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DISINTEGRAT ION OF HELIUM BY 90 MEV NEUTRONS

f Peter E. Tannenwald

S ABSTRACT | .
“‘Ag gxpgéimgptﬂwagvun@e;paken tpimake a detailed study in a8 cloud
chamber of thg fragments produced from heliuﬁ nuclei when bombarded
< : by high energy neutrons. 90 Mev neutrons produced by stripping 190
Mev_deuterons in the 184-in§h cyclotron Qere collimatgd and sent
through a 22-inch pantograph éloud chamber filled with helium'gas'
to a total preésure of 81.5 cm Hg. The chamber was operated in a
pulsed ﬁagnetic field ;f 21,700 gauss. The possible disintegration
pfoducts are: |
- INELASTIC triton and dguteron-(dt)
~ two deuterons and a neutronn(dd)
tritoﬁ,'proton and a neutron (pt)
deuteron, proton and two neutrons (pd}
two prptons and three neutrons (pp)
He3 and two neutrons_(HeB)
,ELASTIC B He4 and a neutron (He*)
The pafticleS'from ﬁhe two-prong stars were identified by curvature
and relative ion{zétion, and the single tracksiby characteristic
trapg endingslgghange of radius with reSidual'range) when they ended
in the chamber.. For dt,.dd,‘pt and He% evépts the enefgy of the
incident neutrons'could'bé calculated from the measured quantities
(minimum only for pd events). A weighting factor was computed for
each one- and twb-prong star analyzéd,-which corrects for events
which were too slanted té'bé méasured° Since the number of He's
Ly

v
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was uncertain because they could:not be_distinguished from He4vs
when the track did gof end in‘tpe chamber, the: ratio ofAHe3/bt events
was assumed to be the same aS~therratio of nn/“np at 90 Mev. The
total number of events; for incidept neutrong aboﬁe LO Mev, was nor-

malized to the interpolated n - He# total cross section of 1.9 x

10-25 cm?; -thus absolute cross sections for the various:disintegration -

- processes could be established. “Energy dependences 'and:energy and

angular distributions have also been determineds. -
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DISINTEGRATION OF HELIUM BY 90 MEV NEUTRONS

Peter E, Tannenwald

I. INTRODUGTION

Scattering experiments‘are one of the fundamental waysvof gain-
ing information about nuclear forces. Nucleon-nucleon scattering
evidently provides the most'diréct'Way of getting at the interactions
5etween neutrons and protonéo Yet the scatiering aﬁd disintegfation
of nuciei by nucleons has been a most'fruitfulapprqach in establish-
ing various models of the nucieus and in revealing the behavior of
large numbers of nucleons in close proximity. The disintegration -
of helium presents a uniquevcase in that there are few enougﬁApare |
ticles so that a theoreticai anaiysis of the interactions‘betWéen B
individual nucleons can be‘hoped‘fof;'and on the other héndy'due a
to the tightly bound structure of hélium it will show some of the
properties of heavier nucleio, If it 1s true, as is sometimes be-
lieved, that the alpha partiélé éxiSts as a sub-structure in heévier
nuclei, then the disintegration of helium will certainly be of value
in interpreting the disintegrations of heavier nuclei,

The charged particles ejected from nuclei when bombarded by

90 Mev neutrons have been studiedﬁl)f(z) in a number of experiments,

" and the results indicate that the nature of the collision pfocéss

for high energies iétdetermined prédomihantly by the interéction

of the bombarding éartiéle with an individual nucleon rather than
with the struck nucleus as a whole, The general featuresg first
outlined by Goldbefger(B), include fast pérticles éjected in the
forward direction and low energy particlés emitted more or less iso-

tropically, An unexpected result of these experiments was the
. "
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relatively large yield of the fast deuterons (and also tritons) in
the forward directiono\ The production Qf these deuterons has been
explained by Chew and Goldberger(A) in terms of a "pick-up" process,
in which the incident neutron moves off with é proton when the latter
has a momentum and positién so as to constitute a_deutgron with the
incoming neutron. |

It has become customary to denote the splitting up of a nucleué as a
star when the event through one or more charged particles is visib}e
. in a cloud chamber or nuclear emulsion, Neutron-induced stars are
especially suited for study with a cloud chamber. The first star
experiment using 90_Mev neutrons was carried out by Tracy and Powell(S),
who filled this chamber with a mixture of oxygen and helium gaso
Analygis of the stars was a difficuit task mainly‘because of thg
presenc2 of oxygen nuclei., That a more complete analysis was possible
in the present investigation may be ascribed largely to the use of
helium gas aloﬁe-in the chamber, a more powerful magnetic field(é)g

and experience with neutron-deuteron scattering(7)o

II, EXPERIMENTAL PROCEDURE

1. Aggaratus.

The 90 Mev neutrons produced in the stripping process by bom-

[Xd

barding a 2 inch thick beryllium target with 190 Mev deuterons were
collimated outside the concrete shielding.of the 184¢inch Berkeley
cyclotron by means of a rectangular copper collimator four feet.loﬁg
passing a beam 2 3// in.wide and 3/4 in.high. (See Fiés° 1 and 2).
" The geutrons were then 'allowed to enter a 22 in, Wilson cloud-cham—

ber(é) through a 3 x 1 inch aluminum foil 1 mil thick, and to pass
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out through a similar window in order to reduce baCk—scatfering from
the rear:wallﬁof'thé éhamber; The bottom of the chémBer consisted

of ‘a rubbér-covered'half-inch thick lucite disk ﬁhich moved ﬁerti-
caliy; and wgs contfolled by a pantagréph which kept it'accﬁfately
horizontal during the éxpansiéns.f The‘diskvwas.covered’wiih“a bléck
dye dissolved in gelatin in order to give"a'perfectly black background -
for the tracks. A General Electric FT,22 flash tube was pl#ced;on ‘
éach side of theichaﬁbér,“whose illuminatidn héd previously.ﬁeén
checked to be uniférm over 2 1/2 in. in the 3 i)Q in. high éhamber(7).
Each lamp was flashed by discharging 1024uf condenéérs‘éhﬁfged to

1700 volts through it.

2. Operation

" The cloud chamber was operated in a pulsed'magnétic field of
22,000 géuss which was energizéd by é 150 hepe miné—sweepér genergtor.
The field in the magnet takes about 2.5 sec. to build up to its max-
imum value, where it remains steady for about 0.15 sec. before being

turned off. The cycle of operations, which is repeated once'a_ﬁinute,

'is as follows: the current is turried on in advance so that its max-

imm coincides with the expahsion.of the chamber, The cyclotron beam
is pulsed through the chamber at ﬁhe'instanf the mbving‘diaphragm
hits the bottom, and thé lights are flashed O.O}sec° after this,
The current which passes through the magnet is automatically recorded

with each picture bécaﬁse:the camera has a third lens which views the

'@ggnetﬁgﬁrrept*aﬁmeter.l“Tﬁewwhbie*éhamﬁgr-iS”kepﬁ at a coﬁs@éﬁt

temperatgrg of 19.30-0 by means of“aAtemperature—cdntrolléd ciréulétiﬁg
water system., ‘A clearing field of about 400 volts is ‘turned off just
before the chamber starts to expand and is turned on again after the

lights have flashed.
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The chamber was filled With 99Vpercent‘pu;e helium gas to a total
’pfessuré_of 8l,5 cm Hg; in the‘eibacdcd qui}ibriumtpcéition 1.8 cm
of this pressure was due tolthe partiél_water Ygéor pressure from the
gelatine. The chamber was then compressed fo 20 c@'a£§§é atmOSpheric
pressure, forcing some ﬁater vapor molecules back into the gelatine,
.and resultlng in hellum to oxygannuclelratio of 51, 8° This same
ratlo existed immedlately after expan31on because the Qater vapor had
no chance to get into equilibrlum. The expan51on ratio during the
 experiment was around 17 percent.
3. Photography

A specially constructed sfereoscopic camera was mounted on a
light=tight dome 27 inches above the top-glass of the chambero.iThe
pictures were taken through a pair of Leica lenses at'f 5.6 and f 6.3
on Eastman Linograph Ortho film in 100 ft. strips 1.80 in. wide.
Life-size reprojection on a tracslpcent sc;cen was_made Bycmeans of |
a double projector which duplicated thc.geometry oftthelcamera‘optical
system and employed the camera lensesf Western Ucion'arc lamps type
300 K provided brilliant prcjectedcimaécs, Reference (8) describes
the repfojection apparatus in.more detail, an@ the sketch of the pro-

jector, Fig. 3, is taken from there,

>

'III. METHOD OF ANALYSIS OF EVENTS |
Because of the large solid angle of obsefvation, the,cioudv ‘ ¥

chambef cfferS“possibilities for obtaining more information concern-

ing stars ffom a pure substance than does any other single experi-

mental device. It enables one to study individual events in detail,

and with the aid of a stereoscopic camera and projector it permits
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reproduction of each track_in its original size, shape and p°§iti°9°
With the addition of a magnetic field one can gain information about
the momentum and energy of each particle.
1. Available Data . '

Following an outline by J. Tracy(9), the data available for
analyzing an event in this investigation may be divided into three
categories. These are:

General Exgerimental Data. This includes ‘knowledge of the di-

rection and approximate energy distrlbution of the neutron beam, the
direction and strength of the cloud chamber magnetic field, and the
compositlon and stopplng power of the gas mixture in the cloud chamber,
Individual Star Data. This includes 1nformation cbtained from
measurements on the individual events, such as initial radius of
curvature, density, initial direction, range;irate.of change of cur-

_vature and rate of change cof- density.

