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DISINTEGRATION OF HELIUM BY 90 MEV NEUTRONS 

Peter E. Tannenwald 

ABSTRAC'I' 

An experiment was undertaken to make a detailed study in a ~loud 

chamber of the fragments produced from helium nuclei when bombarded 

. by high energy neutrons. 90 Mev neutrons produced by stripping 190 

Mev deuterons in the 184-inch cyclotron were collimated and sent 

through a 22-inch pantograph cloud chamber filled with helium g~s 

to a total pressure of 81.5 em Hg. The chamber was operated in a 

pulsed magnetic field of 21,?00 gauss. The possible disintegration 

products are: 

INELASTIC 

ELASTIC 

triton and deuteron (dt) 

two deuterons and a neutron (dd) 

triton, proton and a neutron (pt) 

deuteron, proton and two neutrons (pd) 

two protons and three neutrons (pp) 

He3 and two neutrons {He3) 

ae4 and a neutron (He4) 

The part"-cles from the two-prong stars were identified by cU!"vature 

and relative ionization, and the single tracks by characteristic 

trac~ endings {change of radius with residual range) l~Then they ended 

in the chamber... For dt, dd, pt and He4 events the energy of the 

incident neutrons could be calculated from the measured quantities 

(minimum only for pd events). A weighting factor was computed for 

each one- and two-prong star analyzed, which corrects for events 

which were too slanted to be measured. Since the number of He3's 

-4-



was uncertain because they could not be distinguished from He4's 

when the track did not end :ln the chamber~ the· ·ratio of He3 /pt events 

was assumed to be the same as the ratio ofcrnnj"'D.p at 90 Mevo' The 

total number of events:J for incident neutrons above 40 Mev~ was nor

malized to the interpolated-n- He4 total cross section of lo9 x 

10=25 cm2;-thus absolute cross sections' for- the varibus·disintegration 

processes could be established. Energy dependences·and•energy and 

angular distributions have also been determined•o-

;_ 
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DISINTEGRATION OF HELIUH BY 90 Iv'.lEV NEUTRONS 

Peter E. Tannenwald 

Io INTRODUCTION 

Scattering experiments are one of the fundamental ways of gain-

ing information about nuclear forces. Nucleon-nucleon scattering 

evidently provides the most direct way of getting at the interactions 

between neutrons and protons. Yet the scattering and disintegration 

of nuclei by nucleons has been a most fruitfulspproach in establish-

ing various models of the nucleus and in revealing the behavior of 

large numbers of nucleons in close proximity. The disintegration · 

of helium presents a unique case in that there are few enough par= 

ticles so that a theoretical analysis of the interactions between 

individual nucleons can be hoped for; and on the other hand, due 

to the tightly bound structure of helium it will show some of the 

properties of heavier nuclei. If it is true, as is sometimes be-

lieved, that the alpha particle exists as a sub-structure in heavier 

nuclei~ then the disintegration of helium will certainly be of value 

in interpreting the disintegrations of heavier nucleio 

The charged par~icles ejected from nuclei when bombarded by 

90 Mev neutrons have been studied(l),(2) in a number of experiments, 

and the results indicate that the nature of the collision process 

for high energies iscdetermined predominantly by the interaction 

of the bombarding particle with an individual nucleon rather than 

with the struck nucleus as a whole. The general features.~> first · 

outlined by Goldberger(J), include fast particles ejected in the 

forward direction and low energy particles emitted more or less ise= 

tropically. An unexpected result of these experiments was the 

,, -6-· 
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relatively large yield of the fast deuterons (and also tritons) in 

the forward directiono The production of these deuterons has been 

e»plained by Chew and Goldberger(4) in terms of a "pick-up" process 1 

in which the incident neutron moves off with a proton when the latter 

has a momentum and position so as to constitute a deuteron with the 
I 

incoming neutrono 

It has become customary to denote the splitting up of a nucleus as a 

star when the event through one or more charged particles is visible 

in a cloud chamber or nuclear emulsiono Neutron-induced Etars are 

especially suited for study with a cloud chambero The first star 

experiment using 90 Mev neutrons was carried out by Tracy and Powell(5)~ 

who filled this chamber with a mixture of oxygen and helium gaso 

Analysis of the stars was a difficult task mainly because of the 

presenc~ of oxygen nucleio That a more complete analysis was possible 

in the present investigation may be ascribed largely to the use of 

helium gas alone in the chamber~ a more powerful magnetic field(6) 9 

and experience with neutron=deuteron scattering(7)o 

Ilo EXPERIMENTAL PROCEDURE 

1. Apparatus. 

The 90 Mev neutrons produced in the stripping pro~ess by bom

barding a 2 inch thick beryllium target with 190 Mev deuterons were . 

collimated outside the concrete shielding of the 184•inch B€rkeley 

cyclotron by means of a rectangular copper collimator four feet long 

passing,a beam 2 3/4 i~wide and 3/4 in.higho (See Figso 1 and 2). 

··The neutrons were then ·allowed to enter a 22 ino Wilson cloud cham

ber(6) 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-scattering from 

the rear wall. of the chamber. The bottom of the chamber con,sisted 

of'·a rubber-covered half-inch thick lucite disk which moved verti-

cally, and was controlled by a pantagraph which kept it accurately 

horizontal during the expansions. The disk was covered with a black 

dye dissolved in gelatin in order to give a perfectly black background 

for the tracks. A General Electric FT422 flash tube was placed'on 

each side of' the chamber, whose illumination had previously been 

checked to be uniform over 2 1/2 in. in the 3 l/2 in. high chamber(?). 

Each lamp was flas~ed by discharging 1024~f condensers charged to 

1700 volts through it. 

2. Operation 

The cloud chamber was operated in a pulsed magnetic field-of 

22,000 gauss which was energized by a 150 h.p. mine-sweeper generator. 
' . ' . ' 

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 minute, 

is as follows : the current is turned on in advance so that its max

imum coincides with the expansion . of the chamber~ 'The cyclotron beam 

is pulsed through the chamber at the instant the moving diaphragm 

hits the bottom, and the lights are flashed 0.03 sec. af'ter·this. 

The current which passes through the magnet is automatically recorded 
I , 

' . 

with each picture because the camerll has a third lens which views the 

· magnet current ammei:,er. ·The ·whole chamber is kept at a const~t 

temperature of' 19.30 0 by means of' a temperature-controlled circulati~g 

water system. A clearing fieid 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 99 percent pure heli~ gas to a total 

pressurei'.of 81.5 em Hg; in the expanded equilibrium position lo8 em 

of this pressure was due to the partial water vapor pressure.from the 

gelatine. The chamber was then compressed to 20 em above atmospheric 

pressure, forcing some water vapor molecules back into the gelatine, 

and resulting in helium to oxygen nuclei ratio of 51o8. This same 

ratio existed immediately after expansion because the water vapor had 

no chance to get into equilibriumo The expansion ratio during the 

experiment was around 17 percent •. 

3. Photography 

A specially constructed stereoscopic camera was mounted on a 

light-tight dome 27 inches above the top-glass of the chamber. The 

pictures were taken through a pair of Leica lenses at f 5.6 and f 6.3 

on Eastm~ L~nograph Ortho film in.lOO ft. strips 1.80 in. wide. 

life-size reprojection on a translucent screen was made by means of 

a double projector which duplicated t~e geometry of the camera optical 

system and employed the camera lenses. Western Union arc lamps type 

300 K provided brilliant proj~cted images. Reference (8) describes 

the reprojection apparatus in more detail, and 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 observation, the cloud 

chamber offers possibilities for obtaining more information concern-

ing stars from 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 tr.ack in its original size, shape and positiono 

With the addition of a magnetic field one can gain information about 

the momentum and energy of each particle. 

Available Data 

Following an outline 'by J. Tracy(9), the data available for 

analyzing an event in this investigation may be divided into three 

categorieso These are: 

General Experimental Data. This includes knowledge of the di-

rection and approximate energy distribution of the neutron beam, the 

direction and strength of the cloud chamber magnetic field, and the 

composition and stopping power of the gas mixture in the cloud chamber. 

