefore identified as being due to the C12 (n, n*} 30 reaction.
The data of Grreeh and Gibson were analyzea further by Livesey

and Smithg, who found that the '-e'nergy’ spectrum of ‘the inélastically

scattered neutrons showed two pee_).ks 'c'oz_'resﬁond’ing to energy levels

in C12 at 9.6 and 11.8 Mev; ‘.Thése evéérlfs Wthh a.pp‘earfed to go via

| the 9. 6-Mev level in C12 w_e_fe all E<‘;onsi§tenrt with the' a_ésumptibn that

they involved the ground 'ététe of Bés, The evér;ts that cpri;esponded

ate
X

12 ‘ o
to the 11.8-Mev level in C  went via the:broad 3. 0-Mev level in Be
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In the experiment d1scussed herevm methane was bombarded with
32-Mev protons in order to study the Clz +p > p+3X reaction. It
was‘expected that many of the above-mentioned fe_atures of the reaction
mechanis"m would show up in the work. 'An investigation. of th"is reaction
is made d1ff1cu1t by the presence of three competing react1ons, which
yield the same end products and give the same appearance in a cloud

chamber. The three possible reactions are

S 12 12% - 8
1. C  (p,p") C —3 Be +o(-=yso<

iz, .9 8

2. C (pX)B" —pBe +p —»p+2(><
12 5 8 :

3. C T (p, Li ) Be =»p+3K.

Reaction 1 is suggested as parallel to the C12 (y> 3c) and
CIZ (_n, n') 3X reacfsions_in which‘Clz is formed in an e'xcited state
as an intermediate nucleus. The first step of the second reaction
has been identified at a bombarding energy of 18 Mev. 4 Peaks in
the alpha-parfticle spectrum correspondi.ng to the ground and first
excited levels of B9' were seen together with a large Background of v
alpha particles at low energies, Reaction 3 is included as being
energetically po,ssibl.e, although difficult to identify.

If the reaction proceeds by wayr of one or more levels in Cl‘2

one may ekpect the proton energy sPectrum (in the center‘-of-mass
system) to show peaks at energies corresponding to fhe levels
involved. ' Similarly for those events which go by way of B9 the
energy spectrum of the alpha partlcles should show peaks
Finally, in Reaction 3, there should be peaks in the energy ‘distri-
bntion of_ﬁ'.the B.es*' (calculable, althOugh not dir_ectly observed‘v) according

to whether the Li and the Be are in their ground or excited levels.
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EXPERIMENTAL PROCEDURE
Beam Tube | | .

The cloud.chamber wae operated in the annex of the linear accel-
ierator'bu'ilding A plan view of the arrangement is shown in Fig. 1,
The proton beam from the lmear accelerator was deflected 10° by the
steerlng magnet (C) anci sent down a 25-foot evacuated tube to the
chamber,. The last 10 feet of the beam tube was made of soft iron
pipe with a 2-inch outside diameter and 0. 25-inch walls. This was
done so that the beam diameter was not greatly increased through‘

- deflection and momentum analysis of the beam by the fringing field
of the Helmholtz coils. To keep the iron pipe from deflecting when
the maghe’tic field came on, it was fastened to a rigid aluminum A -
frame Which w_as cast in a heavy concrete base, A 0.00l-inch .
aluminum thin window ‘cox.fe_red the end gf the beamtube.

Cellimation
| Three collimators were used: The four-jaw collimator (B) at the
exit end of the linear accelerator a carbon collimator (D) with a

~ diameter of 0.1 inch, 'placed at the exit of the steering magnet; and a
carbon collimator of 1/8-inch (iiameter at a distance of 15 feet ‘along

the beam tube from (D), shadowed by a carbon clipper of 5/32-inch
diameter placeci 1 foot away. The, four-jaw collimator was used to
limit the 1nten51ty of the beam enter1ng the chamber The maximum
beam intensity ava1lab1e in the annex was about 1000 times too great
for usable pictures. During the initial tune-up and steering the four-
jaw cql}limator Wais left open to facilitate the process of getting maxi-
mum.heam at the cloud chamber, and then adjus ted to give the proper
number of protons to pro‘duce_ two 01; three events per.picture.' | .The

carbon collimators defined the beam direction and diameter.
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LINAC BOMBARDMENT AREA ANNEX

PLAN VIEW
HiGH ENERGY END OF LINAC
4 JAW COLLIMATOR
STEERING MAGNET
PRIMARY COLLIMATOR
'SECONDARY COLLIMATOR AND CLIPPER
WALLS OF BUILDING .
THIN WINDOW AT END OF BEAM TuBE
ION CHAMBER
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HELMHOLZ COILS
PROTON BEAM
CAMERA TUBE
STEREOSCOPIC. CAMERA

Tr XTI Tmgog0Op>

MU-8025

Fig. 1. Plan view of the experimental geometry



Intensity Monitor

Between the end of the beam tube and the chamber an air ionization
chamber was placed to permit the operator to adjust the machine between
pulses for maximum beam intensity. .An air chamber with no windows "z

chosen to give minimal stopping power.

Magnet ' -

" The air-cooled Helmholtz coils (J) produced a peék field of 6870
gauss with a current of 2200 amperes when used in pulsed operafion,
Current -Waé supplied by a 540-kw mihésweeper generator wit‘h' a 2-ton
flywheel mounted between the motor and generator. The current pulse,
synchronized with the c'loudachafnber cycle, had a rise time of 2-1/2
secondé and remained stationa'ry at its peak for about 0.2 second. A o
cycle time of about 2 minutes was used. " This limit was imposed by the

maximum temperature at which the hq’é.gne‘tcould be safely operated.

Cloud Chamber

The cloud chal.'n.ber (I)bwa's genefally cylindrical in shape and
was operated with its axis of rotation h_orizqhtal. It consisted of front
and} back volumes of 15-inch inside diameter, the front volurme being 4
inches h&gh ar;d the back volume 5 inches.’ The beam entered the cham-
ber through a thin window of 0. OOl-a‘inch aluminum. Front and back.
volumes were separated by a lucité.pisfon sealed by a diaphragm of
1/32-inch gum rubrber, Pantograph arms were used to keep the piston
parallel to the front glass during the expansion. Black velvet over al
chéeseéloth pad covered the piston on the front 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
maintained betwéen the piston and a grid of 3-mil tungsten wire rr;ounted "
on a lucite spacing ring just back of the fr_or'xf glass., Fiducial marks of

-known separation were'scribed on the inside of the front glass.
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Since it was desi red to operate at-a total pressure of about 1/3
atmosphere, a cylindrical tank-l?a_".inches in diameter and 17 inches
long was put over the pop valve and evacuated to a pressure of about
100 microns‘bef’orje each expan,siiorf'l° ‘When the pop valve was opened
the pressure in the back volume dropped to about 1/9 atmosphere;
‘which permitted the p_ressure in the front volume to expand the
chamber. The back‘u\)olufne air pressure was controlled by a Moore
regulator which used a vacuum as the refvererice 'pfveseure 'C:)’en'npressed
air was used at the input to the Moore regulator to give a suff1c1emcly fast
compression. Slow expansions were obtamed by the use of a solenoid
valve which simultaneously connected»the back volum_e t_p the vacuum

tank and turned off the backev.olﬁme air supply.

Photography

Stereo pairs were taken with a speciaMy constructed stereosceopic
camera (M) mounted 54 inches from the front glass of the chamber at
the end of a lighttight box. The pictures were taken ‘on 100-foot rolls
of Eastman Linagraph Ortho fllm with a matched pair of Wollensak
Velostigmat 127 mm lenses operated at f 8. Illummatlon was by
means of two General Electric FT422 flash tubes, Each tube was
_connected across a 256-microfarad capicator bank which was charged
by a 2000-volt power supply. The discharge was initiated by a high-

~ voltage pulse from a spark coil (triggered as described below).

Therfnal Control

Both the inside faces avnd’the'cyiihdrical holes of fhe‘ two magnet
co1ls were supphed w1th heat sh1elds Ta,p water Was run through these
to 1nsu1ate the chamber from the heat of the c01ls A box was
constructed around the chamber and beam tube aesemolyan the space
between the two magnet c01ls to keep room air from blowmg on the

fron_t volume of the chai_nber,_ The_came_ra tt_).v_be_”sealed the front of the
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- chamber and the back plate sealed the rear. A small, high-speed blower,
» mounted Withbt'he motor outside the box, was used to circulate air in the
region between the coils. ' It was necessary to introduce warm air from a
.~ hair dryer into the camera tube to keep the front glass from fogging. Thé
temperature inside the chambér was measiired indirectly with a mercury

thermometer placed in a jar of water in the box bet ween the coils.