Auxiliarv Information. This includes appllcation of the laws
of conservation of momentum, energy, mass and charge, as well as
knowledge of range-energy relations, specifiec ionization vs. energy

relations and characteristic track endings.

26 Identlflcatlon Procedure
| ‘On the average, three two—prong stars and about -an equal number
of heavily-ionizing single tracks appear in each picture, The pos-
‘siole reactions when a neutron strikes a.helium nucleus.are as fol-
lows: | - | | | |

“lNELASTIQ‘_TOnl T_éHGA;“’>lH24‘;1H3, (at)
—H2 4 1B 4+ nl (ad)

—1f 1B et ()

[
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,f-allf-H_l"’f 430t (ep)

5 He3+ 24nl - (He?)
ELASTIC S : (Bed)
Stars with three or more'prongs”anIObserved occasionally; they are .

due to oxygen nuclei in the water vapor. From the pértial preséures

 existing'in the>chémber immeaiaﬁely after expgnéion, £pe~:§lative;"i

 number ofnéiygen nuclei can be éomphted, and in a later section this

wiil be compared with the relative number of helium and oxygen stars

obsérvéd, Analysis of aﬁ e&ent invdlvingithe‘helium nucleus requires
identification of protons, deuteréﬁs, tritons, He3's and HeA'se

Two-Prong Stars. The identification of the particles involved

iﬁ the.fwouprong stars résts héihly on measurement of their radii

of curvature and an estimate of their relative ionizations. If one
knows the st'r'ength of the magne%;i'c field at ‘the position of the t;‘ack;
two oﬁ; 6f the fdllowing:thrée duahfities determine the thirds Par-
tidle identity, curvature,uionization;. A two-prong ster from helium _
can include only singly'charged béfiiéleé, and over the range'of
energies éﬁserved in ‘this experimentia simple rule holdsf For a

given radius of curvature the ionization of a deuteron is approxi-

-

mgteiy Fhrég times thét ﬁroduced by a proton and of a triton is six
:times that fdr a prdtbn. A table was constructed which gives Hfa
vs. ionization for ps, 4, t, He3, and He4; it is reproduced in full
in APPENDIX IV. The tabie is ﬁs;d in the identification of a trackr
in the following manner: +the ionization of thé particle is brack-

eted between two proton tracks in the background; that is, if the
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track is lighter than one of the proton tracks and heavier than the

"other, and the proton den31t1es are suff1c1ently close together,

the partlcle 1dentity is uniquely determined in its proper %p'row
in the table, |

K start can be mede-in-finding a reference ioninationﬂdensity
if one recognlzes ‘that in each picture a more or Less parallel beam

of 11ghtly 1onlzlng particles comes through the entrance w1ndow with

radii around 35 Chm. The fact that the ionization of these tracks
'iS’the lightest observed for fhese-curvatures plus the fact that

occasionally tracks are observed to come in with these curvatures

whichvappear denser but never lighter, establishes these baokground
tracks as protons. This verifies the expectetion'that protons are
knocked out of the walls of the collimator and window by the incident

neutrons° Since their identities and curvatures are established,

_ their ionizations can be obtained'from tne table.

‘Various other‘aids can be employed in identifying particles;
if, for example, one prong of a star is e deuteron and the two prongs
are notvcoplanar with the incident neutron beam direcﬁion,.then the
other'prong cannot be a triton, Cr, one prong may end in the chamber
giving a rise to a cheracterisﬁic endlng. The endlng of a track in

a'magnetic field is characteristic because a unique theoreticel re-

" lation ekists'for each particle which relates H(nvs. residual range.

The:ending of the track in question can be'compared with the theo-

‘ retically computed track shape or Witn an experimental oharecteristic

ending in the same gas mixture which has previousl& been well estab-
1ished from other evidence. Characteristic endings are shown in

APPENDIX II.
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By such reference and bracketing procedures it has been possible
to iaentify the fragments“from two-prong stars in most cases. Out
of l79ltwo-prong stars’whose tracks lay within angles of iVBOO to
the horizontal plane, eight.could notlbe analyzed with certainty.
of these'eight,_four had one or!both prongs too short, and.four were
either pd's or pt'so The latter uncertainty stems from the fact
that when a track'has an ionization nith respect to minimnm starting
'at about 75, it is very difficult to decide whether the ionization
is 75 or twice as mucho In about lO percent of the cases the two-
prong stars hed a track whose 1dentiflcation presented some diffi-
culty due to one or more of the follow1ng: the tracks were near the
edge of the chamber or illuminated region and were thus too short,
or they had a fuzzy appearance due to improper tlmlng, or a track
was partially obscured by clouds of water vapor., In these doubtful
cases a statement was made of the more likely 1nterpretation}-a sec—
ond observer was asked to make the same type of deci31on 1ndependently.
In all doubtful cases there was agreement

It must be mentloned that the term relatlve ionization has been
used loosely for apparent track dens:Lty° Actually it is apparent
track density that is observed, and many variable factors-enter into
the relation between\ionization and apparent track density‘-— such
ras chamber illumination,.expansion ratio_(moisture available for drop
vformation),‘dip.angle &, time of passage of particle through the
chamber after expansion, and width of tracko Obviously the greatest
chance of success can he expected in the-identification procedure

.when those tracks are compared_which have these factors most nearly

alike., In general, the ionization of light tracks could be estimated
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to within a factor of 1,5; medium tracks to about 2,‘and heavy tracks
(which differed in width rether than blackness) to 3-4.

One-Prong Stars. The single tracks from helium are He3's and

He fecoils,M'These tracks turn outdtovbe most frequently of low
energy and they will then inevitably be_extremely heavy and often

also short., Ionization estimates fall in the range abote'lOO where

estimates of density are insufficiently accurate., Thus He> and He®

cannot be differentiated by'their densities because when a He’ and
Heé have the same curvature, the tableiln QPPENDIX.IV shows;that

the ioniaatlon of HeA is about 3/2 times.that of He?, However, if
the track endsbin the chamber, its change of radius with residual

range can be ascertained and the track can be compared with a char-

' acterlstlc ending° If the track does not end in the chamber, the

change in radius along the track is 1nsuff1c1ent to determine whether

3 or HeA} Klso because of the large energy spread of the

it is He
ueutrous there exists no condition which can'be deduced from the
kinematics that would distinguish the particles with certain energies
and anglest The assumpt1ons that have to be made because of this
lack of experlmental 1nformatlon will be dlscussed in a subsequent

section,

Stoppi_g Power. A& check ‘was made of the xange-energy relations

expected from the calculated stopplng power of the gas mlxture in the

'chambero Immediately after_expan81on, the chamber contalned 79.7 cm

helium and 1.4 cm water uapor. From this the'stopping power of ths
mixture was computed to be 0, 185 relatlve to dry air at 760 nm and
l5° Coe 'The energles of a few long proton tracks endlng in the chamber

were determlned from Hp measurements and ‘their ranges measured with
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a lqng flexible ruler. The calculated end measured ranges agreed to
| wlthin 5-10 percent, which is well within the experimental error
expectedo i

APPENDIX II'gives aAsample analysis of two pictures and shows
characperistic t;ackhendipgss
3.  Ezrors in Meassurement

Ahalysls of ‘an event invelses, besides identificatimm of the
particles, measurements of radius of curvature, dip angle, Eeam angle,
height of track in the chamber, distance of track from'center of
chamber, range (when track ends), and magnetic field strength, (For
deflnitions, see APPENDIX I).
| Radius of Curvature° The curvature of a track is measured by
‘reprOJectlng it 11fe—size on a translucent screen, whlch is rotated

’1n space untll it contalns the plane of the track. (called the slant

plane in Fig. 3), and then matching it with one of_a series of arcs

ruled on a Lucite template. In a number of past experiments experience

has spowp ihat‘the error made in curvature measurements always amounts
‘te Qol mm error in fhe sagitta irrespective of the particular cur=
vature and track length available° One can conclude frbm.inspection
of tracks which were made with no magnetic field ihat errors'in cur-
vature due to turbulence were negligible in comparison to measurement
uncertainfieso :

| Dip_ Angle and Beam Angle. The whelevquestion of accuracy of
'repfoJectlon and measurement with the apparatus employed in this
experlment has been thoroughly investigated by W. Powell and collab-
qrators(s)o_ They concluded that dip angles could be determined to
within £ 1 1/2° for 0< & < 50°, and bean angles to £ 1% The latter

uncertainty includes the systematic error in aligning the line drawn
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on the top glass of the chamber (which appears in every picture) with
the direction of the neutron beam, as$ well as: the error'in measurement.'
A11 dip angle and beam angle measurements rest on tne aseumption that
the 1nc1dent neutrons entered the chamber in a parallel beam. This
assumption is verified by the fact that.the~number of stars produced
outside the volume swept out by the neutron beam is negligible.