Individual Star Data. This includes information obtained from 

measurements on the individual events, such as initial radius of 

cUrvature, density, initial direction, range, rate of change of c~-

vature and rate of change cf density. 

Auxiliary Information. This includes application of the laws 

of conservation of momentum, energy, mass and charge, as well as 

knowledge of range-energy relations, specific ionizat.ion vs •. energy 

relations and characteristic track endings. 

Identification Procedure 

On the average, three two~prong stars and about·an equal number 

of heavily-ionizing single tracks appear in each pictureo The pos-

sible reactions when a neutron strikes a helium nucleus are as fol-

lows: 

(dt) 
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1 + H2 --1--2on1 (pd) --?lH 1 

~l}:Il + Hl 1 (pp) 1 +3on 

. ~2He34- 2onl (He3) 

ELASTIC ~2He4+- 0 nl (He4) 

Stars with three or more prongs are observed occasionally; they are 

due to oxygen nuclei in the water vapor. From the partial pressures 

· existing.in the chamber immediately after expansion,· the relative 

number of oxygen nuclei can be computed, and in a later section this 

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

observed. Analysis of an event involving the helium nucleus requires 

identification of protons, deutero~s, tritons, He3 1s and He4•s. 

Two-Prong Stars. The identification of the particles involved 

in the two-prong stars rests mainly on measurement of their radii 

of curvature and an estimate of their relative ionizations. If one 

knows the strength of the magnetic field at the position of the track~ 

two out of the following thr~e quantities determine the thirdg Par-

ticle identity, curvature, ionization. A two-prong star from helium 

can include only singly ·charged particles, and over the range of 

energies observed in this experiment a simple rule holds. For a 

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

mately three tiines that produced by a proton and of a tritonis six 

times that for a proton. A table was constructed which gives H~ 

vs. ionization for p, d,.t, He3, and He4; it is reproduced in full 

in APPENDIX IV. The table is used in the identification of a track 

in the following manner: the ionization of the parti~le 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 

others and the proton densities are sufficiently close together, 

the particle identity is uniquely determined in its proper Hfrow, 

in the tableo 

E. start can be made in finding a reference ionization density 

if one recognizes that in each picture a more or less parallel beam 

of lightly ionizing particles comes through the entrance window with 

radii around 35 em. The fact that the ionization of these tracks 

is the lightest observed for these curvatures plus the fact that 

occasionally tracks are observed to come in with these curvatures 

which appear denser but never lighter, establishes these background 

tracks as protonso This verifies the expectation that protons are 

knocked .out of the walls of the collimator and window by the incident 

neutronso Since their identities and curvatures are established, 

their ionizations can be obtained from the table. 

Various other aids can be employed in identifying particles. 

If, for example, one prong of a star is a deuteron and the two prongs 

are not coplanar with the incident neutron beam direction, then the 

other prong cannot be a triton. Or, one prong may end in the chamber 

giving a rise to a characteristic ending. The ending of a track in 

a magnetic field is characteristic because a unique theoretical re

lation exists for each particle which relates Hf' vs. residual range. 

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

retically computed track shape or with an experimental characteristic 

ending in the same gas mixture which has previously been well estab

lished from other evidenceo Characteristic endings are shown in 

APPENDIX IL 
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By such reference and bracketing procedures it has been possible 

to identify the fragments from two-prong stars in most caseso Out 

of 179 two-prong stars' whose tracks lay within angles of± 300 to 

the horizontal plane~ eight could not be analyzed with certaintyo 

Of these eight, four had one or.both prongs too short, and four were 

either pd 1s or pt 1so The latter uncertainty stems from the fact 

that when a track has an ionization with respect to minimum starting 

at about 75, it is very difficult to decide whether the ionization 

is 75 or twice as mucho In about 10 percent of the cases the two-

prong stars had a track whose identification presented some diffi-

culty due to one or more of the f~llowing: the tracks were near the 

edge of the chamber or illuminated region and were thus too short~ 
:,~ . 

or they had a fuzzy appearan~e due to improper timing~ or a track 

was partially obscured qy clouds of .water vaporo In these doubtful 

cases a statement was made of the more likely interpretation; a sec-. . . 

ond observer was asked to make the same type of decision independentlyo 

In all doubtful cases there was agreemento 

It must be mentioned that the term rel~tive ionization has been 

used loosely for apparent track densityo Actually it is apparent 

track density that is observed, and many variable factors,. enter into 

the relation between ionization and apparent track density -- such 

as chamber illumination~ expansion ratio (moisture available for drop 

formation), dip angle 0, time of passage of particle through the 

chamber after expansion, and width of tracko Obviously the greatest 

chance of success can be expected in the identification procedure 

when those tracks are compared which have these factors most nearly 

alikeo In general, the ionization of light tracks could be estimated 

.• 
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to V~ri thin a factor of 1. 5, medium tracks to about 2, and heavy tracks 

(which differed in width rather than blackness) to 3-4. 

One-Prong Stars. The single tracks from helium are He3 1 s and 

He4 recoils. These tracks turn out to be most frequently of low 

energy and they will then inevitably be extremely heavy and often 

also short. Ionization estimates fall in the range above 100 where 

estimates of density are insufficiently accurate. · Thus He3 and He4 

cannot be differentiated by their densities because when a He3 and 

He4 have the same curvature, the table in APPENDIX IV shows that 

the ionization of He4 is about 3/2 times that of HeJ. However, if 

the track ends in the chamber, its change of radius with residual 
. . 

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

acteristic ending. If the track does not end in the chamber, the 

change in radius along the track is insufficient to determine whether 

it is He3 or He4., Also because of the large energy spread of the 

neutrons there exists no condition which can be deduced from the 

kinematics that would distinguish the particles with certain energies 

and angles. The assumptions that have to be made because of this 

lack of experimental information will be discussed in a subsequent 

section. 

Stopping Power. it check was made of the I ange-energy relations 

expected from the calculated stopping power of the gas mixture in the 

chamber. ]mmediately after expansion, the chamber contained 79.7 em 

helium and 1.4 em water vapor. From this the stopping power of th3 
·' 

mixture '!.Ja.S computed to be 0.185 relative to dry air at 760 mm and 

15° C. The energies of a few long proton tracks ending in the. chamber 

were determined from Hp measurements and their ranges measured with 
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a long flexible ruler. The calculated and measured ranges agreed to 

within 5-10 percent, which is well within the experimental error 

expectedo 

APPENDIX II'gives a sample analysis of two pictures and shows 

characteristic track endings. 

3. Errors in Measurement 

ltnalysis of an event involves, besides identificati::m of the 

particles, measurements of radius of curvature, dip angle, beam angle, 

height of track i~ the chamber, distance of track from center of 

chamber, range (when track ends), and magnetic field strength. (For 

definitions, see APPENDIX I). 
. . - - ..... 

Radius of Curvature. The curvature of a track is·measlired by_ 

reprojecting it life-size on a translucent screen, which is rotated 

in space until it contains 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 nmnber of past experiments experience 

has shown that the error made in curvature measurements always amounts 

to 0.1 mm error in the sagitta irrespective of the particular cur= 

vature and track length available. One can conclude from.inspection 

of tracks which were made with no magnetic field that errors.in cur-

vature due to turbulence were negligible in comparison to measurement 

uncertainties. 

Dip Angle and Beam Angle. The whole question of accuracy of 

reprojection and measurement with the apparatus employed in this 

experiment has been thoroughly investigated by W. Powell and collab

orators(S). They concluded that dip angles could be determined to 

within !. 1 1/2° for 0 < o; < 50°, and beam 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. 

All dip angle and beam angle measurements rest on the assumption that 

the incident neutrons entered the chamber in a parallel beam. This 
I 

assumption is verified by the fact that .the number of stars produced 

outside the volume swept out by the neutron beam'is negligible. 