Sequence of Operations

The linear accelerator was operated at a repetition rate of 15 pulsés
per second. Eé.ch pulse was 600 Fsec iong. Synchronization with the 'cloud
chamber eqﬁipment was effected by means of the linear accelerator equip-
ment pulse, which preceded the beam by about 20 psec.

Fifteen seconds before each expansi;m the beam was turned off by’
shifting the ion-source pulse out of -phase with'the rf acceleration. At the

end of the waiting period first the field and then the contactor of the genera-

tor was energized and a variable t;irné delay started. The ending of the delay

cocked the fast timer, which was then initiated b'y the next incoming equip-
ment pulse.‘ ‘The fast timer turned off 'Fhe clearing f_ield, initiated the
fast expahsion, fired the lights, and turned off the generator field. It also
selected the one equipment pulse on‘which the ion source was shifted back
into phase.  In addition, a signal was obtaine_c.l‘whea. the cloud chamber pis-
ton hit bottom. The timing of the fast sequence wé.s' recorded on paper
tape, which permitted rapid adjustment‘of'thé't‘i'ming.' Tlhe sequence was
set to bring the beam into the chamber 4 milliseconds after the piston hit
bottorri and to flash the lights 33 millisecorrlds.after ‘the beam had entered.
At the end of the fast-timer sequence the linear accelerator beam
‘wa‘s turned on to permit thé operator to adjust for maximum beam. A
pneumatiéally operated lead shu.ttevr prévt'ented the beam from entering

‘the chamber during this time. Two slow expansions were used, followed
by a waiting period of 50 seconds until‘.the"beginning of the next ¢yc1e.
During the slow expansions the clearing field was turned on and the magnet

contactor. opened.

W
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ANALYSIS OF THE DATA

After development; the film was scanned under a high,—-_po;;ver
stereoscopic viewer, and all evenﬁs--that appeared to consist of three
or more concurrent tracks were listed. A sketch of the appearance of
each event was made. The film Wa.s then put in the projection apparatus,
which duplicated the geometry of the camera optics and produced full-
sized images of the tracks on a translucent screen (Fig. 2) . Two
Wéstern Electric 300K zirconium arc lamp‘s protvided illumination.
Because of the way the projection éf)paratus was set up the axis of the
cloud chamber, which had been horizontal during the experiment, was

vertical in projection.

Details of Measurement

The trané,lucent screen \J;/as placed in a horizontal position at a
height such that it was the same distance from the lenses of the projec-
tion apparatus as the back of the front glass had been from the caméra
lenses, The position of the film and the focus were adjusted ﬁntil the
sets of images for each of the two fiducial marks coincided and the
separation between the images of the two fiducial marks was equal to
the separation of the two fiducial marks on the front glass. The taBle
w_aé then raised unfil\ some point near the beam on jone track of the
event was COil;ICident on the screen at an arbitrary point along the
horizontal axis AA. Rotating the screen about the horizontal axis AA
{with AA approximately normal to the track) brought the two i‘rhages
of the entire track inte ceincidence. The origin of the table was then
moved to the esi;vimatéc.l'positi"oh of the origin of the event and adjusted
in height until the track images were agaiﬁ coincident. With its héight
kept unchaqged, the table was rotated about a véftical axis untilr the

line BB was along_ ‘one of the other tracks of the event and then, it was

determined whether the entire track could be brought inte coincidence

15
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‘by merely rotating the translucent.screen about'AA. If all the tracks

apparently belonging to one event could ibe brdug-fit_ into coincidence at
the same height, data on the event were ~ recorded.

- The raw data were recorded on Keysort 'cafrds, one card per
track. For each event the following items were’ r_eéorded:" picture'
number, identifying letter, number of prongs, gas 1;ni)"’<turé, and
“origin®. The “origin” is the distance, measured 'a.l‘orig the bearh;
of the origin of an event from an arbitrarily fixed point in the chamber.

For each track the following measurements wer'e"rn_adé:

The dip angle ®{degrees): the angle in the ver_ti'cé.l.plan_e

~ between the tangent to the track at the origin and the horizontal

plane..

The slant radius of curvature PS , or the range R (cm).

R was measured if thé track ended in the visible portion of the
.chamber, Sometimes both eg and a minimum value for R were
recorded when a track had the appeara‘hce of ending soon after
leaving the chamber, ‘

The beam angle@m (degrees): ' the angle, in the horizon-

.. tal plane, between the vertical plane through the tangent to the

track at the origin and.an arbitrarily fixed ditection in the

horizontal plane,

‘For those tracks where :E)S ~ was measured the following additional

data were recorded:

The distance D (cm) from the center of the measured portion

of the track to the center of the chamberv?

The percentage error in Qs , determined from the.léngth of

~ the chord of the measured poiftion of the track and the as s_urhptici)n
that the error in reading the sagitta is 0,10 mm, independent of

" the curya’tuf e.
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The angle (X is the angle, measured from the‘-'hqfiz‘pntai_, through
which the scréen had to be rotated about AA t6 bring the two images of
the track into coincidence. The élé:i,nt radius of curvature was measured
by matching the curve with one of a series of arcs ruled on a lucite.
template.,' A line ruled on the temvplate perpendicular to éll’the arcs
was placed along AA with the chosen arc tangent to BB, and the screen
was then rotated about a vertical axis until the arci.and the image of
. the track liﬁed up. The angle @M was read on a divided circle on the

head of the drafting machine.

Beam Direction

Because the direction of the beam changed as.it‘ went across the
chamber, the angle ,eM measured for each track had to be corrected
to .obtain the anglé ? , where % is the angle‘(measured in the hori-
zontal plane) between the vertical i)l.»a.ne through the tangent to the
‘track at the origin of the event and the beam direction. Figure 3
shoWs'a lsche_r-natic of the angi'es. F‘rom‘the valﬁes.{ of s a,ndA@B obtaineq
for the beam-energy det_ermihation, as described in Appendix II, the
variation of the bea‘,m‘.’direction with the position along the beam was
found. The a\./'erage values .of 28 determinations on.FB for each of
14 points along the beam were plotted against §, ar_,;d' a'straight line
was fitted to the points. The probable error of each point was 1 0, 79,
Using this graph aﬁd the value of the.“origin“- for each event the value

of @B appropriate to the event was found.

Errors in Measurements

Range. The sources of érror;i_n the energy as meastred :by'range were:
the range-energy relation, straggling, and the determination of the
origin of the event.. The error in the range'-energy relationas discussed

in Appendix I, wis ¥ 5%. In the case of straggling, the average error

was ¥2'mm. The uncertainty in the position of the origin was taken to be .
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2 mm. This uncertainty was due to the fact that the origin was hidden
by the beam; 'so that its position had to be determined by projecting

the prongs of an event back to their intersection.

Magnetic Field. The magnetic.field strength was determined by

recording the peak current of each pulse during the running time of
the ex“pe.r.‘i-ment. After the experiment the field was measured with
a search coil and integrator. The measuring equipment was synchro-
nized to measure the Afiéld at that .ti.r'ne in the cloud chambéf cycle at
which the proton beam entered the chamber. Measurements were
taken throughout the volume occupied by the chamber. The search
coil and associated equipment were calibrated in a tesk_t field that |
had been measured by means of the proton magnetic.moment. Thus
the results obtained express the magnetic field in terms of current
| 'rvea.c‘iings‘ taken on the same ammeter and in the same fashion as
during the ekéeriment, The quoted inaccuracy in the field measure-
ment was * 0.3%. ) |
- The field was -founci to be cylindrically symmetric in the cloud .

ché._rﬁber volume, and the axial variation over the illuminated region
Waé less-than 1%. A plot of magnet current vs magn'et field at the '
. center and a plot of the radial variation of the field (the field at the
center being 100) were made and used to:obta'm thel magnetic field

at the center of the portion of the track used for the radius-of-curvature
measurement. The error inBP due to the magnetic field was about

1%, which is small compared t\ovthe errors due to the curvature

measurements.