Comnlete analysis of stars was linited to those events which‘
had all their prongs lying within dip angles less than + 30°, This
restriction was necessary because when the prong under consideratlon
is too slanted accurate measurement of curvature and dlg)angle is
’ 1mp0351ble in a large number of cases, Under those condltlons the
track is usually short because 1t qulckly passes out of the llghted
region, and the extreme stereoscoplc effect required of the lenses
makes the superp051tlon of the two 1mages 1nsenslt1ve to variatlons
or.the slant plane. Imp031tlon of thisrestriction necessitated an
extended'correction procedure, which is discussed in detaillin the_r
section on CORRECTIONS. |

‘Magnetic Field. The nominal value of the nagnetlc field strength

'1n each clcture was ottalned from an ammeter whlch is photographed
81multaneously and from a magnetlzation curve, The magnetlc field
varles by 6 percent over the reglon where tracks were measured. The
| strength of the fleld at the center of the measured part of the track
was determlned from an-accurate map of the field which varies suf-
ficiently slowly 50 that second order corrections fof changes of the
| magnetic fleld along the track were negllglble. | | |
VAN Calculatlons | |

Once a particular event has been measured, the analy51s is completed

by making the approprlate calculations. The following table shows an

example of the quantities computed for each star:
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| TABLE I
Prong Particle_ﬂHex 10° | Mev | & | & | Hpy Hp, | Eno E
R o =0 | ' .
5 | 3 s | 1622 25'573 "iéé 1364 92-7 Meq 9022 Mev |
AR g
g_ :; . 2'23 "ié'g -122 izz | i'ig 7'I 25,1 Mevi 61,9 Mew]
B |t 6.24 | 6.2 42° 313° | 4113 ZQZ] 412 Mev} 83,6 Mey
I He4 |Range 5.7cm 2.1 | 75° [209° ’ 49,1 Me
_II He "4, 1.2 1 420 (1460 - R Me§|

Hp x lds is the moméntum of the‘particle in gauss - cﬁ if it has only
one charge and is of course independent of fhé singly=-charged par-
tié}e's idenfiﬁy. Thé energy.of the'particle in Mev is computed from
Hp x lQ5,by méans of the proper coﬁversion formula.* The scatter angle
'Ve and azihufhal angle & are computed from the measured dip angle <<
and bean angle § . (see APPENDIX I.) Hpy and Hp, are the components
of the ﬁémentum of the pérticle transverse to the beam and along the

beam directione.

Iwo-Prong Stars. Since the disintegration of helium by a neutron
into a deﬁterqn and a triton is a fwo-body problem, the énergy of
"théiincidénﬁ neutron can be caleulated in two ways —- momentum bal-
ane and eﬁergy conservation, These.computed energies are éntered
in the édlumns EnJvahd E, rgspecﬁively, and shouid be equal, The

two—body‘feature of this case can bevchecked in:ﬁwo other ways,
fhe-transverse momenta of the tritoﬁ énd deuteron must Se equal and
opposite; and the azimuthal angles of the deuteron and triton must

be 180° apart. These requirements are generally satisfied to within

~

* Tables and graphs kindly supplied by J. de Pesngher,

Y
¥
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5 percent, except in occasional situations when one of ihe t?égké !
is short and therefore difficult to measure, or one of the computed
quantities depends very sensitively on a measured angle.

In the case of pt and dd disintegrations, in which one secondary
neugfon comes off, it is still possible to calculate the energy of

the incident neutron. The unknown quantities are the two mémentum

~components of the ejected neutron and the energy of the incident neu-

tron (since its direction is known). The three available relations
are energy and momentum éonservation° Enwzstands here for the energy
of the ejected neutron and E, for the energy of the incident neutron.

In the case of pd disintegrations two neutroms come off in ad-
dition to the proton and deuﬁerong and there are too many unknowns
for the solution of the problem. A minimum value for the energy of
the incident neufron can be eitractéd, however, if thQ two ejected
neutrons are luﬁped together and treated as a particle with two ﬁeu—
tron maés units with the requisite momentum to balance the broblemo
This arises from the factvthat the energy associated with the momentum
of this lumped particle is less than the energy associated with thev
sgparatevneutron momenta. Consequently, in the fable Eqs represents
the enérgy of the lﬁmped particle and E, the minimum energy of the
incident neutron. | N

No caléulations can be made for PP évents since ﬁhree additional
néutronsvcdme off, - Only threé pp cases have been observed in the
whole investigation. - | : ' ._ |

APPENDIX III contains the derivations of thé férmﬁiQSVused in
the above calculations.

He* Recoils. The measured energy of a He# recoil iﬁ elastic‘

scattering leads directly té the energy of the incident neutron;
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namely

EnzgémE 9
16 cos? @
where E is the energy of the He# recoiling at an angle €, The cor-

responding scatter angle ¥ of the neutron is given by

cot y = —P L

8 cos © sin @ tan €

It is independent of the particﬁlér He'* recoil energy because-the
speed of the recoiling He4 in the c.m. syétem is equal te fhevspeed

of the c.m, system with respect to tue laboratory frame,

IV. CORRECTIONS
A number of corrections must be applied to the data as teken
off the‘filmo These involve geometrical faétors due to the inhérentv
blindness in some fegions in stereoscopic viewing, as well as assump-
 tions concerning the théory in order to circumvent certain expéri= _
mental limitations in the identification procedure.

1., Single-Prong Stars

In the first place,vonly those eventé'have been measured whose
'traéks laj withih‘an angle of ¥ 300 to the horizontal plane contain-
ing the neutron beam. In order to find the number of events which
would have been dbserved without this restriction ond, a weighting
factor has to be assigned to each event. This factér is the recip- -
if'one uses the aséumption of isotropic azimuthal distributién apput
the direction of the neutron beam. éne must compute what fraction

of the azimuthal angle g * meets the requirement at a given scatter

¥ A1 amgles are defined in APPENDIX I.
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N

angle © that the dip angle o be limited to ¥ 30°. In Fig. 4 the

direction in space of any track is given by a point in the # - ©

plane; the oval régions are defined by the equation

with sing = ¥ 1/2, The i%zterpretation of the plot is this: a track
with a given scatter angle © would be measured (i.'e.‘ would hé.ve L <&

% 300) for those azimuthal angles ¢ which fall o‘utlside the oval regions.
Consequently the probability of ‘observing a track when it has a given
scatter angle © is simply the ratio of the nﬁmber of & degrees out-
side the ovals to 360 degrees. ',Thé_ weighting factor is the reciprocal

of this fraction, and its maximum value, which occurs at © = 9Q°,

is 3.0 The appropriate correction factor was applied to each track

individually.
2. TIwo-Prong Stars

In the case of events with two prongs the correction procédﬁre '
is.cox.npl:_lcated by the fact that the rejection of an event may be
due to one or both prongs lying outside the ¥ 30° 1limit ; and, further-
more, the fraction of total solid angle available to the event, depends'
on the ,di'fference in azimuthal angles of the vtwo tracks (a 3 e
From the plot in Fig. 4 a table was construéted graphically which

lists the solid angle correction factor for a given 61 (vprc'mg 1),

. 92 (pi-ong 2) and s #. (These three parameters geometrically define

a two-prong event on the assumption of azimuthal-symmetry.’) "The

. procedure used was this: one leg of a pair of dividers was always

kept on el wh‘iie the other leg was always kept on 62.'- ' "The izétri'gle
between the legs_ fixed the parameter 4 ¢. The dividers then were

moved vertically up the plot so that €; moved from 4 = 0° to &= 360%
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Every time one or the othef leg crossed into or out of the invisible
fegions the fact.was recorded. Thusiit was found what the prébabiln
ities. are. that one or both’ prongs are not measurable for a given

f €1, €7 and Ax¢ﬁ. ‘From this: information one could then calculate
two correctioﬁ factors,. One correction factor gives‘thefnumber of
events to be'expected in the azimuthal region where one prong is-too
slanted; thé;other gives the number where both prongs are too Slanted.-
The éum §f the measured event and the two correction factars is

_,the number of events which would have been observed if theré had been
no restriction onL,
.As a check on this computed correction. procedure, the events
for which one or both prongs lay outéide the £ 30© limit have been

counted, and whenever possible, identified. . The total numbgr of:

~_these -partially ' analyzed stars plus ‘the - total number of -
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completely analyied stars should be equal, within statistical errors,
to the number of‘compleﬁély anal&ééd stafs corrected by the computed
solid a.Lrigle'correc'tiono Sﬁch.a cheék woula assﬁre onelthat nothing
‘significant was overlookeduby confiﬁiﬁg & to T 309, For certain
. few two-prong stars both prongs would never fall inside the 30° limits
regardless of hbwvthe configuratioh wasvrotated aboﬁt the beam axis,
This situation would amount to an 1nf1n1te computed solid angle cor=-
rection factor, but 1t will be shown that no significant contrlbua
tions could have come from these types of stars, In'practice the
correction factors turned out to be below 3.0 and:a few went as high
‘as 6.0. |
3. The He3 Assumption

As hgs been pointed out before, it was impossible to determine
whether a single ﬁréck was He? or He* when it did not end in the
chamber, In ofder t§ estimate what fraction of all the single tracks
were_HeB‘s; somé’aséumption must be made regarding the He3 farmation
procééso | o | |

The pt and He3 events can be,conéidered as similar proéesses
~- in one case the inceming ﬁeu@ron‘interagts with ana strips a pro-
ton off the heliuﬁ nucleus, while in the secoﬁd case it strips off
a neu‘tron° As an approx1mat10n then, it seems reasonable to expect
the ratio of He3 to pt"events'td be the same as the ratio of the
n-n cross section to the n-p cross section at 90 Mev., To the extent
of present knowledge, the numerical value ofa-pp must be employed
for<jhn° 'Then the ratio of o, to °hp becomes about'l/B(lo)o

| AFhrthermore,_those cases of. the dt events in which'a.pickeup

deuteron comes off inuthe‘forward.direction must be included as a
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type of pt_event becuaée_the deuteron is actually not formed until
some time after the disintegration<4). Sincé iﬁ ébout one-half of
ali the dt events a high-energy deuteron éomes off in the for@ard
direction, the procedure proposed for estimating the number of He3
events is |

1/3 (no. of pt events+ 1/2 no. of dt events).