Complete analysis of stars was limited to those events which 

had all their prongs lying within dip angles less than± 30°. This 

restriction was necessary because when the prong under consideration 

is too slanted, accurate measurement of curvature and dip angle is 

impossible in a large number of cases. Under those conditions t~e 

track is usually short because it quickly passes out of the"lighted 

region 9 and the extreme stereoscopic effect required of the lenses 

makes the superposition of the two images insensitive to variations 

of the slant planee Imposition of thisrestriction necessitated an 

extended correction procedure, which is discussed in detail in the 

section on CORRECTIONS. 

Hagnetic Fielde The norr.iaal value of the magnetic ·field strength 

in each picture was attained from an ammeter which is photographed 

simultaneously and from a magnetization curve. The magnetic field 

varies by 6 percent over the region where tracks were measured. The 

strength of the field at the center of the measured part of the track 

was determined from an accurate map of the field which varies suf-

ficiently slowly so that second order corrections for changes of the 

magnetic field along the track were negligible. 

4o Calculations 

Once a particular event has been measured, the analysis 'is completed 

by making the appropriate calculations. The following table shows an 

example of the quantities computed for each star: 
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TABLE I 

~ong Particle Hfx 105 Mev e ¢ Hpt Hpz -~' E n 

·A. d 17.47 70o8 40 225° . ~1.22 l'"l.4l 9~~ 7 Me"<J 9C~ J Mev B t 3.26 L7 162° 37° L03 -3.0~ 
c p 8.14 31.3 36° 227v ..:.4.85 6o5J. 4.1 Me,. 75.7 Me-v D d 7.73 11...4 69° 32° 7. 21.. 2. 7'= 
E p 3.54 . 6oO 93° 336° 3.54 -O.l'i 25.1 Mev 61.9 Mev F t 8.23 11.0 19° 19° 2.68 7.7~ 
G p 5.88 16.3 440 12v 4.12 4.19 41.2 Mev 83.6 Me:y 
H t 6.24 6.2 42° 1313° 4.13 4.0S 

I He4 ~5.7cm 2.1 75° 209v 49ol Mev 
II He4 " 4.4cm lo2 42° 11..6° 3.4 Mev 

. 

Hp x 105 is the momentum of the particle in gauss - em if it has only 

one charge and is of course independent of the singly-charged par-

ticle 1s identity. The energy of the particle in Mev is computed from 

Hpx 105 by means of the proper conversion formula.* The scatter angle 

e and azimuthal angle ¢ are computed from the measured dip angle ~ 

and beam angle e. (See APPENDIX I.) Hft and Hpz are the components 

of the momentum of the particle transverse t(l i:he beam and along the 

beam direction. 

Two-Prong Stars. Since the disintegration of helium by a neutron 

into a deuteron and a triton is a two-body problem, the energy of 

the incident neutron can be calculated in two w.ays -- momentum bal-

ance and energy conservation. These computed energies are entered 

in the columns En~ and Eh r~spectively, and should be equal. The 

two-body feature of this case can be checked in two other ways. 

The transverse momenta of the triton and deuteron must be 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 Psngher o 
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5 percent~ except in occasional situations when one of the tracks 

is short ~d therefore difficult to measure, or one of the computed 

quantities depends very sensitively on a measured angleo 

In the case of pt and dd disintegrations., in which one secondary 

'·, neutron comes off, it is still possible to calculate the energy of 

the· incident neutron. The unknown quantities are the two momentum 

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

tron (since its direction is known)o The three available relations 

are energy ood momentum conservation. ~-- stands here for the energy 

of the ejected neutron .and Eh for the energy of the incident neutrono 

In the case of pd disintegrations two neutnme come off in ad-

dition to the proton and deuteron~ and there are too many unknowns 

for the solution of the problem. A minimum value for the energy of 

the incident neutron can be extracted, however, if the two ejected 

neutrons are lumped together and treated as a particle with two neu-

tron mass units with the requisite momentum to balance the problem. 

This arises from the fact that the energy associated with the momentum 

of this lumped particle is less than the energy associated with the 

separate neutron momenta. Consequently9 in the table En• represents 

the energy of the lumped particle and En the minimum energy of the 

incident neutron. 

No calculations can be made for pp events since three additional 

neutrons c'o1Jle off. Only three pp cases have been observed in the 

whole investigation. 

APPENDIX III contains the d9rivatians of the formulas used in 

the above calculationso 

He4 Recoils. The measured energy of a He4 recoil in elastic 

scattering leads directly to the energy of the incident neutron; 
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where E is the energy of the He4 recoiling at an angle 6o The cor= 

responding scatter angle r of the neutron is given by 

coi ~ = 5 
8 cos e sin .s 

It is independent of the particUlar He4 recoil energy because-the 

speed of the recoiling He4 in the Come system is equal to the speed 

of the Como system with respect to tt.~e laboratory frame. 

IVo CORRECTIONS 

A number of corrections must be applied to the data as teken 

off the film. These involve geometrical factors due to the inherent 

blindness in some regions in stereoscopic viewing~ as well as assumP= 

tions concerning the theory in order to circumvent certain experi-

mental limitations in the identification procedure. 

1. Single-Prong Star_§, 

In the first place~ only those events have been measured whose 

. tracks lay within an angle ·Of ± JOO to the horizontal I>lane contain= 

ing the neutron beam. In order to find the number of events which 

would have been observed without this restriction ond, a weighting 

factor has to be assigned to each evento This factor is the recip-

rocal of the fraction of total solid angle available to the track 
- . . - -·-

if one uses the assumption of isotropic azimuthal distribution about 

the direction of the neutron beamo One must compute what fraction 

of the azimuthal angl6 ¢ * meets the requirement at a given scatter 

* All ~gles are defined in APPENDIX Io 

. ;., 
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angle e that the dip angle ~be limited to ± 30°. In Fig. 4 the 

direction in space of any track is given by a point in the ¢ - e 

plane; the oval regions are defined by the equation 

sin¢ - sine).._ 
sin e , 

with sin r:t~ = ± 1/2. The interpretation of the plot is this: a track .. 
with a given scatter angle e would be measured (i.e. would have ~ < 

± 300) for those azimuthal angles ¢which fall outside the oval, regions. 

Consequently the probability of observing a track when it has a g~ven 

scatter angle e is simply the ratio of the number of ¢. de~rees out

side the ovals to 360 degrees. The weighting factor is the reciprocal 

of this fraction, and its maximum value, which occurs at e • 90°, 

is 3.0 The appropriate correction factor was applied to each track 

individually .. 

2. Two-Prong Stars 

In the case of events with two prongs the correction procedure 

is complicated by the fact that the rejection of an event may be 

due to ~.or ~ prongs lying outside the t 30° limit; and; further

more, the fra?tion of total solid angle available to the event depends 

on the difference in azimuthal angles of the two tracks (A~). 

From the plot in Fig. 4 a table was constructed graphically which 

lists the solid angle correction factor for a given e1 (prong 1), 

e2 (prong 2) and A'¢ 0 (These three parameters geometrically· define 

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

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

kept on e1 while the other leg was always kept on e2• The 'angle 

between the legs fixed the parameter 1:\ ¢ • The dividers then ·were 

moved vertically up the plot so that el moved from ~·= o0 to c/ = 360°. 
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Every time one or the other leg crossed into or out of the invisible 

regions the fact.was recorded. Thus:it was found what the probabil

ities,. are. that one or both" prongs are not measurable for a. given 

e1, e2 and b.¢:... From this, information one could then caJ.culate 

two correction factors. One correction factor give~ the.number of 

events to be expected in the azimuthal region where one prong is·too 

slanted; the.other gives the number where both"prongs ·.;1re too slanted. 

The sum of the measured event and the two correction factors is 

. , ~he number of events which would have been observed if there had been 

no ;restriction on cf:. • . 