Radius of Curvature. Measurements carried out in the cloud chamber

group here over the past several y'earé have shown that the error made

in n’iatching the arcs ruled on the templates to the tracks amownts to

A
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0.1 mm in the sagitta, independent of the curvature and track length
available. A nomograph was cqnstruc.t'ed which gave the percent error
in ?5 as a function o_feS and L, the legg_th of the track used for
measurement. The relation connecting the variables is § 95 =
100 AR/ Ps = s.(%/f) (1 +0.08 %/LZ),

Another source of error was ythe curvature Ct’ due to multiple

scattering and turbulence. To determine this curvature, pictures

were taken with no field and 'a weak beam. Measulrerhents of 24 tracks

were made with a precision comparator microscope. The curvatures

were determined by plotting the tracks with the traﬁsverse, scale
magnified by a faétor' of 100, drawing in the curves, and measuring
the sagittae and lengths. The distribution in curvatures yielded a
rﬁean valug of Ct: 1/(25m). The a\}erage track had a r_adius of 50 cm
and a Sestf 8%. Therefore the error {~2%) due to turbulence and
mﬁltiple scattve‘ring was negligible with respect to thé measurement

errors.

Angular Measurements, The accuracy of the angular measurements

with the equipment used has been thoroughly investigated by Wilson
15
Powell et al. They found that the angle(X was reproducible to

o ,
within #1°, and the angle @M to within £ 1.5 , for cases in which the

"'orig'in'of‘ the event was visible. The origins of the events were not

visible in this- experiment. My experience has indicated that the best

" estimate for the error in GM is 4 2°, while the error in” X is best

“represented by the relation 8&: 0.035 (1 +X), where X and 8 O(

are in radians.
The error in the measurement of X is due to the uncertainty
in the determination of the heights of the end points of the tracks, and

is therefore approximately proportional to 1/L. The increase in error

in (X at larger éngles»was‘ chiefly due to the shift in the origin caused

{
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- by refraction as the transiucent screen was rotated, and to the conse-
quent uncertainty as to the positien ofi‘the«orig'in”;
Becaluse the origin oflt’he event was not visible and the track had

to be proje‘eted back to the origin, /there was an ‘error in @M caused by

the e\frér in es . Let @ be the angle that the track has at the v1s1b1e ,

edge of the beam; then @M = + L/PS ;s where @M is the angle at

e
the origin of the event, L the distance along the" track from the edge of
the beam to the ’qri.gin-v of the eveqf, and PS-V the slant radius of curva-
ture of the track, If .prirriers denote measured qu_antities; then one can
obtain from the above eqx/aation : ‘ ' ‘
@M—ﬁm ¢ "Fs) /'PSE)s”: ~ '
A@ =L Aes/ fs K
Fora typical track L =3 cm; ps 50 cm; andAQS is 8% of 50 or 4.0
cm. This gives a typlcal error in @N\' of 0. 3 . For short stubs the
uncertainty.in S - was quite iarge, .a.nd therefore the error inﬁ/\,\
for tracks of from 1‘ to 4 cm was estimated to b.e"fa‘e high as t 80,
There is an additional 'uncertain‘t;r in @ (as differentiated from
. @M ) bec;ause of the uncertainty in the di‘rectio‘nv. of the beam at the
position of the event. As discussed ur‘1de‘r *Beam Di fection_" fin this
chapter, the probable error in the determination of the beam direc-
tion was T 0.7° af each ppinfq The radius ef curvature of ;he proton
beém in the field was 114 cm This was sufficiently gzrea.t that an
error of 3 mm in the position of the origin of theeveht produced a
negligible error in the direction of the track with respect to the pro-
ton béam. _ |
Deflectlons that eccur before the partlcles emerge from the
opaque region of the beam would result m errors in (X and B s
and, if sufficiently large, would upset the{epe‘rgy and momentum’

balance of.i:hebevent.,T The probability that a typical (6, Mevwv) elpha

k%
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. particle would suffer a s1ngle scatter of 2- 1/2° of more in a distance
of 3 cm is about 0. 003. The rms deflectlon due to multlple Coulomb
scattermg for the same partlcle is l 2 o 7

The typical angular errors were used in the calculatlons except
for those cases in which the track was exceptmnally short or badly

obscured. 'For the latter the estimated errors were used.

Rereading of the Film. As a check on the author’s measurements

\

the film was read a second time, and where discrepancies greater
than fhe expected errors were noted the ‘film vlzas read a third time.
For those values wh1ch were read three t1mes adjustments lwere
made, sornet1mes in the values themselves, and sometimes in the ;

errors ascribed.

A DU DI B
Calculations

These calculations werev preliminary to the acceptance of an
event:

, Ti‘acks for Which R was measured The energy was obtalned from -

the range- energy graph appropmate to the mlxture 'rl‘hev momentum
was calculated from the relations P _; \r—I:D. - for alpha particles and

= O..5’02\[T~3" for protons. (The unit of momentufn was taken to be
the mementum of a 1-Mev alpha particle. ) Next, the rectangular
components of the momentum were calculated from

P = P cos Ksin @ ,
X R “

P

= P sin0OL,
Y : .

, P..Z..F-' P cos K. cos @ I

the z direction being taken along’vvthe beam »anvd'the other tWo perpen- -

dicular to the beam direction.
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Tracks for Which PS was measured. From the picture number and D,

the magnetic field at the center of the measured portion of the track was
determined, using tables calculafed from the magnetic field measure~
ments., The value of P = €S cos ™ was then determined and the prbduct

BQ found. The value _of the energy in Mev was determined from an

alignment chart v&hich repregented the function BP: 104/3 x \FS(E + 1876).
The same chart was lu_sed for bo__th protoné and alphavparticllves. The
momentum was obtained from the relations P =3.47 x 10-'6 E(D for
protons and P =6.94 x 10—639 for. alpha particles. Finally, the

" rectangular components of the momentum were calculated as abéve,

Special cases., For those tracks where both eg‘ and R were measured ’

the calculations were calrried out through the 'energy determinations., Then
the energies were .'cémparcid., These tra.cks were those that did not have the
appearance of ending in the illuminated region of the Cha‘mber but

rather had the appearance of ending soon after leaving the illuminated
region. In these cé;ses R is the)length of track visible and 'yields a
minimum value for the partijcle energy. .Gene.rally thé energy as deter-
minled by R was leés than that determined by FS , as was expected..
However, there were cases where the energy as méasured from R

was greater tha.h that determined from PS . These cases were alpha
particles with dip angles greater thah 45.0, for which the curvature was
made indeterminate by a narrowing of the track image at both ends of

the track. Next to the beém this narrowing waé dué to the paucity of
wafer vapor available for drop Aformatlion because of the high density

of ionization in fhé.t region. At the other end, the narfowing was due

to the weakéning of the illuminafion as the particle left the illuminated. .
region.’ For these cases the enérgy was taken to be the energy deter-

mined from the rahge? and the error in the eﬁergy_ to be 1‘5%.
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~When the identification of a particle was in.doubt the calculations

~were carried out on the basis of both assumptions: .

Propagation of errors. In order to determine a quantitative acceptance

criterion for an event, it was necessary to calculate the error in the

.components of the total momentum. To-obtain thése values for each

-event the errors in measurement for each track were combined and

propagated,_ assummg the errors in 0(, @ and es (or R) to be inde-
pendent. For ease of computatlons the error propagatlon was done by
using percent errors. Tables were constructed from wh1ch the percent
errors in the several momentum’ components could be determined. The
tables were triple-entry tables which gave S.P for various values of
[e'Q B and SP The maximum error in the interpolation in the
tables was about 5%. The probable errors-in the momentum components
.were then obtalned by multiplying the- value of the component by the

percent error in that component.-

Identu_:lcatmn Procedures and Acceptance of Events

‘Each event read was 1dent1f1ed as bemg a threeu, four;, or five-
prong event accordmg to the number of v1s1b1e prongs In order‘to
separate those events caused by the C ((p, ) 30( reactlon from all

the three-,ﬂ four-=9 and five+ <prong events read the followmg identifica-

' tion procedure was used T’he events of 1nterest con51st of four prongs;

one--the protonmebemg lightly 1on1z1ng and the other three--the alpha
part1c1es=-hav1ng much greater ionization. Furthermore the total
energy of the event is equa]l to the beam energy less the react1on

energy, and the total momentum 1s equal to the 1nc1dent momentum

Of course there may be some‘cases wherem the partlcle 1dent1f1cat1on

is uncertain because of chamber condltlon or When the- prong has a

range ‘of less than about 3 cm.
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There were seven five‘-prong_ events COnsis‘ting':of a proton and

four alpha particles, which were identified as being examples of the
(p, p') 4 X reaction in the oxygen present in the water vapor. The

total prong energies of each of.theSe events ( 7~ 14 Mev) were consis-
tent with the identification, vand the momentum balance was satisfactorya
The alpha prongs Were short, about 3 to 4 cm, so that one could easily
be hidden by the opaque region of the beam. Therefore, tho.se four-
prong events which did not balance in longitudinal momentum and for
which the total energy was about i4'Mev had to be investigated for
the possibility that they were in fact oxygen events with the fifth prong
hidden by the beam. .