V. RESULTS AND DISCUSSION

l. Inelastic Events

2 ON\W\ P+

TABLE I1II

pt [dt | pa| da pp | He3 | Total
Measured . 88 Pp3 131 7. |2 | 171
Not Identified 5.110.81 1.7] 0.4 8
Sum 93.1 B3.8 32.717.4 |2 1179
Corrected Total R12.6 [15.5 76.3 137.0 {3.8} . .
Total with He’ Assumption R12.6 [15.5 [76.3 [37.0 3.8 |83.5 | 488.7
Total for Neutrons D40 Mev209.1 p6.5 [76.3 |35.2 |3.8[80.8 | 471.7
Probable Error | 7._3%f12.3%12.1% 6.8% 484 ] sz

The first row in TABLE II shows the inelastic events which had
dip angles less than t 30° and were thus subjeét io a detailed anél-
ysis. In addition there were four stars (previoﬁsly discussed) which
could not be identified and four stars where the interpretation could
have been either pd's or pt's (also previouSly discussed). ?pesg_”
e?gh@ unidentified events were arbitrarily divided into groups with
the same relatife distribution as the identified events in the first
row. The numbers in the second row show the grouping of these eight
~ events.

Line 3 is the sum of line 1 and line 2. The fourth row gives

“the total number of events of each type which would have been observed
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if 4 had not been restricted to less than pd 30°, This correction
is.disdussed in detail in the next two sectionms,
The fifth rcw shows the total number of inelastic events of

each type including 83,5 events for He?

obtained by using the assump-
tion made in the section on CORRECTIONS. |

Row 6 is the same as rﬁw 5 except it includes only events from
neutrons above 40 Mev,

Line 7 gives ﬁhe statistical probable error based cn events
actualiy anélyzed from neutrons above. 40 Mév; |

r

- Resulis of Solid Angle Corrections. If it were true that all

t&pés of stars appeared in the 30° group, then a solid angle correction
factor coﬁld be applied to each analyzed star in the 30? group which
would give'the number of stars which would have been observed if
. had not been limited, However, if there is a class of sﬁars which
would never have both prongs within the 30° 1imit (irfespeétive of
" the Totation of the configuration about the beam axis), some other
method_must be uéed to reveal this cléss of stars.

Now,.gtars with ene or both prongs with dip angles greater than
30° could be recognized and counted, but not completely analyzed.
TABLE III shows the results of this partial analysis.

TABIE III

ptiit pd dd pp|p? 42 t2? 2?7 |Total

" One prong & > 30° 51017 14 12 1|35 25 14 7| 176

. H : . ) )
Both prongs <L > 30° 10 3 2 1 01 3 5 16| 4

Total . | 61 20 16 13 1|36 28 19 23| 217




25

The question marks (?) denote unidentified prongs. Fbr purposes of
comparison, the events coniaining one or both unidentified prongs
are arbitrarily divided into groups with the same relative distri—
bution as the identified events in TABLE’III‘ ana added to the iaen-

tified events. The results of -this distribution appear in TABLE IV.

TABLE IV
ot dt pd dd pp |Total
One prong « » 30° 92.8 29,5 28,9 23,8 1 |176.0

Both prongs ot » 30° | 24.6 8.5 5.1 2.9 0 | 4l.1

Total 117.4  38.0  34.0 26,7 1 [217.)

As was described préviousiy, fhe camputed solid angle correction
factof could be broken up into two parts -- one factor ccrrecting |
the BQO'group analyzed events for those solid angles in which one
prong lay outside, and aﬁother factor correcting the analyzed events
for thoée solid angles in which both prongs lay outside. In TABLE V
the net corrections obtainea by applying a computed solid angle factor
individually to each anélyzed event in the first row ofJTABLE I are

compared with the partially analyzed events from TABLE V.

TABLE V.
pt dt pd dd ppi|Total
- o JPartially Analyzed|92.8 29.5 28.9 23.8 1 |176.0
One prong 3130 (;bmputed ~ 197.3 35.8 37.7 16.3 1.8|182.9
) Oo{%artiaiiy hnalyzed| 24,6 8.5 5.1 2.9 0 | 41.1
Both prongsy»3 Jomputed 22,2 5.9 5.9 3.30 .| 37.3
oial {Partially Analyzed|1124 38,0 34.0 26,7 1 |217.1
‘ Computed 1195 41.7 43.6 19.6 1.8[226.2

fe
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 Discussion of Solid Angle Corrections. It is proper at this
pqint to prggent eﬁidencevthat_no significanf igfqrmatioﬁ was missed
due to the fact that some stars could have had Munusual® configura-
tions so as to have both prongs always outside the 30° limits,

1) TABLE V shows that the co:réctipn‘of 226.2 events as com-
puted from application of solid angle corrections to the
analyzed stars in the 30° group is equal, within statis-

| tical error, to the 217.1 counted events outsidebthe 30o
limits. This prbves thatbthe number of "unusual" stars
must be smell.

(2) The stars analyzed in the 30° gfoup'yield a certain dis-
tribution oflevents,' The 111 stars that were successfully
analyzed in the group héving one or both pfohgs.outside
(TABLE III) have the same distribution of évéhts - as
folléws:

pt dt pd dd PP
Analyzed o * 30°  52% 19% 18% 10% 1%
Analyzed<{ > * 30° 55% 18% 1L4.5% 1155% 1%
.(3), The 106 stars left in TABLE III with one or both prongs
~unidentified can be_arrahged so as to give the séﬁe dis-
tribution. - IR )
Hence one can cénclude that it is highly unlikely that there is any
considerable number of stars of an ®funusual" character among thé
}06 starsnof>item (3) whose_presence would change the distribution
in item (2) by a significant amount,

In TABLE I line 4 gives the number of corrected events. This

number was cbtained by adding to the events in'line 3 the total com~

puted solid angle corrections from TABLE V. This procedure is justified
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in view of the above arguments.

2.  Hlastic AEvent"s'

The following table shows the results of m sasurements cf the singls

"prong stars.

TABLE VI

HeA's ending in the chamber - IR . 139
Single tracks not ending e ‘ 125
He1g ending A - S ' ‘ v 2
Tracks less than 2 cm long o " 105
Tracks counted, with & > ¥ 300 ‘

(ending and not”ending)'_v - ] | 349
Cbmputevsolid angle correction to HeA's ending . 218
Cbmpgte solid angle correétion to trgcks not;ending 127

' Weighted single prong events due to neutrons > 40 Mev = L4l

One has to determine now the number of single tracks which would
have been observgd if all solid angles had been iooked.at and if no
_tracks had been miséed‘because>they wéré too shoért. In ofder to
correct for the solid angle 1imitation,”a proper'weighting factor
has been a_ppl.ie'd‘to each individual event —- as explained in detail
previously; The ahgular distributiﬁn of the scattered neutrons, see
Fig. 7, shows évlack of neutrons in the forward direction, which is
due to the shortfrange-éf the recoils. It is proposed to extrapolaté
the experimental spectrumvto Zero scatter'angie according to a rea-
sonable. theoretical assumption as to the shape of the spectrum, and
it will be shown that 124 He’ events from neutrons above 40 Mev are

contrituted by this extrapolation.
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If the total numbér of»neutron—helium collisioﬁs is to bezngr—
I:mglized to the total n—He4 gréss sectipn as determinea ind;rectly
by carbon disk detectors, those helium collisions must be éxc;uaed
which were du¢ to neutrons not present in the tqtél croés section
experiment beam. The carbbn activation reaction ﬁas a thre§hold at
‘20 Mev, and the number of neutrons‘detected betweén 20 and 40 Mev
is small because of the sharp drop of the activation curﬁg near £he
thresﬁold and thevséall number of neutrons in tha£ par£ éf the spec-
tfﬁm(ll). Hence no serioﬁs error is introduced if only ﬁelium events
from neutrons above 40 Mev are included in the narmali;ation. There
are very few inelastié eveﬁtsvf:om neutrqné ?etween 20 and 40 Mev
ﬁseem?ABQE II) ;- the‘th?esholds range from.i7.5'Me§ to 25.9 Mev —-
andiit'will be ‘shown tha£ it is no£ feasiblelté éofréct for missed
rshort,tracks from neutrons below 40 Mev. - -

| In ordér to obtain the estimated pumber of He4_events, the 124
‘extrapolated—HQA‘evgpts‘are added to“thgv44l_eyents apéearing in
'TABLE VI. Finally the 80.8 He}'s, which have been assumed to'qccur
with the inelastic events (TABLE II) must be subtracted out. Thus
the total number of He4'é is | .

M1+ 124-80.8=484.