~ As a check on this computed correction.procedure, the events 

for which on~ or both prongs lay outside the ± JQO limit have been 

counted, and whenever possible~ identified •. The total number of· 

. these . partially analyzed stars plus the total number of 
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completely analyzed stars should be equal, within statistical errors, 

to the number of completely analyzed stars corrected by the computed 

solid angle correctiono Such a check would assure one that nothing 

·significant was overlooked by confining o(. to :t .300 o For certain 

few two-prong stars both prongs would never fall inside the .30° limits 

regardless of how the configuration was rotated about the beam axiso 

This situation would amount to an infinite computed solid angle cor-

rection factor, but it will be shown that no significant contribu= 

tions could have come from these types of starso 1n practice the 

correction factors turned out to be below .3o0 and.a few went as high 

.3o The He.3 Assumption 

As has been·pointed out before, it was impossible to determine 

whether a single track was He.3 or He4 when it did not end in the 

chambero In order to estimate what fraction of all the single tracks 

were He.3 1s, some assumption must be made regarding the He3 formation 

processo 

The pt and He.3 events can be considered as similar processes 

in one case the incoming neutron.interacts with and strips a pro-

ton off the helium nucleus, while in the second case it strips off 

a neutrono As an approximation then, it seems reasonable to expect 

the ratio of He3 to pt events to be the same as the ratio of the 

n-n crqss se.ction to the n-p cross. sectic;m at 90 Mevo To the extent 

of present knowledge, the numex:ical value ofo- pp must be employed 

for <rnno Then the ratio of<:T'"'nn to ~p becomes about 1/.3(10) o 

Furthermore, those cases. of the dt events in which apick-up 

deuteron comes off in the forward direction must be included as.a 
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type of pt event becuase the deuteron is actually not formed until 

some time after the disintegration(4). Since in about one-half of 

all the dt events a high-energy deuteron comes off in the forward 

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 

1. Inelastic Events 

TABLE II 

pt dt pd dd pp He3 Total 

1 Measured 88 ~3 31 17. 2 171 
2 Not Identified 5.1 0.8 1.7 0.4 8 
3 Sum 93.1 33.8 32.7 17.4 2 1?9 
4 Corrected Total ~12.6 75.5 76.3 37.0 3.8 
5 Total with He3 Assumption ~12.6 75.5 ~6.3 37.0 3.8 83.5 488.7 
6 Total for Neutrons )40 Mev 209.1 b6.'i ~6.3 35.2 3.8 80.8 471.7 
7 Probable Error ?.J% 2.3% 2.1~ ~6.8% i 48~ 5.2~ 

The first row in TABLE II shows the inelastic events which had 

dip angles less than ± 30° and wer~ thus subject to a detailed anal

ysis. In addition there were four stars (previously discussed) which 

could not be identified and four stars where the interpretation could 

have been either pd 1s or pt 1s (also previously discussed). These 

eight unidentified events were arbitrarily divided into groups with 

the same relative 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~ had not been restricted to less than± 30°. This correction 

is discussed in detail in the next two sections. 

The fifth rcw shows the.total number of inelastic events of 

each type including 83.5 events for He3 obtained by using the assump-

tion made in the section on CORRECTIONSo 

Row 6 is the same as row 5 except it includes only events from 

neutrons above 40 Mev. 

Line 7 gives the statistical probable error based on events 

actually analyzed from neutrons above. 40 Mev. 

· Results of Solid Angle Corrections. If it were true that all 

types ofstars appeared in the 30° group~ then a solid angle correction 

factor could 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 limitedo However, if there is a class of stars which 

would never have both prongs within the 30° limit (irrespective of 

the rotation of the configuration about the beam axis), some other 

method must be used to reveal this class of stars. 

Now, .stars with one or bo~h prongs with dip angles greater than 

30° could be recognized and counted, but not completely analyzed. 

'I' ABLE III shows the results of th~s partial analysis. 

TABlE III 

,. 
' 

' pt l lt pd dd pp p? d? t? ?? 
• 0 Total 

One pro;ng .1. > 30° 51: 17 14 12 "1 35 25 14 7 176 
I 

Both prongs cL ;> 30° 10 3 2 1 0 1 3 5 16 41 
" 

. 
Total 61 20 16 13 1 36 28 19 23 217 
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The question marks (?) denote unidentified prongsG For purposes of 

comparison, the events containing one or both unidentified prongs 

are arbitrarily divided into groups with the same relative distri-

bution as the identified events in TABLE III and added to the iden-

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

TABLE IV 

pt dt pd dd pp Total 

One prong c<. ) 30° 92.8 29.5 28e9 23.8 1 176.C 

Both prongs d.. > 30° 24.6 8.5 5.1 2.9 0 41.1 
''" 

:rotal 117.4 38 .. 0 3/+eO 26.7 1 217.1 

As was described previously, the computed solid angle correction 

factor could be broken up into two parts -- one factor ccrrecting 

the 30° group analyzed events for those solid angles in which one 

prong lay outside, and another factor correcting the analyzed events 

for those solid angles in which both prongs lay outside. In TABLE V 

the net corrections obtained by applying a computed solid angle factor 

individually to each analyzed event in the first row of TABLE I are 

compared with the partially analyzed events from TABLE rv. · 

TABLE V 

-

pt dt pd dd -PP Total 
--- --

One prong d-?30° GPartially l'i.:nalyzed 92.8 29.5 28.9 23.8 1 176.0 
Computed _ . 97.3 35.8 37.7 16.3 1.8 18f.9 

Both pronagd. ~30o (~artially Analyzed ,24.6 8.5 5.1 2.9 0 41.1 
o ~omputed 22.2 5.9 5.9 3.3 0 31.3 

-

·- -

Tot.al [Partially Analyzed ll'l4 38 .. 0 34.0 26.7 1 217.1 
Computed 11~5 41.7 43.6 19.6 1.8 226.2 

• 
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Discussion of Solid Angle Corrections. It is proper at this 

point to present evidence.that no significant information was missed 

due to the fact that some stars could have had "bnusual" configura

tions so as to have both prongs always outside the 30° limits. 

(1) TABLE V shows that the correction of 226.2 events as com

puted from application of soli4 angle corrections to the 

analyzed stars in. the 30° group is equal, within statis

tical error, to the 217.1 counted events outside the 30° 

limits. This proves that the number of "unusual" stars 

must be small. 

(2) The stars analyzed in the 30° group yield a certain dis

tribution of events. The 111 stars that were successfully 

analyzed in the group having one or both prongs. outside 

(TABLE III) hav~ the same distribution of events -- as 

follows: 

Analyzed el-( ± 30° 

Analyzed~~± 30° 

pt dt pd dd pp 

52% 19% 18% 10% 1% 

55% 18% 14.5% 11.5% 1% 

(3) . The 106 stars left in TABLE III with one or both prongs 

unidentified can be arranged so as to give the same dis

tribution. 

Hence one can conclude that it is highly unlikely that there is any 

considerable number of stars of an "unusual" character among the 

106 stars of item (3) whose presence wo.uld change the distribution 

in item (2} by a significant amount. 

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

number was obtained 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. Elastic Events 

The following table shows the results ofm lasurements of the sing~ 

·- prong stars • 

He4 1s ending in the chamber 

Single -tracks not ending 

He3ts ending 

Tracks less than· 2 em long 

Tracks counted, with ~ > ± 300 
(ending and not ending) 

TABLE"- VI 
i _. 

Compute solid angle correction to He4ts ending 

Compute solid angle correction to tracks not ending 

Weighted single prong events due to neutrons > 40 Mev 

139 

125 

2 

105 

349 

218 

127 

441 

One has to determine now the number of single tracks which.wquld 

have been observed if all solid angles had been looked at and if no 

tracks had been missed because they were too short. In order to 

correct for the solid angle limitation, a proper weighting factor 

has been applied to each individual event -- as explained in detail 

previously. The ane,rular distritution of the scattered neutrons, see 

Fig. 7, shows a lack of neutrons in the forward direction, which is 

due to the short range of the recoils·. It is proposed to extrapolate 

the experimental spectrum to zero scatterangle according to a rea-

sonable the'oretical assumption as 'to the shape of the spectrum, and 

it will be shown that 124 He4 events from neutrons above 40 Mev are 

contributed by this extrapolation. 
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If the total number of neutron-helium collisions is to be nor

malized to the total n-He4 cross section as determined indirectly 
. - . . '. •. 

by carbon disk detectors, those helium collisions must be excluded 

which were due to neutrons not present in the total cross section 

experiment beam. The carbon activation reaction has a threshold at 

20 Mev, and the number of neutrons detected between 20 and 40 Mev 

is small because of the sharp drop of the activation curv~ near the 

threshold and the small number of neu~rons in- that part of the spec

trum(ll). Hence no serious error is introduced if only helium events 

from neutrons above 40 Mev are included in the normalization. There 

ar~ very few inelastic events from neutrons between 20 and 40 Mev 

(see T,ABL,E, II) -- the thresholds range from 17.5 Mev to 25.9 Mev--

and it will be shown that jt is not feasible to correct for missed 

short _tracks from neutrons below 40 Mev. 