Among thevfour,-prong even‘ts there were some that did not have
the proper appearance. They had two lightly ionizing prongs.. These
events were 'investigated in the high-power stereoscopic viewer, and
most of them were identifvied as the overlap of two elasltic .péC scatters..
In the five remaining events, one of the two lightly ionizing prongs was
discarded and the event was callculated as a three ‘-p:rong event. Subse-
quent calculations diSposed of three of them. |

The remainder of the four- prong events, 211 in all, were tested
for energy and momentum balance, ,to determine whether they were the
Cl2 (p,p') 3K reaction. Where the identification of one or more prongs
of an event was in donbt, that choice of identity was made which gave
three alphas and one proton together vﬁth the smallest deviation from
momentum balance. Furthermore, if the momentum balance eOuld
| be improv‘ed by interchanging the particle identities _of two of the prongs
of an event 1t was done‘ All the identities obtained by this requlrement
~ of best momentum balance were checked in the high-power stereoscoplc
‘viewer by another observer, and if the 1on1zat10n did inot check with the

identity chosen,the event was not accepted. Only two events where the
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identity of two particles had been interchanged were.accepted. Of those
events where the initial particle identification . was uncertain, eight were '
accepted. |
Of the 211 ever;ts with four prongs -v’iSiblé that were assumed to be
carbon events, 135 were accepted after the first balance. The remain-
» der of the events were examined to see if any of them could be identified
.as oxygén events. A fifth prong was fabricated which balanced the
momentum.. The requirements for acceptance as an oxygen event were
that this prldng 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- requirerﬁnentvs° 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.ide‘ntified as a’Cl3 {p, d) 30 reaction. The
deuteron track had a radius of curvature equal to that of the beam,
but with a densify of ionization three times that of a beam proton.
Wheﬁ it was. identified as a.-C12 event; the total energy was greater
than the beam energy; but when it was identified as a C13 event, the
td“cal‘energy was correct. Two other events were identified as
- possibly due to this. reaction. .- '
Those events left over, i.e., those not identified, were re-
examined under the high-power stereoscopic viewer with the data
cards at hand. More detail was visible in thé viewer than was
visible on the projector because a greater intensity of illirmination
was available;, Each event was examined carefully to see’if-any
.reason could be found either-to discard it or to adjust the data so
that it would become acceptable. These‘ reasons included excessive
_turbulence, possible overlap of two e"ventsv, improper choice of the
fourth prong when more than foux; prongs came from the same region,

and a scatter that could change thé measurement of the radius of -

-
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curvature. Further, the cards were re-examined to see what adjust-
ments were necessary te bring thé event into ‘balance. Fiftyffoixr
events were ;liscarded for one oé’ more of the above reasons; but there
were 23 that had the appearance of being good events. So that pefsonal
prejudice could be avoided, these events wer.e.re'read by another mem-
ber of the group. - The result of this final examination ;:vas that only
5 of the events. became accéptable; Of the others, 15 had momentum
deviations that were outside the acceptable l'irni.tsvvbut still within
twice these limits, i. e. , they were probably true Clz (p,p') 30X events
rejected by the acceptance criteria. - :

‘The four -prong eQents were acceépted on the basis of momentum -
- and energy requirements. For.each event the X, Y, and 2 components
of the total momentum were found. Properly, the X and Y components
of the total momentum should have béén-zero and the Z comporient
equal to the momentum of the iﬂcident proton (2. 70'in the units used).
An event was not accepted if the deviation from the V.proper value of
any one of the three components of the total momentum was greater
~ than the sﬁm-, 'bx.z'er the pron‘gs of the eveﬁt, of'thev errors in that
component. i?‘u‘.rther, 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 eéﬁal to the beam energy less the
reaction energy of 7. 4 Mev for the C12 <> 3 reac‘ltion., ) The simple
sum of th_e,error’s was used, rather than the correct square root of the
sum of the squéres, for the sake of ease in computation. The simple
sum lies between one ahd _t§vo times the value of the ‘square root of
the sum of the vsqua'res,‘ and was considered t¢; be a satisfactory
criterion for selectiqn, ‘

For each of the 138 events with three visible prongs a fourth
prong was.'fabricatéd to 'give perfect momentum balance%_ The events

were accepted when the following requiremeﬂts were met: (a) the

7
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..deviation from 21,6 Mev of the sum of the eénérgies of the four prongs
~was less than twice the sum of the errors in'the enérgies of the three

. measured prongs; (b) the fabricatéd prong was'directed into an invisible

region of the chamber; ‘and (c) ‘the invisiblé particle was chosen so that

-the event had one proton and three alpha particles. - Those three-prong

.events which met-the ‘energy requirement; 60 inall, were then

examined under the high-power stereoécopicviewer to determine whether

- the prongs would or would not have been visible were they at the angles

\ . Lo 12 v : .
computed.: Forty-six were accepted as bona fide C (p,p'}) 30\ events,

- since the fourth prong, as calculatéd, would not have been seen.

Because of the greater visibility into the opaque region when the
film was viewed on the stereoscopic Vi'ewer, there were 14 additional
events for which the fourth prong was found where ACOmp’uted‘, In six
of these cases only the angles of the fourth prong could be _réa.d; it
was impossible to make a reasonable estimate of the momentum. The
momentum was chosen to give the minimum value of the sum of the
deviations frdm momentum balance, For the rerﬁaiﬁing eight events
it was possible to get all the measurements on the fourth prong and
therefore these eight events were then considered as four-prong events,
They were all acceptable. Of the thre.eaprong events that did not meet
the_en'ergy requifemenn:, the great majority had an energy around 15 Mev,
However, no attempt was made to identify them.

The total number of events accepted was 200. One hundred and

forty-eight of them had all four prongs visible; the other 52 had three '

prongs visible and the fourth calculated to be in the invisible region

of the chamber. In order to check whether the three-prong events that
were accepted had the same characteristics as the four-prong events,

the average value of total energy of an event was determined for each

group. The average total e/nergy' of a four-prong event was 21.9 Mev
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~and that of a three-prong event.was 21.7 Mev, which 1sm very good

. agreement. However; there Wergl'-vq:i;ffe‘ren‘ces' between the two groups
.that showed up-later in the invesé"g‘é-tioh-,-, There 'were very few events
among the three-prong»'group thai.l_,t ;hiad a high-énergy alpha particle--
only three out of 52, as comparéd to 55 out of 148 for the four-prong
events, Also, the proportion of three-prong events decreased for

. higher eg_citétion energies in gllz, with 32 t 7% in the 8. 0-to 17.0-

" Mev grouvp and 21 * 5% above t_ih'a!:., The shorter a frack, the larger
the solid angle for which it would be hidden by the beam; and these
shorter tracks would be produééd in the events where the proton or

. one alpha particle took away most of the energy.
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RESULTS AND CONCLUSIONS

The first possibility to be checked was that of a direct four;
particle breakup of the N13* ‘compound nucleus,- This was done by
plotting the energy distribution of the alpha particles in the center-
of-mass system. The transformation to the center-of-mass system
was carried out with the assumption that the incident proton had an

energy of 28.9 Mev. If the reaction goes by way of a four-particle

breakup, then the distribution in energy of the alpha part-iclesb is

given by ' 1/2' ' 2

E=zE E - FE
de/d> { Max ) )

where E (ax 1s the maximum energy available té a single alpha par-
ticle in the breakup. ' This curve, normalized to the total number of
alpha particles, together with the experimental energy distribution,
is shown in Fig. 4. As can be seen, the agreement is not very good,
and it was concluded that the events proceeded by some other mechan-
ism. '

Next, the possibility fhat Bes* was involved as an intermediate
nucleus in any of the reactions was investigated. For those events
in which the reaction proceeded via Beg*, two of the three alpha
particles were prodi_lced in the breakup of the Bes_*. The vector
that connects their end points is a direct measure of the excitation
energy (E*) of the Be_S*o Since in is not known which two of the
three alpha particles were produced in the breakup of the Bes*, the
éalculation of E* was done for each of the three pairs of alpha parti-
cles belonging; to ea.‘ch‘event° Thus; only one third of the E* values

. ) . s : . ) 8%k
obtained are significant. The kinematics of the Be  breakup are

shown on the next page.