It should be noted that the normalization of the total‘nﬁmber
of helium qollisiops (inelastiq’and elastig) ig‘iqdependenp pf the
§e3massumption, The assuméd 80.8 He> events which'have been added
.to.yhe inelastic evgnts are subtracted out from thé single‘prqngi
events, leaviﬂg the total numbe; qf evgnts unchangedc

In order to examine the question of why»only_twp.HeB's_wereu

observed ending in the chamber, one can again consider the analogy

B
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between the He3 and pt processes. The following ratios are then of
interest: ‘ (
Numbeerf Hé3's eﬁding to number of He3's not eﬁding aé} "::(‘2/39
" based on the He assumption e | |
Number of tritons ending to number of tritons not ending 20/88
in the pt processes | |
Any one of the follow1ng reasons could account for ‘the small number _
of He3's observed to_end.
| (1) The number of He3's was gfessly overeEtimated in the He3
assumption. |
(2) It is a special feature of the n(He%, He3)2n reaction that
no low energy He3's are emitted, (They would have to have
.less'than'a few Mev in order to end in the ‘chamber. )
(3) More than two He3's did end in the chamber but they were
~ confused with Hek's. (Thls would only be a p0531b111ty
1f the He3 tracks were con51stently short. )
As far as possibility (3) is concerned, it should be noted that
for a given energy the range of a He3 is only about one fhird that
of a triton. The ranges of 17 out of the 20 tritons whieh ended were
such that if the pafticle had been a He? with the same energy, its
range would have been less then 3 'cm, and in Sueh case it_could have
been confused with He%4. Whether or ﬁot some He?'s should have had
the proper enefgylﬁo‘end in the'chamber‘depends of course on the
behergyvdistribution of the He3's, and one can only speculate what
this might be frombcompérison with the triton energy distribution
from pt events (shoﬁn in Fig. 11).
3. Cross Sections'

' In order to obtain absolute cfoss sectioné\the total number
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of events (47241nelastic'+ 484 elastic), fgr incident neutrons above
4

40 Mev, 1s normalized to the intefpglated_ane ‘total cross sectioﬁ
from the work of Cook et alfll). When o- is piptted_va¢42/3 for H,
D, Li and Be, o~ for He turns out to be 1.9 x 10-%<5 cm? when the points
are connected_by a smooth curve., A probable error of 10 percgnt
is arbitrarily asgighed to this valué. ‘ :

On the basis of the INELASTIC and ELASTIC events listed, the
results are |

. oelastic = 96 % 17 mb

“pt = 42 £ 6 mb

“dt = 13 £ 2.5 mb

“pd = 15 £ 2.5 mb
ad= 7L1.5mb
“pp = 08% 0.4 mb

OHe3 = 16 mb (assumed)

The ratio of “inelastic is 0.49 £ 0.07
aﬁtotal

4. Errors :

- The errors quoted in TABLE iI are the'statisticalmpygbab§9 §rrors
based 6n the number of events actually analyzed. For each quan?;iy
»making up the 484 elastic evéﬁis.a statistiéal probable error can
be assoéiated based on the number of events actually meésured.‘ But
 = it is more realistic to consider the magnitude of the extrapolation

| thét had to be made for missed tracks and the uncertainty in the
80,8 assumed He3 events;band consequently A probable error of t 60
was assigned to the 484 recoils.
The uncertainties arising from the identification procedure

have been discussed in the section METHOD OF ANALYSIS OF EVENTS.
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5. Comparison With Theory | N S

'In 1950 Heidmann published ‘ananalysis of the QQEMébfhéupron-
© helium SCatﬁeringiprobIEm(lz);:it‘is'interestiﬁg'to"compare his pre=-
‘dictions for the relative cross s;étions with the present experimental

" findings.

Proéess Theorx(lz) " Theory Revised(13) . Experiment
Elastic He4 180.mb T 160mb 0 029617 mb
pt- - 63 60t 10 ¢ - - 42t 6
at 16 16 13 % 2.5
pd . ~0 ~2 15 & 2.5
da ~0 ~0 7 £ 1.5
PP ~0 © 0 0.8t 0.4
He3 | 6 6 - 16 (assumed)

If Heidmann's revised theoretical results were diminished by

the ratio 190 mb_ so as to make his total cross section equal to
244, mb

the iéterpolated experimental value, the agreement would be excellent.
for the.Heég pt and dt modes of disin@eg?aiioé;;'ié any case the
agreement is remarkable because, as the author himself points out,
'_'Fhe'é&lculdtions should be'criticiéed‘fér usé.gf géuésian'fuﬁctiohs
fOr”ﬁhe potential.and for the use of deuteron wave functiom%'which
)wéré employed tQ simpiify>£he integrations. Heidmenn apparently
underestimates thevbccurrénce'of thé pd and dd processes, but agrees
that complete disintegration of helium by a neutron (pp) is rare,

3

In7afriving'étvfhe number of He disintegrations, Heidmann was
" the First to consider theé pt and He3 events as similar proéeéSeso
However, he estimated that the number of He3 to pt events would be

givéen by
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. 1/4 | Vsinglet)2
1/4 4+ 3/4 \Viriplet

or ehcut“ohe“tehth. ‘As discussed in the section on CORRECTIONS,
in the present investigation' the ratio of He3 to pt events is assumed
to be

Tnp = “mp=1,

which leads to about three times the He3 cross section. Only the

He3 and He4 cross sectlons and the ratlo 1nelastic/// total are

affected if one uses one or the other assumptlon.v One piece of ev=-
idence which speaks in favor of the 1/3 ratlo comes from n-d scat-
terlng at 90 Mev. W, Powell(7) found that the cross sectlon for the
production of protons with less than 10 Mev is 14.6 mb and that for
protons with more than 10 Mev is 51,1 mb. The lcw.energy crotons
are roughly isctropic and are left behind wheh.the incident neutron
hits the neﬁtron in the deuteron, while therhigher energy protohs.
come off predominantly forward and result frcm the incident neutron
striking the proton in the deﬁteroh. The ratio between these two
processes, which can be considered es n—h and n-p interactions in
a light nucleus, is 1/3. | .

6. Energy Dependence

The 1ncident neutron spectrum‘as measured from HeAvrecoils ending
in the chamber is shown by the s1ngle p01nts 1n Flg. 5., If ali the
srngle tracks which do not end in the chamber are 1ncluded,‘the up-
per‘cﬁrve'resuits. It”is seeh tc.heve a qhite siﬁiiar shepe which
is to be expected since the He3's have been estlmated to constltute

| only about 10 percent of the spectrum. (Of course below 20.5 Mev

the events must all be due to He4 since this is the threshold for

\
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the HeA(n,VZn)He3 reaction.) The peak occurs at about 70_# 5 Mev.,
The distribution has the generalsfeatures resulting experimentally
lfrom.the‘deuteron stripping process,vnamely a peak near half the
deuteron energy and a .peak of low energy neutrons, The low energy
peak is undoubtedly_exaggerated due to the rapid increase of the -
elasuic scattering cross section with decreasing neutron energy.
The broadness of the spectrum and the shift of fhe peak down to 70
Mev is due to the fact that the stripping target used in this part
of the experiment was 2 in. Be rather than the more desirable 1/2
bino Be, It can be concluded from ‘the distribution that the energy
dependence of the elastic scattering is not very pronounced in the
”vregion from 40 to lOO Mev, v | “
- For the various inelastic processes, the number of eventsvvs°
1ncident neutron energy is plotted in Fig, 63 the peaks occur at
"about | | .
N ot 75.# 5 Mev
at '65 t 5‘ Hev
bwpdv 5 Mev
(The‘neutron energy in the pd cases is a minimum)

Since the incident neutron spectrum was the same in each case,’
the qualitative nature of the curves can be compared. The snall.shift
of the pd curve to lower energies with respect to the pt curve may
v31mply reflect the fact that the calculated value of the neutron
“energy gives a minimum value only. The dt curve shows a decided
(energy dependence, and this agrees with the sharp falling off w1th
venergy of the pick—up process which is theoretically expectedo Pre-
liminary experimental results on n-d pick-up deuterons verify this

sharp energy dependence(lA)
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7. Energy and Angular Distributions

Elasticallz Scattered Neutrons. The elastic events were divided
into two groups — those due to inc1dent neutrons below 40 Mev and |
those due to incident neutrons above AO Mevov The reasons for thls
| d1v151on are flrst that there ex1sts ev1dence that low energy neutrons
scatter from helium in a different manner than high energy neutrons(15)
second to be able to make a comparlson with theory, in partlcular
that due to Heldmann(l2)' and thlrd for a reason whlch will become :
rev1dent 1n the next paragraphsa . ‘ d_ v _

The points denoted by trlangles in Flgo 7 show the angular dis-
tribution of elastically scattered neutrons (do-/de) from 1ncident
neutrons with energles greater than 40 Mev, the p01nts denoted by
clrcles were obtained by d1v1d1ng the da-/de p01nts by the average
value of the sine over the 150 1ntervals and represent thus dcr/dJm.
._ By hav1ng proceeded on the ba31s that all s1ngle prongs not ending
in the chamber are He4's, 11ttle error was made since only about
16 percent of the events above AO Mev. is contributed by He3's. Ev-
~idently there 1s a hole in the experimental dlstrlbution near the
forward dlrectlon, 1t is due to the correspondlng re001ls being too
short to be measured w1th certaintyo

| According to Heidmann's theory the angular dlstrlbutlon of 90
Mev elastlcally scattered neutrons is a gaussian curve centered on
| the forward dlrectlon° His predlcted curve has the equation o

dO‘ = 4o 50 e"7 866 x 10‘25cm2

d_n_
in the Cela system, Since the present experimental data are not
incompatible with a gaussian, it was decided to draw a gaussian curve

through the' experimental points; its form is -
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de = Ke-5.0€2
dn

Vlt'is shown by the solidlline.in'Fig; 7 end Was entrepolsted to zero
" degrees scatter angle. J | | ”

| Advantage has been taken prev1ously of the opportunlty to asS0~
01ate the events under the extrapolated part of the curve w1th the
“_ events missed because the tracks were too short. The area under

the extrapolated part of the curve contrlbutes 168 events lumped
ﬁinto the 0-15° scatter angle group (dd/dxmsln 6) The reason why

the angular distribution was plotted in 15° groups in the first place
-is that‘nhen a 40 Mev nentron is soattered et 159, the corresponding
reooil will jdst be 2 cn 1ong; (This ﬁas the criterion selected below
nhich recoils were‘nerely counted instead of meesnred;) Consequently
:one.hegins to'lose measurable tracks for neutron scatter angles‘of
15 and less.' The crltlcal alpha re001l angle correspondlng to the
Tneutron scatter angle of l5° is 80.5°., Recoils have been‘observed

at anglés.as high as 84°; they are due to neutrons of energies higher
‘then 40 Mev. | S
o From the 168 ektrepolated events in the 0-15°‘group, Ldy weighted
"eyents must be subtracted since they were actnally observed and meas-
ured. The remalning 12, events were then added to the observed single
'prong trackse. - |