In order to obtain the estimated number of He4 events, the 124 

-extrapolated He4 events are added to the 441 events appearing in 

TABLE VI. Finally the 80.8 He3 1s, which have been assumed to occur 

with the inelastic events (TABLE II) must be subtracted out. Thus 

the total number of He4 1s i$ 

441 + 124 - 80.8 = 484. 

It should be noted that the normalization of the total number 

of helium collisions (inelastic and elastic) is independent of the 

He3 assumption. The assumed 80~8 He3 events which have been added 

_to the inelastic E!V~nts are subtracted out from the single prong 

events, leaving the total number of events unchanged. 

In order to examine the question of why only two He3 1s werE!. 

observed ending in the chamber, one can again consider the analogy 
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between the He3 and pt processes. The following ratios are then of 

interest: 

Number of He3 1s ending to number of He3 1s not ending as 

based on the He3 assumption 

Number of tritons ending to'number of tritons not ending 

in the pt processes 

'2/39 

'20/88 

Any one of the following reasons could account for.the small number 

of H~3rs observed to end: 

(1) The number of He3 •s was grossly overestimated in the He3 

assumption. 

(2) It is a special feature of the n(He4, He3)2n reaction that 

no low energy He3 1s 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 He4•s. (This would only be a possibility 

if the He3 tracks were consistently 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 third that 

of a 'triton. The ranges of 17 out of the 20 tritons which ended were 

such that if the particle had been a He3 with the same energy, its 

range would have been less than 3 em, and in such case it could have 

been confused with He4. Whether or not some He3 1s should have had 

the proper energy to end in the chamber depends of course on the 

energy distribution of the He3 1s, and one can on::)_y speculate what 

this might be from comparison with the triton energy distribution 

·from pt events (shown in Fig. 11). 

3. Cross Sections 
. . . . 

Iri order to obtain absolute cross sections the total number 
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of events (472 inelastic+ 484 elastic), for incident neutrons above 

40 Mev, is.normalized to the interpolated n-He4 total cross section 

from the work of Cook et al.(ll). When o- is plotted vs.A-2/3 for H, 

D, Li and Be, cr for He turns out to be 1.9 x lo-25 cm2 when the points 

are connected by a smooth.curve. A probable error of 10 percent 

is arbitrarily assigned to this value. 

On the basis of the INELASTIC and ELASTIC events listed, the 

results are 

<~elastic = 96 ± 17 mb 

"pt = 42 :!: 6 mb 

"cit = 13 ± 2.5 mb 

o-pd = 15 ±: 2.5 mb 

~dd = 7 t 1.5 mb 

o-pp = 0.8 ± 0.4 mb 

crae3 = 16 mb ( as.sumed) 

The ratio of a-inelastic is 0.49 ± 0.07 
a-total 

4. Et-rors 

The errors quoted in TABLE II are the statistical probable errors 

based on the number of events actually analyzed. For each quantity 

making up the 484 elastic events a statistical probable error can 

be associated based on the number of events actually measured. But 

it is more realistic to consider the magnitude of the extrapolation 

that had to be made for missed tracks and the uncertainty in the 

80.8 assumed He3 events, and consequently a probable error of ± 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. 



5o Comparison With Theory 

·In 1950 ileidmann published '8.n analysis of the 90 Mev ·neutron

helium scattering problem<12);•it is interesting to cotnpal:'e his pre-

dictions for the relative cross sections with: the present·exJ)erimental 

findingso 

Process Theor;l(l2) Theor:.y: Revised(l3) Experilnent 

Elastic He4 180.mb 160 mb · 96 ± 17mb 

pt 63 60 ± 10 42 ± 6 

dt 16 16 r . 13 ~ 2o5 

pd "'-0 /\..-2 15 ± 2o5 

dd /\.-0 "-0 7 ±- lo5 

pp ~o --:..0 Oo8·± Oo4 

!Je3 6 ,_:.6 16 (assumed) 

. If Heidmann 9s revised theoretical results were diminished by 

the ratio 190 mb so as .to make ·his total c·ross section equal to 
244mb 

the interpolated experimental value, the agreement would be excellent 

for the He4~ pt and dt modes of disintegrationo In any case the 

agreement is remarkable because~ as the author himself points out~ 

the calculations should be criticized for use of gaussian f~ctions 

for· the potential and for the use of deuteron wave funct:ions, which 

'were eniployed to simplify the integrationso Heidmann apparently 

underestimates the occurrence of the pd and'dd processes$ but agrees 

that complete disintegration of helium bya neutron (pp) is rareo 

In arriving at the number of He3 disintegrations 9 Heidmann was 

the first to consider the pt' and He3 events as similar processeso 

However~ he estimated that the number of He3 to pt events would be 

given by 
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_
7

1/4 .( Vsinglet)2 

1 4 + 3/4 rvtriplet ' 

or About one tenth. As discussed in the section on CORRECTIONS, 

in the present investigation the ratio of He3 to pt events'· is assumed 

to be 

o-np : c:rnp = 1 , 
o-nn o-pp 3 

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

He3 and He4 cross sections and the ratio O""j_nelastic j o:t.otal are 

affected if one uses one or the other assumption. One piece of ev..; 

idence which speaks in favor of the 1/3 ratio comes from n-d scat

tering at 90 Mev. W. Powell(?) found that the cross section 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 low energy protons 

are r9ughly isotropic and are left behind when the incident neutron 

hits the neutron in the deuteron, while the higher energy protons 

come off predominantly forward and result from the incident neutron 

striking the proton in the deuteron. The ratio between these two 

processes, which can be considered as n-n and n-p interactions in 

a light nucleus, is 1/3. 

6. Energy Dep~nq~nce 

The incident neutron spectrum as measured from He4 recoils ending 

in the chamber is shown by the single points in Fig. 5. If all the 

~~ngle tracks which do not end in the chamber are included, the up-

per curve results. It is seen to have a quite similar shape, which 

is to be expected since the He3 1s have been estimated to constitute 

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

the events must all be due to He4 sine~ this is the threshold for 
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the He4(n, 2n)He3 reaction.) The peak occurs at about 70 ± 5 Mevo 

The distribution has the general features resulting experimentally 

from the deuteron stripping process, namely a peak near half the 

.deuteron .energy and a peak of low energy neutronso The low energy 

peak is undoubtedly exaggerated due to the rapid increase of the 

elastic scattering cross section with decreasing neutron energy. 

The broadness of the spectrum and the shift of the 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 

ino Beo It can be concluded from the distribution that the energy 

dependence of the elastic scattering is not very pronounced in the 

region from 40 to 100 Mevo 

For the various inelastic processes, the number of events vso 

incident neutron energy is plotted in Figo 6; the peaks occur at 

about 

pt 75 ± 5 Mev 

dt 65£ 5 Mev 

pd 67 t 5 Mev 

{The neutron energy in the pd cases is 'i minimum) .. 

Since the incident neutron spectrum was the same in each case, 

the qualitative nature of the curves can be compared. The small shift 

of the pd curve to lower energies with respect to the pt curve may 

simply 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 with 

energy of the pick-up process which is theoretically expectedo Pre

liminary experimental results on n-d pick-up deuterons verify this 

sharp energy dependence (lL~). 
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7. Energy and Angular Distributions 

Elastically Scattered Neutrons. The elastic events were divided 

into two groups -- those due to incident neutrons below 40 Mev and 

those due to incident neutrons above 40 Mev. The reasons for this 

division are first that there exists evidence that low energy neutrons 

scatter fro~ helium in a different manner than high energy ~~utrons(l5); 

second to be able to make a comparison with theory, in particular 

that due.to Heidmann(l2); and third for a reason which will become 

evident in the next paragraphs. 