-31-

701

S0

40

20

T

NUMBER PER 0.5 MEV

0% T2 F 76 T8 "0 12 4
. o . ALPHA-PARTICLE ENERGY (MEV)

‘MU-8637

Fig. 4. Total -Center'-of—mé.ss"_er_lergy distribution for alpha particles.

The indicated errors are the statistical standard deviations.



Because the particles of interest are identical, momentum vectors can
be used instead of velocity vectors. The unit of momentum is the

momentum of a 1-Mev alpha particle, It can be seen that

2|8%2)% = £ +E. <2[E.E., cos®
i i oYL
Qr

E* = (B, # EJ.',‘)/Z - ,EiLEj cos 6

The value ]ETE_J( cos © is merely the scalar product of the two
vectors rep.resenti_ng the momenta of the alpha particles,;- 'Thése
relations are correct in any;coordinatvéus‘yst_'em."

If all the events, or an appreciable _fraéti'on of them, have
proceeded via _définite levels in Be.8 _thef(e: will be peaks in. the E*
distribution corresponding to the levels invélved. Because only one
in three of the E-# values is significant, the peaks will be superposed
on a continuous baclgground; The E* distribution for all the events
is shown in Fig, 5. There are two marked peaks, one at 0,5 Mev
and the _ot‘heljva_,t. 3.0 Mev, Of the 51 values of E* less than 0,5 Mev,
43 lie at 0.1 Mev. The energy available for the breakup of the Be8b
ground state into two glpha parficles is 96 kv; therefdre thé 51 events

with one E* va_,hie less than 0.5 Mev are interpreted as having proceéded
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via the ground state of Be8 as an intermediate nucleus. Figure 6 is

a picture of an event that was interpreted in this fashion. The twe‘-n
alpha particles below the beam are the two produced in the breakup.
There is also a level in Be8 at an excitation energyk of 12,: f(?c':Mev

which has a width of 1.0 Mev. Some of the E¥ vvz.a.'lu"esv" Bel'ov‘s} 0.5 Mev
may be due to the extremes of this level, but the probebili.ty is only
0.03. B
| : Fig‘ure:?f-gij‘}es the distribution in E’a< for th'o‘se 51 eQents with

one value of E* below 0.5 Mev wh1ch have been 1nterpreted as havmg
proceeded via the ground state of Be8., Th1s group W111 be referred to -
in the future as the Ground State Group, The separatmn of those values
of E* greater than 0 5 Mev into two groups indicates that the ground
sté.te of Be.8 is pr;oduced in et least two types of reactivovn“‘s.v,;; The group
around Z_Mev was produced by reactions in jwhi’ch_vfhe:;;%otlbn carried
off fhost of the energy and which probably involved CIZ.V‘ excited to a

few Mev above threshold as an intermediate nucleus. That group
ce‘ntered at 12 Mev was produced by events in which most of the

energy was carried off by one of the alphe particl.e'?s‘ ar’:id”il‘mﬁrolved either
C12 in hlghly exc1ted states or the low- lying states of B9 |

"InFig. 8 the E* distribution for the other 149 events is shown.

Th1s group will be referred to in the futu_re as the Three_,-.y.{Mev Grqup.
The pea;k in the distribution in the vicinity of 3.0 Mev :ie interpreted

as indicating«that the great majority of these events wett via th‘e

broad 2. 9-Mev level in Bes*, The indication of a subsidiary peak"in
the vicinity of 9.0 Mev is slim:ila.r to that seen by Elder and Telegdi7

in their study of the C12 { v 3 ) reaction with 32-Mev brems strahlung .
Their interpretation was that possibly higher levels of Be8~ contribute .
to the reaction. The position of the peak, however, does hot agree
with the kn(_)wn lev‘els_ at 7.5 aﬁd 10. 0 Mev. Statistical fluctuations

could account for the presence of this peak.
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A photograph of an event in which the ground state of Be was

involved. The two alpha particles below the beam were pro-
duced by the decay of the Be8 intermediate nucleus.
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Further evide}nce for the possibility of the involvement of

higher levels in Be8* comes from the fact that 19 events had all E
greater than 4. 5 Mev, but the interpretation of .these events remains
uncertain, Their E* distribution shows a peafkl at ahq‘tit 6.0 Mev.

Of these events, 15 are c,’ohsist_ent with the Cj12\+ pV?A,—_;IT_Ji5 + Be8 reac-
tion. The peculiar nature d‘f these 19>e'vents 'rnight n'lso be due to

errors in measurement; 16 'ofi them had one ,Qr more alpha particles
“which had large errors becau.ee_ of exceptional diffic:nltY'in measurement,
' ‘The next step in the analysis was to consider all 200 events as
‘though they had proceeded via leyels ihCilZ*, The ‘excitation energy

of the Clz (E ) can be obtained in tw'o Ways= (a) by adding the

energies of the three alpha part1c1es in the rest frame of the carbon
nucleus to the Q of'the-C- 12 -» 3X reaction and;(b) by- subtracting

13/12 of the protcn energy in the center of mass of the»whole system
from the total energy available in this center of mass. " These two val-
. ues. for_the -excltavtlon of the. “CIZ.';’ nucleus - should agree within the
errors for those events' which.proceed’either through C1 . or

through states in B9‘ ".I‘he ciifference betWeen therh cannot, therefore, -
serve to d1fferent1ate the two types of events. .

For low exc1tat10n energles the three alpha partlcles stop

in the gas (Flg 6), and the errors in measurlng the1r energies are
generally small compared w1th the error in the deterrnlnatlon of

thev proton energy On. the other hand, for high exc1tat1on energies,

the error in the proton energy is small compared with the error in the
sum of'the alpha-particle energies. {(Figure 9 shows such an event,
with the low-energy proton having stopped in the chamber.) Therefore,

three plots were made; (a) E '(p.)', calculated frpm the proton energy;

C [

(b) E.(¥; calculated from the sum of the alpha-particle energies in

% — .
the Cl2 rest frame; and (c) Ec” a weighted average of (a) and (b).
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The values of EC (0O and Ec(p‘) were weighted inversely as the errors

in the center-of-mass energy,

E (60 . E_ (p)

- - C - C
E =1 4 P
o \ZREx " TAE ) T \ShE,

o 1 + 1
AE
P

A straighf average was definitely not correct, and the method used
had the advanfage of being easy to calculate. The errors in the lab
energies are not the same as the errors in the center-of-mass energies,
- but it seemed reasonable to assume that the relative magnitude of the
alpha-particle and proton errors was not d'rastilcally changed by the
transfqrmétion, The Ec distribution, shown in Fig. 10, was plotted
‘separately for the Ground-State Group and the Thi‘eeaMev Group. The -
events wéi’e divided into three main grdups as shéwn; which were then
investigated sepérately,
Group A-=--8,0 = Ec < 13.0 Mev -- 42 Events
| Because all events with EC< 11.0 Me{( involved the ground
state of Bé8§ a further division at 11.0 Mev was madé; The distribu-
tions in E,C {X) and E* are shown in Fig. 1l. The short é\a.rrows show the
kinematic limits of E* and the long arrows show the positions of the
peaks to be‘expected'. The limits and the locations of the peaks were
calculated for events that wenﬁ via appropriate levels 'in C’lz’.k and Be .

The interpretation of these distributions is as follows: Group A, -+ the

1
: ‘ » i2
events proceeded via the 9. 6-Mev level in C  and the Be8 ground state

12%

in a two-step process; Group A2 --the events went via the levels in C
in the regibn from 10.8 to 12. 8 Mev to either the ground or first excited
: 8 o

levels in Be , also in a two-step process, with 43%17% having gone

via the ground state.
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. Fig. 12. The distributions in Eé and E* for Group B.
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Group B=-13.0 & EC < 17.0 Mev <- 43 Events
The values of Ec‘ and E* for this group are given in Fig. 12,

separately for the Ground-State and the Three-Mev groups. The Eci
distributien is fairly smooth, but one vmight sé;y that the peak at 16 Mev
is due to the 16. 1-.Mev level in Clz, which is known to emit alpha partis.
cles. 16 This level is the level fqrmed by 163-kv protons on Bll, and is
the level studied by Dee and Gilbert,l . The small {7.5+4.5%) involve-
ment of the Be8 ground state is consistent with the C12 (/}/1, 3 X)) resu1t58
and also thxe.Bll (p, X) Be8>§€ data. 2 The rest of the events appear to
have gone via the 2. 9-Mev level in Be

- The assignment of the events in Groups A and B as proceeding via
levels in CIZ* is fairly certain. In Group A, all the alpha-particle
energies in the center-of-mass system lie within the kine-matic limits.
For Group B, four events (out of 43) have alpha particles with energies
that lie above the kinematic limits; however, the errors in the energies
overlap the limit sufficiently to account for these, Were these higher-

enefgy alpha particles produced directly in (p, (X ) reactions, they would

.correspond to Bgz‘produ_ced in excited levels around 9 to 11 Mev.