Fig. ) shows the angular distribution of elastlcally soattered

neutrons from 1n01dent neutrons w1th energles less than 40 Mev,
Here again a substantial number of‘nentrons are known'to be missing
near the forward direction, But since they can be missing up to
_“fairly_large neutron scatter angles (when a 5 Mev neutron is scat-

tered at 45°, its alpha recoil will just be 2 cm long), it is not
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pgssiEle to estimate the distribution of Phe missing tracks. However,
the‘dist;ibution confirms the general trend found by Swartz(l5> that
elastic scattering is peaked less in the forward direction at lower
energies. The picture is qualitétively that the forwardvpeak of
difffaction scattering on the basis of the opaque nucleus model is
spread out at lower enefgies,‘and fhat more nearlj isotfobic scat-
teringvis approached,

The He*(n, d)t Reaction. The angular distribution of deuterons

from dt events is plotted.in Fig, 9 aﬁd shows the e%pected feak of
pick-up deuterons in the forward direction. The distribution is
plotted both in terms of de/ d6 and du. /de. The solid line rep-
resenting the differential cross section dc—/a.n;is subjectbto some
error due to the inaccuracy introduced by é&eraging sin © over a
© 300 interval; but it'is ihcluded fo show the approximate half—ﬁidth

of the forward cross section, which ig estimated to bé 250, _én the
other hand, the’do-/ae points are useful in comparing the relative
forward to backward scattering; theylshow that the eveﬁts undér the
peak constitute about one-half of the total dt cross section. ﬂeidmanh
has pointed out‘l3) that the critical tésts'ﬁétWéeﬁ“théory and ex—
.periment are, iﬁ order of increasiné sensitivity to large mdméntgm
changes (and thus small interaction distanceé)§ the total dt cross
seétiéﬁ,.thé angular half-width of faét.forward deuterons, and the
ratio of‘fofward to backward deutéronso The following is a comparison
between theory and expériment on these‘poinfs: |

Theérz ' Experiment

Totalath ' 16 mb - 13% 2,2 mb

Half-width 8.0  ~250
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) Theorz Zxperiment
Ratio forward * 15001 0 1.4

backward

‘ The dlscrepan01es 1ncreaee exaCVIy in the order listed above, with
'only Bhe uotalcr t belng in satlsfactory agreement., One o0351b1e
_vsource of the dlSCFCyanCleS has already been mentloned, namely the
use of the gau331an functlon for the potentral in the calculatlons.

The cne event plotted in the 165° group is a low energy deuteron
with an associated triton going forward with 75 Mev,E The process
.responeibleifor this is undoubtedly triton rdck-up.u -

Id Fig. 10 the energy dietribution of the deuterons from dt
erents is plotted. The peak corresponding tqQ pick-up deuterons falls
at 50 Mev. Although the dt process is a two—body problem, there is
no one to one correspondence between a peint on the angular dlstrlb—
utlon plot and a p01nt on the energy dlstrlbutlon plot because of
the<var1ety of energles of the 1n01dent neutrons, Th1= fact, inci-
‘dentally, muci be kept in mlnd in maklng all comparlsons with Heldmann s
‘theory, since he analyzed the problem for monochromatlc 90 Mev incident
'vneutrono.v

The HeA(n, ant Reactlon. According to Heidmann's _prediction

the trltons lrom the pt reaction are of low energy {2 Mev on the
average) and are dlstrlbuted almost isotropically. Fig. ll shows

the energy urstrlbutron of the trltons, and agreement is seen to be
Jexcellent. However, Fig. 12 shows that the angular dlstrlbutlon of
the tritons is not isotroblc but concentrated in the forward direction.

The proton energy distribution is shown in Fig. 13.

® Strictly, the experimental ratio observed 1s pick-up deuterons
to non-pick-up deuterons,
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_ Tﬁe»proton angular distribution from pt events is;plotted in
. Fig. 14 together with the proton angular_distr;buﬁion_from pdvevents.
In both distributionsvit canlbe said that the free nﬁcleqn n-p scat-
téring is reflected to some extent.‘ Thié would be expected on the
basis of a model first proposed by Goldberger(B) the general ?eatureé
of which were verified by Hadley and York(2). jAccording to this
picture, the boﬁbarding particle intefacté with an individual nucleon
rather than with‘thé étruck nucleus as a whole, aﬁd probabljvleading
“to the ejection of a fast particle in the‘fofwérd dirégiiono

Eig. l5vgives the energj distributionvof proténs from pd.eventsn
 The statistics are not good because of the.iow frequency of occurrence
of thié type of evént. Nor does ény theory exist at present with
which comparisoﬁ»can be made, |

8. OxvgegﬁSFars

Since a small number of oxygeh stafs ié an unavoidable by-product
of this experiment, it is desirable to make a comparison betwe@n the
number of oxygen events expected and observed. The following table
shows the distribution of oxygen stars observed and also that found

by Tracy and Powell(s)o

 Prongs Experiment : Tracy and Powell
1 6 |
2 1 . 1 + 2
3 14 =
L 8 . 8
5 2 ' 6
? 2 |

- Bs mentioned in the first section, the ratidvof‘hélium,toloxygen

nuclei in the chamber was 51.8 as calculated from the partial pressures.
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K comparlson between total cross sections is not poss1ble9 however,
because many single prong oxygenltracks were obv1ously mlssed, either
because they were too short or‘because they were confused with hellum *
But the inelastlc cross sectlons can still be composed 1f a value for

.°_1/°_t for oxygen can be foundo A_recent tabulatlon on neutron

| cross sections(lé) 1ndlcates that for elements in the reglon of oxygen
) L/Crt for 90 Mev neutrons is. around O, 38 Because oxygen has an

_alpha pantlcle structure and in V1ew of the approx1mate nature of

the calculation, /CP is assumed to be the same for oxygen as
found for hellum in thls experlment — namely 0 49 - 0, 07° Then the
expect=d ratlo of 1nelastlc ‘helium events to inelastic oxygen events

is | o |

51,8-x 1,9 x 10-25cp2
7.65 % 10-<5¢em<

= 12.9

The oxygen cross section was taken from reference (11).- The observed
ratio is 489/40 = 12,2, which would be smaller if the excited states

of oxygen contributed:appreciably to the. inelastic.cross section,

9.  Azimuthal Symetry Check

Since'there is:no‘neason to believe otherwise, all processes
in this experiment are expected.to ogcur with azimathal symmetry.,
Because this nas been one ofAthe_assumptions'employed in this exper=
iment, and in order to be certain that no systematic errors have been
made in the-angular"measurements, one should like to verify this,

The following table shows the number of He4 recoils, and tritons

from pt events, as observed in four azimuthal angle groups.

*® Many w1th respect to 31ng1e prong oxygen -- few with respect
" to single prong helium,. -
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0 - 30° 150 - 180° 180 - 210° 330 - 360°

1+

11 73.6

A+

He's 93.0 10 75.6 110 81.7 %10

i+
1+

7 304 %6 35736 346%6

~ |Protons from pt [46.3

The uncertainties are probable errors based on the number of events

actually observed.

VI. CONCLUSIONS

- When helium isMbémbarded by 90 Mev neutrons, the:dominanf process
is elagﬁig scatterigg, which 9xhibit$ the charaqteristic‘forward dif-
fraction peak for incident neutron energies above 40 Mev. For neutron
energies below 40 Mev elastic scattering tends to become more isotropic.
The most frequenf inelastic process is the disintegration in which the
incidept negtron strips off a proton from the helium nucleus leaving
a low energy,ﬁriton behind, A special case of this progess occurs
whén the outgoing neutron and proton proceed together as a high energy
forward deuteron -- the so-called pick-up process.‘ Pick-up accounts
for about one-half of the events_in which a deuteron and a triton
are emitted; in the ofher half the deuterog comes”off_in_a random
direction with low energy. Although Heldmann's theory may be érita
icized iﬁ a number of ways, és pointed out by the author, it is in
good agreement with'the cross segtions for elastic sgattering and pt
and dt disintegrétidnso The most serious diggrépancies arise when
the theoretical ratio of forward pick-up deutefons to backward Qeuterons
ofllOOO/l is compared with tﬁe experimental ratio of 1/1; also the
theory pfedicts a much smaller number of pd and dd disintegration
than is observed, As far as the energy dependences are coﬁcernedp

no marked dependence ié evident over the region investigated feor
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'elastlc scatterlng and for pt and pd dlSlntegratlons, while the dt
.dlsintegrations fall off with increasing energy, as is expected at
~least for. the pick-up part of the process° Noteworthy in the angular
!dlstributlons is the fact that the proton angular distrlbutlons from -
pt and pd d;sintegrgtions reflect to some-extent the free nmp 19ter=
action. Since H§3's could not be distinguished from He4?s in this
investigation, the mechanism leading to He3 production has been
assumed to be similar to that 1eading to triton production. The posé
sible errors arising from this assumption would seriously affect
only the HeL(ng 2n)He cross section,

Since at hlgher incident neutron energ1e59 say 270 Mev, the\
theoretical approximatlon that the bombarding particle interacts
only with one nucleon in the target nucleus becomes much better,‘
the calculations become simplifiéd, and hence neutron-helium ééatnv
tering at this“enefgyVShoumd prove to be of decisive interest. Fﬁrtherg.
the parallel eiperiment to the present one; namely proton-helium |
scattering at high energies would, tbgether with the results of the
 presént investigation,‘provide further comparison between the n-n
- and n-p and p-p forces.