The points denoted by triangles in Fig. 7 show the angular dis

tribution of elastically scattered neutrons (dcr/de) from incident 

neutrons with energies greater than 40 Mev; the points denoted by 

circles were obtained by dividing the dO"" /de points by the average 

value of the sine over the 150 intervals and represent thus da-/d~. 

B,y having proceeded on the basis that all single prongs not ending 

in the chamber are He4•s, little error was made since only about 

16 percent of the events above 40 Mev.is contributed by He3 1s. Ev-

identl~ there is a hole in the experimental distribution near the 

forward direction; it is due to the corresponding recoils being too 

short to be measured with certainty. 

According to Heidmann 1s theory the angular distribution of 90 

Mev elastically scattered neutrons is a gaussian curve centered on 
. ' 

the forward direction. His predicted curve has the equation 
.· 2 

do- = 4.50 e-7.866 x.lo-25cm2 
d../1.. 

in the CIJil .. system. Since the present experimental data are not 

incompatible with a gaussia:n, it was decided to draw a gaussian curve 

through. the experimental polnts; its form is 

•. 
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'' 

It is shown by the solid line in Fig. 7 and was extrapolated to zero 

degrees scatter angle. 

Advantage has been taken previously of the opportunity to asso-

ciate the events under the extrapolated part of the curve with the 

events missed because the tracks were too shorte The area under 

the extrapolated part of the curye contributes 168 events lumped 

into the 0.:..15° scatter angle group (~/d.r1..sin e). The reason why 

the angular distribution was plotted in 15° groups in the first place 

is that when a 40 Mev neutron is scattered at 15°, the corresponding 

recoil will just be 2 em long. (This was the criterion selected below 

which recoils were. merely counted instead of measured.) Consequently 

one begins to lose measurable tracks for neutron scatter angles of 

15° and less. The critical alpha recoil angle corresponding to the 

neutron scatter angle of 15° is 80.5°. Recoils have been observed 

at angles as high as 84°;. they are due to neutrons of energies higher 

than 40 Mev. 

From the 168 extrapolated events in the 0-15° group, 44 weighted 
. -· . . 

events must be subtracted since they were actually observed and meas-

ured. The remaining 124 events were then added to the observed single 

prong tracks. 

Fig. 8 shows the angular distribution of elasticaily scattered 

neutrons from incident neutrons with energies less than 40 Mev. 

Here again a substantial number of neutrons are known to be missing 

near the forward direction. But since they can be missing up to 

faiz:ly large I1eutron scatter angles (when a 5 Mev neutron is scat

tered at 45°, its alpha recoil will just be 2 em long), it is not 
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possible to estimate the distribution of the missing tracks. However, 

the distribution confirms the general trend found by Swartz(l5) that 

elastic scattering is peaked less in the forward direction at lower 

energies. The picture is qualitatively that the forward peak of 

diffraction scattering on the basis of the opaque nucleus model is 

spread out at lower energies, and that more nearly isotropic scat-

tering is approached. 

The H~ii4(n, d)t Reaction. The angular distribution of deuterons 

from dt events is plotted in F~g. 9 and shows the expected peak of 

pick-up deuterons in the forward direction. The distribution is 

plotted both in terms of do-/ de and dcr /d..a o The solid line rep

resenting the differential cross ·section do- /d....n.. is subject to some 

error due to the inaccuracy introduced by averaging sin e over a 

300 interval; but it is included to show the approximate half-width 

of the forward cross section, which is estimated to be 25o. On the 

other hand, the· do- /de points are useful in comparing the relative 

forward to backward scattering; they show that the events under the 

peak constitute about one-half of the total dt cross section. Heidmann 
I 

has pointed out (l3) that the critical tests 'between' -theory and ex-

periment are, in order of increasing sensitivity to large momentum 

changes (and thus small interaction distances): the total dt cross 

section, the angular half-width of fast forward deuterons, and the 

ratio of forward to backward deuterons. The following is a comparison 

between theory and experiment on these points: 

Total e-dt 

Half-width 

Theory Experiment 

13 ± 2.2 mb 
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Theory 

1000/1 

Experiment 

1/1 

The discrepancies increase exactly in the order listed above, with 

only the total o-dt being in satisfactory agreement. One possible 

source of the discrepancies has already been mentioned, namely the 

use of the gaussian function for the potential in the calculations. 

The one event piotted in the 165° group is a 10\.f energy deuteron 

with an associated triton going forward with 75 }1ev. , The process 

responsible for ~his is undoubtedly triton pick-up. 

In Fig. 10 the energy di~tribution of the deuterons from dt 

events is plotted. The peak corresponding tQ pick-up deuterons falls 

at 50 Mev. Although the dt process is a two-body problem, the~e is 

no one to one correspondence between a point on the angular distrib-
r' 

ution plot and a point on the energy distribution plot because of 
' .. ! • 

the variety of energies of the incident neutrons. This fact, inci-

dentally, must be kept in mind in making all comparisons with Heidmann's 

theor~, since he analyzed the problem for monochromatic 90 Mev incident 

neutrons. 
' . 

The He4(n, pn)t.Reaction. According to Hei~ann 1 s prediction 

the tritons from the pt reaction are of low energy (2 Mev on the 

average) ahd are distributed almost isotropically. Fig. 11 shows 

the energ-.f distribution of the_ tritons, and agreement is seen to be 

excellent. Howeyer, Fig. 12 shows that the angular distribution of 

the tritons is not isotropic but concentrated in the forward direction. 

The proton energy distribution is shown in Fig. 13. 

* Strictly, the experimental ratio observed is pick-up deuterons 
to non-pick-up deuterons. 
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The proton angular distribution from pt events is plotted in 
- -

Fig. 14 together with the proton angular distribution from pd events. 
·-"· - .. -

In both distributions it can be said that the free nucleon n-p scat-

tering is reflected to some ·extent. This would be expected on the 

basis of a model first proposed by Goldberger(3) the general features 

of which were verified by Hadley and York(2). According to this 

picture, the bombarding particle interacts with an individual nucleon 

rather than with the struck nucleus as a whole, and probably leading 

to the ejection of a fast p1rticle in the forward direction. 

Fig. 15 gives the energy distribution of protons from pd events. 

The statistics are not good because of the low frequency of occurrence 

of this type of event. Nor does any theory exist. at present with 

which comparison can be made. 

8. Oxygen Stars 

Since a small number of oxygen stars is an.unavoidable by-product 

of this experiment, it is desirable to make a. comparison between 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 ('5). 

Prongs Experiment Tracy and Powell 

1 6 

2 14 14 + ? 

3 14 20 

4 8 8 

5 2 6 

? 2 

As mentioned in the first section, the ratio of. helium to oxygen 

ll<· 

nuclei in the chamber was 5lo8 as calculated from the partial pressures. 
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A comparison between total cross sections is not possible~ however~ 
i '.· 

because many single prong oxygen tracks were obviously missed, either 

because they were too short or because they were confused with heliumo* 
. ·' 

But the inelastic cross sections can still be composed if a value for 

o-iJ'crt for oxygen can be foundo K recent tabulation on neutron 

cross e;ections(i6) indicates that for elements in the region of oxygen 

<ri/o-t _for 90 Mev neutrons is. around Oo38o Because oxygen has an 
I. 

alpha particle structure and in view of the approximate nature of 

the calculation~ o- i,(a-t is. assumed to be the same_ ~or oxygen as 

found for h~lium in this experiment -- namely Oo-49 ± OoO? o T:P.en the 

expect:3d ratio of inelastic helium events to inelastic oxygen events 

is 

5lo8--·x lo9 X lo-25Clll2 = _l2o9 7 o65 X 1Q-25cm2 

The oxygen cross section was taken from reference (ll)o The observed 

ratio is 489/40 = 12o2ll which would be smaller if the excited states 

of oxyge!lco~tributed·appre~iably to the inel1:3.stic.cross sectione 

9 o Azimuthal Symtp.etry Ch~ck 

Since there is no reason to believe otherwise~ all processes 

in this experiment are expected to ogcur with azimuthal sy.mmet~yo 

_Because this has been one of t-he 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 thiso 