From the dé.ta it is.impos'sible to say that these events are not produced

in this fashionf Perhaps a counter experiment with good energy resolu-
tion and goed statistics could find peaks in this region of the alpha-particle
spectrum, which would then be evidence for the B9 reaction at this
excitation.

The events in these two groups were also examined> to determine
whether they could have been produced by the Cl2 +p-> Li5 + Be8 reaction.
dnly three events.(but of 85) could be so interpreted; one of these fits
the Lif,-j reac’tion'bett_er than the C12 . Further, all events in thé Groups A
and B had one Ef< 4,5 Mev, so that they are consistent with transitions

‘ ‘ 8
either through the ground state or the first excited level of Be .
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Fig. 13. The distributions in proton energy (E;)) and Ec for Group C.
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The situation with respect to Group C is more complex. In
12 -
addition to the C  events, the low-lying levels of B9 can give EC values

‘ 12 5 8 :
in this group as will the C  + p-+Li + Be reaction. Figure 13

shows the distribution of proton epergies and the EETC distribution for
all events in Group C plotted so that corresponding energies lie 'at
the same abscissa. Three subgroups, as shown, were chosen. The
crosshatched fegions show the distribution for the Ground-State .
Groyp. Both distributions show evidence of level structure at Clzni”
with levels at 20 and 25 Mev. |

Strauch and Titusl7 feport a level at 20+ 1 Mev produced by
inelastically scattered protons of 96 Mev bombarding energy. Hecht18
reports a level in the vicinity of 19. 5 Mev, seen in inelastic scattering
of 32-Mev protons. It seems possible that the level at 20 Mev found
in this work is the same level reported by these workers. '

A resonance at 1 Mev in the B 0 (d, &) Be8 reaction has been
reported by Whitehead,lg; This corresponds to a level in C12 at aﬁ
energy of 26.3 Mev., Transitions té both the ground state and the first
éxcited level in Be8 were seen, the ground-state transitions occurring
in about 25 percen£ of the cases. If all the events in Group C3 are"
assumed to belong to the resonance, it follows that 27+ 10 percent went
via the ground state. The level at 254+ 1 Mev seen in this work may
possibly be identified with the level reported by Whitehead, or it
coula be the level seen by Goward and Wilkin58 at an enefgy of 25.6
Mev, which decays by (X-emission,

The energy resolution and statistics of this experiment are in-
sufficient to separate Grouyp C2 into any definite 1evels.,_

To determine the modes of decay of these levels in Clzy distribu-

tions in E were made for each subgroup separately. The statistics

. .
were poor, however, Therefore the total E distribution for all the
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events in Group C was plotted. It is given in Fig,’ 14. The long arrows
show the position of the expected peaks and the short a_frows _thel limits
of the continuum. These locations were calculated on the assumption
that the events were due to Clz‘IéVels and wenfr via either the 2. 9;M'ev
level or the ground state of Besq + The experi}nentai results agree very
nicely for the Ground-State Group, In the case of the Three-Mev Group;
however, the agreement is not as good; The slight ihdicé.tiOn of a
peak"at 3.0 Mev does not account for enough of the events. It would
seem surprising if none of the events went via the 2. 9-Mev level, in
view of the fact that the ground state participated. From the height of
the distribution at 3. 0 Mev it is estimated that between one -third and
one-half of the events in the Three'—Mev Group proceeded via the 2.9-
Me%r.‘. level. The peak in the vicinity of 8. 0 Mev is compatible with
statistical fluctuations, but it might become more definite with more
data. If it is considered 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 C12
The poSsib_ility of three-particle brea’.klip is not excluded, and this
mechanism could account for as much as one ~third of the events in
this group. |

The above analysis of Group C haé been carried out on the
assumption that C12 levels participated'.in all thé events., It is
kno>wn14 that the C12 (p,X) B9 reaction occurs at 18 Mev bombarding
energy, andit is-highly unlikely that it does not occur with 29:Mév
protoné; therefore the assumption that all events proceeded’ via
levels in Clz- is probably not jusitifiedf However, the conclusions
about the proportion of events that proceeded via levels in Be8 which
were made from the E* distribution are not changed. The shape of
the E* distribution is chiefly determined by fhe Be8> levels involved,

. : 8
-and is only slightly dependent upon the nucleus from which the Be
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was formed. When the E*vdistribution wés calculated for events
proceeding via levels in B9 the results were not sufficiemtly
different to be distinguished with the data on hand.

In order to analyze the data for evidence of the Clz (p,O<).B9
reaction,; a plot was made of the energy distribution of the most
energetic alpha particle from each event in Group C. Figure 15
presents the results. The distribution shows evidence for groups
‘at 13 and 10 Mev, which correspond to the ground state, and 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 ekamination of the levels of the B9 reaction, a
transformation to the ng’ rest frame was carried out for all the
events in Group C. The transformation'was effected by addi}lg 4/9
of the velocity components of the most energetic‘ alpha particle fo
the velocity components Qf the other three particles, Then the
energies of the proton and the two alpha particles in the B9 rest
frame were determined. Thé sum of these energies was plotted
against the energy oqufch;e most energetic alpha particle. Only those
events which fell Witi_ain 1.5 Mev in Ey of the expected line were
considered. ‘On the basis of calculations, all the events, whether
they proceeded via C_L2 orVBg, should lie in this region of acceptance.
The_.grouping in evici;encé invFig,_. 16, however, would come about only
if soeme of the events prbceeded via B9 levels, The combination of
the peaks in the energy spectrum of the most energetic alpha particles,
- together with the grouping in Fig, ‘16, gives good ev.i_d_enc.e. for the .
P#rf»icipation of B9> levels in the feééti'On. " The position of the second
group in Fig. 16 is at 3.5 _-.l-_.l, 0 Mev. This cofresponds to an excitation

energy of 3.2 4+ 1. 0 Mev for the 'Bgv, ‘which is in better agreement with
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.16, A dia'gra_m with the energy of the most energetic alpha pérticle
" of each event as abscissa and the sum of the kinetic energies
- . of the proton and the other two alpha particles in the B? rest .
frame as ordinate for selected events.



-52-

the vaiué of 2.4 Mev for the known level. The bquestion of the existence
of the energy levels of B9 certainly needs further investigation.

The question still remains as to the decay mechanism of the B9
The five events in the B9 ground -state 'gi:oup have one value of E* less
than 0. 5 Mev. However, there is only 0.28 Mev available for the
breakup of the groundv state of B9 inte t&o alpha particles and a proton,
so that even if the breakup went directly to a proton and two alpha
particles there would be one value of E* less than 0.5 Mev. Thus,
the fact that these five events have such a value of E* is not necessarily
an indication that Be8 in the ground state was involved. Of the twelve
events in the second group in Fig. 16, six have one value of E#’é less
than 0.5 Mev. There is abqut 3.5 Mev available for the brea-ku_p
from this level, and the présencle of one value of E* less than 0.5 Mev
for an event‘is good evidence that the Be8/gr‘ound‘state was involved
in the reaction. The other six events in this gi'oup are consistent with
decay thréughv the other levels of Be8 in the same proportion as
determined by the C}IZ am;t].lysis9 as are the refnainder of the events
in Fig. 16, |

The last poiﬁt to be examined is the 'p‘os'siBility of the p + Clz—»
Beg + Li5 reaction. This is a two=body rea;tion, and theréfore ‘the
energy of the Bfe'8 in-the céﬁfer of fna;SS‘:'wil-i have: one of }sevverai unique
valueé, depending on the states 'in which the Be8 and ALi5 are formed.
Only the gr'ound state and the 2. 5-Mev level16 of Li5 are accessible
with the energy aw}ailable. The energy of the Be8 in the center of
mass ié given by

Fpe = Bxj * B - Ey

or, the sum ofﬁ_fghe kinetic energies in the center-of-mass system of
the two alpﬁa.pa'rti'c.lefsf'ipr'oditicféa in the Be8 decay minus thé Be

excitation energy. A more convenient value to calculate is the
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8 : '
relatiye energy ofvt_he Be éBe' It is vgiven by v