(VI ACKNOWLEDGMENS = =
N ?he guﬁhor wishes to express his since;e'gratitudé tp Professor
W}}sgnﬂPowgll for suggesting this'problem'and for his helpful advice
and;constant encouragement throughout the investigation. The coop-
eration of many members of the cloud chamber group is also acknowl-
‘edged with~§1easu£e5 and special thanks are.due to. Dorothy Gardner

for carrying out a large share of the tedious calculations and to



hy2e

Beverly Lee who did the computation in the earlier stages. The author
has profited greatly f{rom discussions of the theoretical aspects with

Peter Wolff,



Fig,

Fig.

Fig.

Fig.

Fig.

Fig,

Fig,

Fig.

Fig.

1

10

11

12
13
14

~43=

FIGURE CAPTIONS

Sketch of the cyclotron, cloud chamber and collimation

- . arrangement.

Photpgréph of Cloud Chamber? magnet and timing circuits,
The_negtron beam emerges through the hole in tbg cement
block and épters the cloud chember on the far side of the
magnet pla?formo_ |

Sketqh of stereoscopic project used for lifq;size repro=

1
Ty

duction of tracks.
Regiohs of blindness due to limitation on dip l‘*.anlg‘le oo
Regiqné inside the oval are excluded when a is liﬁited to
the rafige from -+30° to - 30 |

»Incident neutron energy distribution as measured from He4
recoils,

incident negtronAenergy,distribution as measured from var-
ious énelastic events. _

Angular distribution of elastically scattered neutrons
from inc;dent neutrons > 40 Mev,

Angular distribution of elastically scattered neutrons

" from incident neutrons < 40 Mev,

Angular distribution of deuterons from deuteron-triton
events.

Energy distribution of déuterons from deuteron~triton events.
Energy distribution of_tritons from pt events.

Angular distribution of tritons froﬁ*pt events,

Energy- distribution of protons fréhApt events. -
Angular-distributions:of protons from pt and pd events.

Eﬁergy distribution of protons from pd events.
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APPENDIX I. DEFINITIONS

.

The angle between the initial direction of
the track and the horizontal plane containing -

the neutron beam, measured in a vertical plane.

The angle between the projection of the ini-
tial track direction on the horizontal plane
and the direction of the neutron beam, measured
in a horizontal plane.

The angle between the initial track dlrectlon
and the neutron beam.

The angle between the projection of the initial
track direction on a plane perpendicular to
the neutron beam and the horizontal plane,

The radius of curvature measured in the plane
of the track,

(= @s cosok, and is the radius of curvature
which a particle of slant radiusps would have
if it were moving in a plane perpendicular to

- the magnetic field with the same momentum,

Is the plane containing the initial track dix
rection and the horizontal line perpendicular
to the initial track direction, It is approx-
imately the plane of the track except:that in
general the path of a charged particle in a

‘magnetic field describes a helix. The slant

plane is at dip angle o« to the horimontal plane.

Hpy = Hpsin ©

HPz Hp cos ©

APPENDIX II. SAMPLE ANALYSIS CF TWO PICTURES

The following pictures serve as examples of the type of events

that were analyzed.

The letters are abbreviations for the particles .-

‘and the numbers stand for the dE/dx values with respect to minimum

" ionization. The lightest tracks which were dealt with were about

4-5 times with respect to minimum and are probably not visible in -

the reproduction; the heaviest tracks encountered were sqmetimes
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as high as 400 times with respect to minimum. The vertical line
through the center of each picture is ruled on the chamber fép glags
and indicates the direction of the neutron beam. The equall& spacéd
horizontal reference markings intersecting the vertical liné are
used for stereo-lining up of the pictures. |

Fig. A is interesting in‘thét it shows, among othef_things; -
the characteristic endings of several different particles. The spiral
path of the proton ending is clearly evident in the right half of .
the pictﬁre. The two ﬁritons originating from the two helium stars
between the first and second reference mark near the vertical center
line both end in the chaﬁber. The He* recoil just above the lowest
referenée mark ends in the chamber and is typically near 90° to the

bean. Thé longest prong from the A;prong oxygen star near the center

of the picture_looks like an alpha particle ending. (No analysis

"of oxygen stars was made).

3

Fig. B includes one of the two He”'s identified in this experi-.
ment which ends in the chamber. Its characteristic ending can be
compared with the He’ ending just above the 4th reference mark.

Both pictures show é number of other helium disintegrations. )
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APPENDIX III. DERIVATION OF FORMULAS

1. FT and DDACas§sr'“ . '4/?neﬁtron

Charged particle 2 .

’

.

In both cases one neutron is.ejected

| inte. he followine Incident Reutron
in the disintegration. The following utro

equations apply: Charged "particle 1

E = B+ E2 +' B.E. t E ,

n
T LR 24 2

= . t
Eyr = Pt = Por” + Py

™ &

- gznz - (pli‘F p.?z"*'pn'z)2
2m 2n

o

Parg = Ppg+ Py
where ,.’En,'pn = energy and momenfum of incident neuyron
El’ E2 = energies of ejected charged.particles
B.E. = binding eqergiés of the particles {6r threshold
ofnthe_reaction)

En" Ph,,= energy ghd momentum of ejected neutron

t :.transverse'gomponent of momenta
z = momenta cqmponénts along beam direction
prime = ejected neutron
' Algebraic manipulation of the equationswleads‘to
, n + 2 _ L n )2
_ B+ E;+ BE.+ pry, x K (plz-+ p22) x K

Pnig = n't ,

©2(p,+ py,) x K ~ T,

where K is the appropriate factor to convert the units. Hence E ,

and,En can be obtained immediately.
2, DT Case
This is the two-body problem, and E can be computed in two ways.

En = Elf E2 + B.E,
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-2 -y
By = Bag = (pyp + Ppp)?
2 2

3. ID.0ese
The best that can be done here is to lump the two ejected neu-
trons into one particle of .2 neutron masses; then the energy asso-
ciated with the momentum of the 2 neutrons will always-be a minimum.
Thus
- ‘ : TE S
B, I B Epr BEY B
E.,' . — 2_ —-— 2 ) 2
win = Ppi. = Pply + Pp'z
' 2x2m 2 x 2m

. E, = phz = (prg+ Pog + Pnyz)
2n e

After algetraic manipulation these equations lead to-

e Sl +
pnlz ""2(plz + PZZ) \IE -

. — » _ v
dZ(Plz + Poz) x K+ 2(El + E2+ BE.) + pSy . x K

4o Binding Energies

Proé_ess B ' _B__E_._ -
at’ - 17.6 Mev
pt 19.8
da - 23.8
pd | 25.9
pp‘ _ C 28.1

He> ©20.5



APPENDIX IV. GNERGY .ND IONIZATTON UF ©.IGHT PAKTICLES AS A FUNCTION OF H,,

P D i ;4 He3 l i

! E 2 !

bop |Eef g ] Eep g | Eel g | L] g

1 I dx ; | cdx - T..@-E,.___}__.,

! i i i !
1 2,70 | .30 4 .2 | N 73 b0
1.5 32,550 | .04 F L ;0L P .05 i 0L
2 143,400 09! P04 L .03 .12 T W09
2.5 54,4250 .10, P05 .03, .13 .10
3 65,100 200351 .10 Y (4 .27 20
3.5 755950 - 30293 . .15 HE 1 40 .30
4 ,800 401259, .20 f.13 +50, .
45 97,650 .50]226 .25 W1 70| 5
5 108,500 ,  .60:202 .28 2 80! o
5.5 © 119,35 i  .70i180 .35 T 90! G

. N H oo . N N i

6 . 130,200 1 .80i160 .40 343 .27 1.1 - |
605 | 11,050 1.0 |46 . W50 321 . .33 1.3 T 1.0
7 0 151,900 1.1 (140 . .55 . 296 37 1.5 . ©lad:
7.5 1 162,750 - 1.3 {128 65 271 o3 1.7 1.3:
8 1 173,600 . 1.4 122 - .74 257 L7 1.9 1eg:
8.5 184,450 1.6 |110 82 228 53347 0 2.1, 1.6
9 ¢ 195,300 | 1.8 98 - 92 224 60 336 24l ; 1.8,
9.5 | 206,150 - 2.0 1 8 1.0 208 67 320 2.7 2.0
10 . 217,000 - 2.3 78.5 1. 198 - .7 300 3.1 580 2.3}
10.5 | 227,850 2.5 1 73.5 1.3 187 .83 284 3.3 560 2.5;
n P 238,700 . 2.7 : 1.0 178 91 275 3.6 539 2.7
1.5 ; 249,550 . 3.0 1.5 0 165 1.0 258 4.0 510 3.0
12 1 260,400 ¢ 3.2 - 1.6 158 1.3 247 L3 - 488 3.2
12,5 | 27,250 - . 3.5 1.8 0 L7 1.2 1233 4o 456 5 3,50
13 i 282,100 ;3.8 ° 1.9 - b6 1.3 227 5.1 424, 3.8.
13.5 - 292,950 | 4.l 4 2.1 12 1.4 0218 5.5 392 4!
1 {303,800 Lol 2.2 0 140 1.5 ;211 5.9 368 bl
145 © 314650 4.7 24, 132 1.6 ;204 6.3 344, L7}
15 | 325,500 . 5.1 ¢85 128 1.7 193 6.8 . 314 5.1
15.5 336,350 5. fo2.7 1258 1.8 i 189 7.2 1302 504}
16 347,200 T84T .29 12 1.9 7182 1 7.6 :289 5.7°
16.5 358,050 | 6.1 D30 116 217173 . 8. .27 [
17 368,000 i 6.5 i 3.3 110 2.27160 8.7 '259 6.5°
17.5 379,750 ! 69 i 3.5 104 2.3.162 [ 9.2 247 6.0!
18 390,600 | 7.3 ¢ 3.7 98 2440156 1 9.7 ‘235 7.3!
18.5 101,450 7.7 - i 397 92 2.6 °151 | 10.3 1225 7.7
15 412,300 ¢ B I g 86 2.7 1147 | 10.8 {217 | 8.1
1945 123,150 8.5 . Do4e3, 82,3 29 1146 1 11.3 209 | &5,
20 434,000 9.0 ! | 45 TBS. 3.0 L5 1240 '200 9.0
20.5 Lihi850 1 9.h i 24071 481 755 3.2:142 | 1245 (194 9ul