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

from pt events, as observed in four azimuthal angle groupso 

* Many with respect to single prong oxygen -- few with respect 
to single prong heliumo _ 
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0 - '300 ilJO - 1800 180 :._ .· 2100. JJO - J600 

He4's 93 .. 0 t 11 
.i'·· 

73 .. 6 - 10 75 .. 6 .t 10 81 .. 7 :t 10 

Protons from pt 46.3 .t 7 30.4 ! 6 ... . 
35 .. 7 - 6 '34.6 :t 6 

The uncertainties are probable errors based on the number of events 

actually observed., 

VI. CONCLUSIONS 

When helium is .bombarded by 90 Mev neutrons, the dominant process 

is elastic scattering, which exhibits the characteristic 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 frequent inelastic process is the disintegration in which the 

incident neutron strips off a proton from the helium nucleus leaving 

a low energy triton behind. A special case of this proc.ess occurs 

when 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 other half the deuteron comes off in a random 

direction with low energy. Although Heidmann's theory may be crit= 

icized in a number of ways, as pointed out by the author, it is in 

good agreement with the cross sections for elastic scattering and pt 

and dt disintegrations. The most serious discrepancies arise when 

the theoretical ratio of forward pick-up deuterons to backward deuterons· 

of 1000/l is compared with the experimental ratio of 1/1; also the 

theory predicts a much smaller number of pd and dd disintegration 

than is observed. Ks far as the energy dependences are concerned~ 

no marked dependence is evident over .the region investigated fer 



elastic scattering and for pt and pd disintegrations~ while the dt 
I 

·' \ 

disintegrations fall off with increasing energy/ as, is 'expected at 

,distributions is the fact-that the proton angular distributions from 

pt and pd disintegrations reflect to some extent the free n~p inter= 

action. Since He3vs could not be distinguished from He4vs in this 

investigation, the mechanism leading to He3 production has been 

assumed to be similar to that leading to triton production. The pos= 

sible errors arising from this assumption would seriously affect 

only the He~(n~ 2n)He3 cross sectiono 

Since athi'gher incident neutron energies~ say 270 Mevl> the 

theoretical approximation that the bombarding particle interacts 

only with one nucleon in the target nucleus becomes much better, 

the calculatio~s becbme simplified, and henceneutron-helium scat= 
' . ' 

taring at this. energy shouilld prove to be of decisive interesto Furtherl> 

the parallel experiment to the present one~ namely proton~helium 

scattering at high energies would, together with the results of the 

present investigation, provide further comparison between the n=n 

and n-p and p-p forceso 
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Fig. 3 

Fig. 4 

Figo 5 

Figo 6 

Fig. 7 

Figo 9 

Fig. 10 

Fig. 11 

Figo 12 

Fig. 13 

Fig. 14 
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FIGURE CAPTIONS 

Sketch of the cyclotron, cloud chamber and collimation 

Photograph of Cloud Chamber, magnet and timing circuits. 

The neutron beam emerges through the hole in the cement 

block and enters the cloud challlber on the far side of the 

magnet platform. 

Sketch of stereoscopic project used for life-size repro= 

duction of tracks. 
' .. \ 

Regions of blindness due to limitation on dip \an~le ci, o 

Regions inside the oval are excluded when d.. is limited to 

the range from + 30° to = 30° o 

Incident neutron energy distribution as measured from He4 

recoilso 

Incident neutron energy distribution as measured from var= 

ious inelastic events. 

Angular d.Lstribution of elastically scattered neutrons 

from incident neutrons > 40 Mev. 

Angular distribution of elastically scattered neutrons 

from incident neutrons < 40 Mev. 

Angular distribution of deuterons from deuteron-triton 

eventso 

Energy distripution of deuterons from deuteron-triton eventso 

Energy distribution of tritons from pt events. 

Angular distribution of tritons from: pt eventso 

Energr distribution of protons from pt eventso 

Angular distributions.of protons from pt and pd events. 

Energy distribution of protons from pd events. 
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APPENDIX I. DEF.INITIONS 

The angle between the initial direction of 
the track and the horizontal plane containing 
the neutron beam, measured in a vertical planeo 

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 direction 
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. 

f = (75 cos. ct.., and is the radius of curvature 
which a particle of slarit radius p s 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 di~ 
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 angleoc to the horizontal plane. 

Hft = H t? sin e 

Hpz = Hp cos e 

APPENDIX II. SAMPLE ANALYSIS OF TVJO 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 ttacks encountered were sometimes 



as high as 400 times with respect to minimum. The vertical line 

through the center of each picture is ruled on the chamber top glass 

and indicates the direction of the neutron beam. The equally spac$d 

horizontal reference markings intersecting the vertical line are 

used for stereo-lining up of the picturesG 

Fige A is interesting in that it shows, among other things, 

the characteristic endings of several different particleso The spiral 

path of the proton ending is clearly evident in the right half of 

the picture. The two tritons originating from the two helium stars 

between the first and second reference mark near the vertical center 

line both end in the chamber. The He4 recoil just above the lowest 

reference mark ends in the chamber and is typically near 900 to the 

beam. The longest prong from the 4~prong oxygen star near the center 

of the picture looks like an alpha particle endingo (No analysis 

of oxygen stars was made)o 

Figo B includes one of the two He3 •s identified in this experi

ment which ends in the chambero Its characteristic ending can be 

compared with the He4 ending just above the 4th reference marko 

Both pictures show a number of other helium disintegrations. 

'/: 
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Fig. B 
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APPENDIX III. D.~J:VATION OF FORMULAS 

1. PI' and DD Cases · · ~neutron 

i 
. t .. d Charged particie 2,..,'' 

In both cases one neutron f? ~~ec e ~,7 

in the disintegration, The following lilcide.lt 6eUtron ~ 
equations apply: Charged particle 1 

where 

En ;: ~ ~ E2 + B. E. + En 1 

.::.:: p2 . p2 t ~ p2 
En 1 = ~ :; n 1 n~z 

2m 2m 

En = p~z = (PJ_z f- P2z + Pn 'z)2 
2m 2m 

En' Pn = energy and momentum of incident neufron 

Ei' E2 = energies _of ejected charged particles 

B.E. = binding energies of the particl.es :(or threshold 

of the reaction) 

En'' Pn' =energy ~d momentum of ejected neutron 

t = transverse component of momenta 

z = mo~enta components along beam direction 

prime = ejected neutron 

Algebraic manipulation of the equations leads to 

Pn•z 
B. E. + p2 't x K - (p1 + . n z 

2 (~lz + P2z) x ~ 

where K is the appr()priate factor to convert the units. Hence En' 

and En can ~e obtained immediately. 

·z.~ DT Case 

This is the two-body problem, and En can be computed in two ways. 

En = E1 + E2 + B. E. . 



E - p2 - t )2 
n· - n:z - \P1z + P2z 

2m 2m 

PD Case 

,0 
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 

E - E.. +- E + B E + v-'- . 
:·1 - -.1 2 • • .c. min• 

E .. t _2_~ 2 
min - PnL - Pn'·t + Pn1z 

2x2m 2 x 2m 

En= P~z = (plz + P2z + Prl z)
2 

2m' 2m 

After algebraic manipulation these equations lead to 

Pnlz =-2(Plz +. P2z) JK ± 

~2(plz + P2z)
2 

x K t 2(El + E2 + B~E.) +. p~, t x K 

4o Binding Energies 

Process B.E. 

dt 17.6 Nev 

pt 19.8 

dd 23.8 

'• pd 25.9 

pp 28.1 

He3 20.5 



APPENDIX IV. C:Nl1\GY .\ND IONlZA'iiON vF :.IGHT PAI<TIC!.ES AS A FUNCliOII uF H
1
, 

_1_, J_· Hp 

em. J ...... ~~~-~-c:nM:o 0 M 
l 

1 21,700 
1.5 32,550 
2 43,400 
2.5 54,250 
3 65,100 
3.5 75,950 
4 86,800 
4·5 97,650 
5 108,500 
5.5 119,350 

6 130,200 
6.5 141,050 
7 151,900 
7.5 162,750 
8 173,600 
8.5 184,450 
9 195,300 
9.5 206,150 

10 217,000 
10.5 227,850 

11 
11.5 
12 
12.5 
13 
13.5 
14 
14-5 
15 
15.5 

16 
16.5 
17 
17.5 
18 
18.5 
19 
19.5 
20 
20.5 

21. 
21.5 
22 
22.5 

238,700 
249,550 
'260,400 
271,250 
282,100 
292,950 
303,800 
314,650 

-325,500 
336,350 

347,200 
358,050 
368,900 
379,750 
390,600 
401,450 
412,300 
423,150 
431~,000 
444,850 

455,700 
466,550 
477,400 
488,250 

E i ~·I 
rdx i 

.o3! ' 

.04! 