- E, +E,-E*

€ = ). Y
Be. '19.2 - E* -
ij

The valug 19.3 Mev is the kinetic energy ava_ilab_le to the __Li's and

'Bes‘ when'they are both fofmed in their ground states. For the

ground state of Lis_the EBe-vvalues lie between 0. 87 and 0,_92_, and

for the 2. 5sMev Li5 level, between 0,72 and 0.78. The proper

choice of the two alpha particles produced in the B"esxdec"ay for each
evént has been facilitated by the E* determination. . The calculation

of- €Be was carried out for all events. For,tﬂhosg events in the Ground-

State Group the pair of alphas which produced the low value of E* were

chosen. For the other events, each pair that produced an E* between

1.5 and 4.5 Mev, or, if none, then that pair which gave the lowest
E* _valué, was chosen. Only thrée events (out of 85) in Groups A
and B could have proceeded in this fashion. For Group C there are

' ‘ 5
49 that are consistent with'the Li possibility. The .'EBe,gli.s;tr‘?i?:.‘jtig;:z

. from the events of Group C is given in Fig. 17. When there were

v

two ' EBe values for an event, the choice was made by flipping a

coin. - Also shown in the-figure (dotted line) is the E .. distribution

,_ : / 12
to be expected from the events of Group C if they go via C  in the
proportions determined above, normalized to the same, number of

events,  The agreement between the two curves is excellent. The

experimental peak at 0.65 Mev is. below the peak at 0.:75 expected for

#*
the Ii reaction, and there is no evidence for a peak around 0.90

: 5
that would be produced in the Li ground state reaction. Therefore,
there seems to be no evidence for any large. contribution to the

events from this reaction with at most five percent of the events

~ having been produced in this fashion.
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In éummafy, there wér‘e 51- events with one vaiue of E* less
'thar} 0.5 Mev that were interpreted as involving the ground state of Be
as én intermediate nucleus. An additional 130 events had one value of "
E* between 1.0 and 4.5 Mev. This group is consistent with transitions

o ) ‘g%
through the 2.9-Mev level in Be

as an intermediate nucleus. The |
remaining :19 events had’ every valide of E* greater tha;n 4 5 Mev. It
is difficult to a.ssign é.ny.ﬁ'definite mechanism to this group. The events
~ could have been due-to the pzvirtvicipation éf higher levels m B¢8, the
C‘L2 + p—»Li5 ~l~lBe8 reaction, or the three-particle decayzof élz.

Définite evidence for the participation of levels in Clz was seen.
Levels were identified at 9.6, 11. 8,- 16, 20, and 25 Mev. The 9. 6-Mev -
level went only to the ground state in Be’8. The levels in the vicinity
of 11. 8 Mev went to bpth the, ground state and the 2,9-Mev level of
Be8 with equal probability. For the events which included the. 16 -Mev'
level in Cl,2 less than 5% went to the Be8 gr.ound state’an'd the rest were
consi-sfenf with transitions to the 2. 9-Mev level in Bes*. The decay
~mechanism of the 20- and 25-Mev levels is uncertain because a given
event could 'equailly well be interpreted as having proceeded in one of
-several ways. For these two levels the identifiéation of the 18 events
“that proceeded vi.a the ground state of Be8 was good, the identification
.of‘timose that went via the 2. 9-Mev level in B~e8* was doubtful, It was
~estimated that-about one—thira of the events that involved the 20- and
"25-Mev levels and that did not go via the-Be8 ground state (97 e,vevnts)
proceeded via the 2, 9-Mev level in Bes*, The mechanism in the
rema%ning events was uhdecided.~ - : -

The investigation of the possibility of the B9 reaction showed that
the ground state and first excited state of B9' were produced and

.decayed into two alpha particles and one proton. The mechanism of

the decay of these levels was undecided though some of the events:



Py
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were consistent with the pafrti_cipatié.n of the ground and 2. 9-Mev
levels of Bes,. ‘T'B‘ecause; .6f thé 1nab111ty té aséign an event uniqu_e.ly
to a given reaction no est_.iniation of the relative cross sec’ti_én was
made. | |

12 5 8
The reaction C =+ p - Li-+ Be was investigated and it was

found for all events that although 43 of the events, all in Group C,
. were consistent with this r.ea'c‘ti_o'n,_v thg_ _di:stribu‘_tion _i_n,,re:la_.t»ive

-energies of the Be nuclei was fitted by the distribution to be expected

from the events in (__Irfoup C when considered as having proceeded
| | 12 S .
via the levels in C ~. It was estimated that this reaction could

account for no more than 5% of the events,
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APPENDICES
I... Range-Energy Relation.

The range-energy }ella.tion was desired for ion velocities - .
bei_dv;/ the‘v‘eiocity;" of the elect‘rbnls'in the k4’sh‘ells, ‘i.e.; in the region
where the relative vstOppin‘g powers of va',i“iousrg“fases'vary with en‘ergy,_

. 'Wifh a mixture of gaseés in the chambéf, the only way to get an accurate
range -energy 'felation is to determine the stopping power of the mix-
ture for pf‘oto'r.ls' and alpha 'parfivclés as a function of"ene‘r"g'.'y and then

to int‘egvrate numeriéally the resultant curves. Thé data on stopping

' "po\;ze-r;s'_of various gases for protons and alpha paﬂrticles were found

in the értiqlés.bf Liw}ingston and 'Bethe; 'Zo'f{irschfelder and Mageé, 2
Bethe., 22 and Allison and Warshaw. 23

At the conclusion of each run the temperéture'of the chamber
was recorded. The pressure in the e)épa.nded chamber and the
. barometric pressure were measured with a mercury manometer.

A sample of the gaé in the chamber was taken and analyzed with a
mvass' spectrograph. The mass spectrograph does not measure the
water =vép6r c_onéentvr_a;tion with any degree of reliability; therefore

the wa.térfvapbr'pres sure.\x}as d’etérfﬁined from thé‘tpmperature.

With these de.L_'ta the 'percéhtage cbmpbs’itiéns of the ’séveral gas
mixturés were computed. A’typical samplé had 4. 8% water vapor,

67. 3% methane, 26.8% hydrogen, and 1.1% air,

o Using the '.perc‘enta'ge 'cto"mp_osifions," the temperature, pressure,
énd the t‘aﬁﬁiated v§lués _of EO—H 9 EO-C : and E GZ) ofII;{irs_chfelder
and Magee (where & is computed in units of ev cm’ x 10~ /atom),

tﬁe values of d)ﬁ/dE in'cm/Mev were computed for protons in one mix-
turesl for'v_é.]l'\‘ievs of the energy between 0. 91 and 3. 00 Mev. Theée
_valﬁes ‘are theorétical ones. From the same gas data and from OT-\aO’

» 7 and o=, ' found in Allison and'Wé’fsh w, dx/dE was
Oeny Hy ‘ n and Warshaw, dx/dE
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computed for proténé Ain the same mixture for va}ues of thé energy between
0.03 and 0. 60 Me'v. These values are based oh experimental work.: Thé
two curves matched at 0. 60 Mev. The data in Allison and Warshaw were
used for E € 0. 60 Mev, and those of Hirschfelderand Magee for E >
0.60 Mév. The curve was th_eh plotted and was integrated by square-
counting below 0. 10 Mev a‘nd by tr;';i;ezoidal_ integration above. The
range 6f,0.,03,Mev was assumed to be the range in air of a 0.03-Mev_
proton divided by 0.214. It had a value of 0.281 cm. For compai‘is'on',v
-the range at 0.50 Mev,wés 3. 164:.cm° . The number 0.214 is a mean
value for the relative sfopping po;\Jver of the mixture and air in the region
" from 0.03 to 0.10 Mev. The error in the integrati‘on was less than 0. 6%,
and the ex‘periment'al error in the values of the stopping cross sectit;ms
-was about 3%. | |