i : : ; i !
2L 0 455,700 1 9.9 - 23.6 1 5.0 73.5. 3.3 ;140 | 13.2 ;186 29
215 1 466,550 | 104 2.7 5.2 Tl5 3.5 {135 | 13.9 :178 0.4
2 1 470§ 109 12191 5.5, 68,50 3461133 1 Li.5 171 10.9;
22.5 | 488,250 i 14 1 2Le1 - 5.7 65.5°  3.8{128 | 15.2 163 . 1l

i . i
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P Hp : u3 He3 . Hek
—+ } -
o : . ] S dE, dE» e dE
cm. gauss cm. E i E = - B = . _E & . E ax
23 4995100 11,9 {2044 | 6.0 | 61.0] 4.0 |126 15.9 {158 11.9 1244
2345 509,950 c1244 (1947 | 6.2 ) 60011 4. f125 16.5 154 1244, {240
s 24 520,800 129 119.0 | 6.5 | 58.87 4.4 {122 17.2 {149 12.9 |235
2.5 531,650 13.4 2844 | 6.8 | 56.87] 4.6 I127 17.9 . 134|229
25 542500 1.0 [17.8 | 7.0 4. 55,5 4.7 {115 18.7 139 14,0 [222
25.5 553,300 Wb |17.2 | 7.3 1 538 4.97|110 19.5 34 1446 [215
26 5644200 C15. 1647 | 7.7 | 52.2 1 5.1 {116 2041 f131 " 15.1 {209
26.5 575,050 15.7 | 16.1 ] 8.0 | 50.5¢ 5.3 102 2049 126 ' | 15.7 1203
27 585,900 (1643 (15,771 8.2 1 4941 5.5 198 21,7 122 16.3 [196
27.5 596,750 1649 [15.2 |- 845 | 4791 5.7 1 94 2245 1119 16.9 {191
28 607,600 17,5 ['14.8 | 8.8 | 466 5.9 |90 23.3 15 17,5 1186
2845 | . 618,450 18,1 11444 | 9.2 | 45110 6.1 | 8 2441 18.1 181
29 629,300 18.8 {1349 | 945 | 440} 6.4 | 82,7 25.1 Do8 18.8 (176
2945 “6405150 1945 113.5 1 948 | A2.4 | 6.6 | 6| 26.0 105 " 19.5 (169
30 651,000 2041 {1342 | 1001 | 40.8 | 6.8 TS5 | 26.8 N0z 20,1 {163
31 672,700 21.5 [ 1245 | 1047 | 39.1 | 7.2 { 75.5 | 28.7 |97.1 .: 21.5 {156
32 694,400 22,8 112401 1145 | 3733 7.6 | 2.4 | 30.4 | 92,7 "} 22.8 |19
33 716,110 2403 [11.3 [ 12.2 | 35.2 | 8.1 ! 68.5( 32.4 [87.6 | 24.3 {141
34 737,800 25.5 11049 | 12,9 | 33,51 847 [ 65.1{ 34.0 |84.7 | 25.5 [134
35 759,500 27.1 (1044 | 13.8 | 31.8 | 9.2 | 62.2 ) 36.1 [80.8 }'27.1 127
36 781,200 2940 | 948 | 14u€ | 3044 | 9.8 | 5848 | 38,7 | 76.0 | 29.0 |122 .
37 802,900 3066 | 943 | 15.5 | 2042 | 10,4 | 56.5 1 40.8 | 72.9. | 30.6 |117°
38 824,600 320 | 940 | 36.5 7] 2749 | 11.0 § 5441 | 42,7 [70.1 |.32.0 {112
39 . 8464300 33.7 | 846 1173 | 2649 | 11.5 | 52.2 | 4449 6648 |.33.7 (108
40 868,000 3544, | 8.3 [118.0 | 25.5 1 12.0 {5047 { 47.2 [ 6421 |.35. |102
JA 1 889,700 3740 | 8.0 | 1940 | 2447 | .22.7 | 48.57) 49.3 61,7 | 37.0 | 99
42 911,400 386 | 747 | 1909 | 2346 | 13.3 | 466 | 5145 |59.2 | 38.6 | 94
43 . 933,100 L4007 | Teh | 2048 | 2207 | 139 | 449 | 54e2 |56.8 | 40.7 | 91
44, 954,800 42,2 | 7.2 [21.8 | 2149 | 146 | 4248 | 56.3 (.55.0 | 42.2 | 88
45 97645500 A4l | 649 22,7 | 2141 | 15.3 | 40.8 | 58.8 [s52.2 | 4401 | 84
46 998, 200 46.5 | 6.6 1 23.9 | 20.4 | 15.9 | 3947 | 62.0 [50.9 | 46.5 | 82
47 1,019,600 4Be1 ) 645 | 25,0 | 1947 | 1646 {38.5 | 64.1 |49.6 | 481 | ™
48 1,041,600 5040 | 6.2 | 26.0 | 1940 | 17.3 {37.3 | 66,7 |48.0 | 50,0 | 76
19 1,063;300 5240 | 6.1 [26.9 | 1844 { 18.0 {3642 | 6944 {46.5 | 52,0 | T
50 1,085,000 548 | 5.8 [ 28.0 | 17.8 | 18,8 {35.0 | 73.1 |44.5 | 54.8 [ 70
51 1,106,700 5641 | 547 | 2944 | 17.2 | 1948 {3345 | 7448 [43.6 | 56,1 €9
52 .11,128,400 5842 | 55 | 3045 | 1647 | 2046 {3243 | 77.6 |42.2 | 58.2 | 67
53 1,150,100 60,3 | 5.4 [31.7 | 1641 | 2002 {315 | 80.4 [40.8 | 60.3 | 64
54, 1,171,800 6246 | 5.2 | 32,8 | 15,7 | 22.0 |30.4 | 83.5 |39.2 | 62.6°) 63
55 1,193,500 65.0 | 5.1 134.0 | 15.2 | 229 |29.6 | 86.7 |38.2 | 65.0 ] 61
56 1,215,200 67,5 | 449 135.0 | 1448 | 23,5 129.1 [ 90,0 [37.1 | 67.5 ] 59
57 1,236,900 7042 | 4e8 [ 3643 | Lhek | 24.8 1279 | 93.6 [36.0 } 70,2 | 58
58 1,258,600 T2a2 | 4T [37.5 | 139 [ 2546 {27.1 | 9643 [35.3 | 72.2 { 56
59 1,280,300 The5 | heb [ 38,8 | 1345 | 26.3 |26.3 | 9.3 [34.5 | 745 52
60 1,302,000 7840 | 4ok | 40.3 | 13.2 | 27.0 ] 25.5 |204 33.2 | 7.0 53
MU3470
[




gauss om.

1,323,700
15345,400
1,367,100
1,388,800

1. 1,210,500

1,432,200
15453,900 .
1,475,600
1,497,300
1,519,000

. 1,540,700

1,584,100
1,649,200
1,736,000

2,452,100
2,582,300
2,712,500
2,842,700
2,972,900

RN
[=]
.

®

4740

b7

)
© 29,0
12949
. 30.8
© 3149

32.9
. 3440

36.0

- 3649
38.0 °

i 5245

Fio3 He¥
) @. L ]
E = E
| 108 32,0 | 80.8 | 51
| 110 3.4 82.3 ! 50
in2 30.8 ! 84.0 } 49
116 30.2 ; 87.3 | 48
120 . 296 . 89.7 | 47
125 28.8 © 93.8 | 45
127 - 28 - 95.5 i 44
131 ;275 | 98.1 ;A4
136 264, 102 43
140 26,0 105 42
143 25.6 107 2
19 | 25,0 12 39
163 235 122
180 2146 (135
199 1946 L9
215 [ 184, 161 ¢
237 ;168 (178 ]
264 i198 |
287 | ras
313 1235 i
339 Vasg ¢
373 i 280
404 ¢ 303
Lbd {333
475 i 356
517 | 388
560 420
606 | 454
656 | 492
709 | 532
763 572
825 619
MU 347 .

&1

<h
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~ The energy values are generally accurate to 5 percent, except
in the lgw energy region, and except for He3 and He4 for whlch a
non-relativistic conversion was made.

?hevdﬁ/ax values were obtained for protons in helium from th;
Aron(1) tabies except below 1 Mev. The rest of the dE/dx columns
were obtained bylapproximate non-relativistic propért.ionalities énd
igtgrpélatign gver Wide'ranges, Therefore no greater accuracy than

15 percent can be assigned to them.

¥  The dE/dx values are relative to Minimum ionizatiom.

(1) Aron, Hoffman, and Williams, Range—Energy Curves AECU—663
UCRL-121 ,
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