As a'chéckon the integration, the iritegré.ted vcvurve was multiplied
. b'); a constant to give the best fit to the range-energy curve for protons
in air for energies up to 2.0 Mev._A (A 2.0-Mev proton leaves the
chamber.) The two cutves were matched at 1. 00 Mev. 'fhe error is
everywhere léss than 0. 05 Mev, and the percent e1;r0r is a n;xaximur'n.
of 10% at 0.50 Mev. At this energy the range is 25 cm and the percent
error in range due to uncertainty in origin is 8%.
| . To determine the range-energy relation for alpha particles in
‘the mixt:.ure it was neé'essary. to convert in some fashion thé_ values
6f the stoppiné power of the mikture for protc;n_s td; stopping powers
. for alphé{s, since the only available data were for élpha energies
between 0.03 and 0. i”O,Mev, It is known that for ion velocities
above the velécity of the k-shell electrons 40%5 Ox When they are
compared at equivalent energies, E = EO& /4 = EP . Below this critical
velocity anything can happen. To. getan ii‘iea.of what does happen,

the value Of.'4°’P-‘/6§‘ at equivalent energies was plotted from

L)
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the small amount of exper1mental data g1ven in Alhson and Warshaw
over the ava1lable energy range The gases for which thls was done
were a1r, hydrogem hellum,, and argon Also plotted on the same ’
graph was the value of 407P /6" for a1r in the energy region between
| 0. 03 and 0 60 Mev from the data of L1v1ngston and Bethe This value =
goes to one at 0.60 Mevg There was a dlscrepancy between the two
vsets of data for air. | To decide which to use, the value_s’ ofG'P" for air
from the two attlcles we‘re plotted ;Again a discrepancy was noted,
but 1t was 1n such a dlrectmn as to be con51stent w1th the dlscrepancy
in the 46?/0" data. Because the data in Allison and Warshaw are
more recent and are expemmental more we1ght was glven to those
curves than to that of L1v1ngst0n and Bethe in drawmg the final curve.
The values of 46“) /O-Okwere taken from the curve for those energles
for which Cj'f‘; was available and were used to calculate the values of
dx/dE for alphas in the mixture. These were plotted and graphically -
1ntegrated The resultant range -energy curve for alpha particles -
in the m1xture was then multxphed by the factor determmed from
the proton best fit and compared with the range-energy curve for
alphas in air, 22 The largest dev1at10n was 0, 14 Mev The error
was a tnaximum of 8% at 2.5 Mev. | ‘_

The same procedure was followed for the second mixture.
.When the 1ntegrated range- energy curve for protons in th1s mixture
was f1tted by a mu1t1phcat1ve constant to the fange-energy curve for
protons in Mlxture One at 1. 00 Mev, the two curves matched within
0. 0l Mev 0ver the1r entn:e length ~When the 1ntegrated range -
energy curve for alpha particles in thls second mlxture was- mult1pl1ed
by the same constant it matched the‘rangeeenergy curve for alpha

particles in Mixture One to within 0, 02 Mev?l
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In order to savé time, the third mixture was treated differently.
Only the proton curve was 1ntegrated and it was done only to 1, 00 Mev.

. The ratlo R( ) (1)

(1 00) /R (l 00) was determined and used as a
mu1t1phcat1ve factor to get both the proton and alpha part1cle range-
" energy curves in the th1rd mixture from the correspondlng curves in
'-M1xture- One. .

' The range of a 1-Mev proton in a gae Wae obtained by multiplying
the r'ange of a 1-Mev proton in Mixture -One hy the number obtained
'when the sum of the stopping powers of that gas for protons of 0.1
4and 1.0 Mev was divided by the corresponding sum for Mixture One..
It was found that this procedure was valid for the two mixtures that
"were integré.ted and it was then used to compute the range-energy
relations for the rema1n1ng two mlxtures

The final range energy relat1ons are con51dered to be accurafe
'ro"w1th1n‘+_ 5%. This includes errors due to exper1menta1 errors in
fhe stopping crose sections, errors in the integration, and errors
in the temperature and pressure measurements. uiAs a check, the
average energ1es for all the four- prong events were determmed
Vfor each mixture. Table I shows the results - The over-;all average
energy when added to the Q (7.3 Mev) of the reaction gave 29.2 Mev,
in'excéllent agr'ee-rnent:with the beam energy of 28.9 + 0.5 Mev. No
s.ignifica_nt difference \vas noted between those events where only one
'prong energy had been ’r.neasured. by."range‘and those where three
prong ener.gies had been so meésured. " The high energy for Mixture

Four is due to three cases where only one prong was measured by range.

Table I

Mixture 0 o 2 3 4

=1

21.82 | 21.95 21.93 21.48 23.49
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II. Beam Energy

The mean energy of the proton beam.in 4th,e cloud chamber was
determined by measuring the curvature of the tracks of individual
protons as they crossed the chamber and by determining the average
‘magnetic field. During each run, vpi‘c‘tures were taken which showed
less t_hanb.twenty protons. These pictures were used for the beam-
energy determination. ‘

The projection apparatus (Fig. 2} was used to.measure the
cu(rv:aturea After the translucent screen was adjusted to the height
of a .track? the rﬁ_easurements were, rﬁade using only one picture.

‘__O'ne of several circular arcs ruled on a lucite template was matched
to the curve, The arcs were 20 cm long and ranged in radius from
114 .cm to 121 cm in steps of 1 cm. The template was then fastened
to the.t;anslucent screen so tharlt the chosen arc was tangent to the
‘line BB at O. The screen was moved so t::h_a,tv O was at a point aiong
the track and then rotated about a vertical axis until the track and the
arc coincided. The angle Q B 'a.-nd th¢ arc length'S (measured from
the same arbitrarily fixed point as was used in - measuring the “origin®
of each event) were recorded for 14 points along the beam. A plot
of 3 vs e B for each track yielded innté that could be fitted with a
straight line within the measurement errors. For a given track,:
_ the slope of the straight line is related to the radius of curvature of
.'t.hve track by the formula: p = A‘S /A @ x 180/ 7 . The slope
- of the straight line for each track was determined by taking the aver-
age of the slopes of the lines drawn between the first and the eighth
o (N/2 + 1); the second and ninth (N/2 + 2), etc. The reciprocal of the
# . sum of the squares of the residualgs was used as the weighting factor
-in determining thé’final'_aye;rag‘e r:;.xdi_us for each'value of the magnet

current used.



-63-

Since the field varied thfoughbuf the chamber, the next thing to be
.determined was the proper space-average value of the magnet field to be
‘used to -getlthe- B(J for the beam protons. - The plan used was to calculate ™
the angle of the proton at several points along its path for known magnet
current a.nd kn'owq energy. . These values of § arid@B"wer‘e then to be
treated in exactly the same fashion as the meastred values from the
projection apparatus. A mean value for the radius was to be obtained
which then could be divided into the known B p for the proton to yield
the proper value for the average field. Three calculations were carried
out. The bea‘rri,‘fr‘orn’ the center to one edge of the ﬁ'ch_ambé'r, was
" divided inéo five, six, énd seven segments respectively, The lengths
of these segments were measured on a full-scale drawing. ' The average
value of the field over each segfn’ent was taken to be the field at the
cénter of the segment. A magnet current of 2200 amp was assﬁme_d.

- The radius of curvature applicab'le' to each segment was obtained

by dividing the known B(J of a 28. 0-Mev proton by the field determined .
for that segment, Starting at the center of the chamber, the angular
deviation of the beam was determined from the length of the first
segment and thé'radius of curvature appropriate to that segment.

Also the rectangular coordinates of the end point of this segment

were calculated. Then the location of the neéct éente_r of curvature

was fbund, the next ahgulavr deviation, -and the rectangular coordinates
of the end of the second segrhent were calculated. The calculation

was' continued in this stepwise fashion.”" Using the three sets of angle

and arc values so determined, six values of the radius of curvature >
were determineéd by using each sé£ with itself and then in pairs, The
. final result.:was that the value of the space-average field divided by

" the field at the center was equal to 0.979 T 0, 003.
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The measurements made in this experiment led to a value of 28. 6
' + 0. 5 Mev for the bearﬂ energy. - This result was b:::\se‘,_d on the‘measu;et
ment of 58 tracks,_ Beéaus‘e of the importance of the beam-energy

" determination and a certain bias on the. ’parf of the author duting ‘the
later measurements, it seemed desirable to ha!v\e_ thé determination
ééfr'ied.outv by some'ené who did not kﬁdw in advance what results were
éxpecfed,' Very painstaking reading'svwere rnéde on eighteen selected
tra,cks; Eleven of_.thes,e’ were acce}:ted for computation. The results
(:;Btained yielded a value of 29..1 ¥ 0.5 Mev for the beam enérgy, in
z'i'greﬂe‘men-vt'wi_th the author's results. The final value used was 28.9

' ‘i 0;5 Mev,

The values of the beam energy obtained for the different days did

not vary apprec1ab1y The results are shown below .

Tavble II

| Date - | 9/23 9/28 10/15 | 11/3 | 11/6

E (Mev) |28.940.3 | 28.320.3 |28.4£0,3 | 28.6+£0.3 | 28,7204
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