.09! 

.10\ 

.20• 351 
,JO. 298 
·40'259 
.50:226 
• 60:202 
.?Oi 180 

.oo! 160 
1.0 i 146 

-1.1 1'140 
1.3 128 
1.4 122 

i:~ '1~~ 
2.0 1 86 
2.J i 78.5 
2.5 ~ 73-5 

68.5 
61.0' 
58.!! ' 
55·5 : 
52.2 ' 
49.1' 
1,6.6 
44.0 
40.8. 
39.1 

9·9 23.6 
10-4 22.7 
10.9 21.9 
ll.4 21.1 

E 

D 

I llll< • 
j dx 

.02· 

.02' 

.04• 

.05-

.10 

.15 

.20' 

.25 . 

.28 
·35 

·40 343 
.50 321 
.55 296 
.65 271 
.74 257' 
.~2 228 
.92 224 

1.0 208 
1.1 198 
l.J 187 

178 
165 
158 
147-
11,6 
142 
140 
132 
128 
125 

122 
116 
110 
104 
98 
92 
86 
82.3 
78.5: 
75.5 

5.0 ; 73.5' 
5.2 ' 71.5 
5.5 ! 68.5: 
5.7. 65.5 

.27 
·33 
.)7 
-43 
·47 
.53 347 
.60 336 
.67 320 
.76 300 
.83,284 

.91 275 
1.0 258 
1.1 247 
1.2 233 
1.3 227 
1.4 '218 
1.5 '211 
1.6 '204 
-1.7 .-193 
1.8 : 189 

1.9 '182 
2.1 173 
2.2 j 169 
2.3 '162 
2.4 '156 
2.6 : 151 
2.7 11,7 
2.9 146 
3.0 145 
J,2 142 

J.3 140 
).5 135 
J,6 133 
).8 128 

He3 I He4 
E 1 ~. i--;-·nr. 

-lc!:J< __ t-+~ 
.04 I .o3J 
.05 .04: 
.12 .09; 
.13 .1q 
.21 .2q 

:~i :3~0 
.~01 

,901 I 

1.1 .so: 
1.3 1.0: 
1.5 1.1' 
1.7 : 1.3: 
1o9 1,4' 
2.1 1.6 i 
2.1. ; 1.8 1 
2.7' 2.0i 
).1 580 2.3: 
J,J 560 2.5 ! 
3.6 : 539 
4·0 510 
4·3 488 
4.7 456 
5.1 424 
5.5 392 
5.9 368 
6.3 344 
6.!! '314 
7.2 :302 

7.6 :289 
8.1 :274 
8.7 '259 
9.2 247 
9.7 235 

10.3 !225 
10.8 !217 
11.3 ;209 
12.0 '200 
12.5 ;194 

13.2 i186 
13.9 .178 
14·5 !171 
15.2 163 

2.7: 
J,O! 
).2 i 
3.5 : 
3.!!: 584 
4.1 ''572 
4·4' 560 
4.7: 539 
5.1< 512' 
5·4 i 500 

5.7: 488 
6.1. J.64 
6.5' 440 
6.9' 4:16 
7.3: 392 
7.7' 368 
8.1 341. 
~.5 331' 
9.0 314 
9o4 305 

9.9 294 
10-4 284 
10.9: 274 
llo4· 259 

I 

MU3469 

.. 

J 
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r HP p 1 D 

~~cm~=·=~=~ga~us=~s~cm==·==~=--E--~--!--.-.-+--i: -E---.---di~-.-J-E- --~-;; 
23 
2Jo5 
24 
24·5 
25 
25.5 

26 
26.5 
27 
27.5 
28 
28.5 
29 
29.5 
30 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

499,100 
509,950 
520,800 . 
531,650 
542,500 
553,300 

564,200 
575,050 
585,900 
596,750 
607,600 
618,450 
629,300 

-640,150 
651,000 

672,700 
694.400 
716,110 
737,800 
759,500 
?81,200 
802,900 
824,600 
846,300 
868,000 

.889,700 
911,400 
933,100 
954,800 
976,500 
998,200 

.11,019,600 
1,041,600 
1,063;300 
1,085,000 

i i 1,106,700 
-!' 1,128,400 

1,150,100 
,1,171,800 
11,193,500 

1
1,215,200 
1,236,900 

!1,258,600 ! 1,280,300 
11,302,000 

I 
I 

11.9 
12o4 
12.9 
13.4 
u.o 
14.6 

i5.1 
15.7 

.16.3 
16.9 
17.5 
iS.l 
18.8 
19.5 

--20.1 

21o5 

I 
22.8 
24.3 

I 
25o5 · 
27.1 
29.0 
30.6 
32.0 
3J.7 
J5o4 

J7,0 
38.6 
40.7 
42.2 
44.1 
46.5 
48.1 
50.0 
52.0 
54.8 

56.1 
58.2 
60.3 
62.6 
65.0 
67.5 
70.2 
72.2 
74o5 
?8.0 

20o4 
19.7 
19.0 
18.4 
17.8 
17.2 

16.7 
16.1 
15.7 
15.2 
14o8 
14o4 
13.9 
13.5 
13.2 

6.0 61.0 
6.2 60.1 
6.5 58.8'1 
6.8 56.8 
7,0 .

1
. 55o51 

7.J 53.8 

7.7 I' 52.2 
s.o 50.5 1. 

I 
8,2 49,1 1 

s.s ~I·.69 _I 

I 
9
8 •• 28 ..,., 

45.1 1 
9o5 44o0 1 

9.8 42·41 

4·0 126 
4·1 125 
4.4 122 
4.6 117 
4·7 115 
4.9 110 

I 

5.1 j116 

~:~ 11~ 
5.7 94 
5.9 90 
6.1 86 
6.4 ~~·' 
6.6 ~6 
6.8 ?8.5 110.1 40.8 

12.5 1 w., 39.1 1 

ii:~ !I ~:g j~:~ I 
7.2 75.5 
7.6 72.4 
8,1 68.5 
8,7 . 65.1 
9.i 62.2' 
9.8 58.8 

10.4 . 56.5 

10o9 12,9 33o5 
10.4 13.8 31.8 
9.!! 14.6 )0.4 
9oJ 15,5 29o2 
9.0 16.5 27.9 11.0 • 54ol 

11.5 52.2 
i2.o · -50.7 

8.6 17.3 26.9 
8.3 ·18.0 25.5 

s.o 
7.7 
7.1, 
7.2 
6.9 
6.6 
6.5 
6.2 
6.1 
5.8 

5.7 
5.5 
5o4 
5o2 
5.1 
4·9 
4o8 
4o7 
4o6 
4·4 

19.0 
19.9 
20.8 
21.8 
22.7 
23.9 
25.0 
26.0 
26.9 
28.0 

29.4 
30.5 
31.7 
32.8 
34.0 
35.0 
36.:3 
37.5 
38.8 
40.3 

24.7 12.7 48·5. 
23.6 13.3 46.6 
22.7 13.9 44·9 
2lo9 14o6 42o8 
21.1 15.3 4Q.8 
20.4 15.9 39.7 
19,,7 16,6 38o5 
19.0 17.3 37.3 
18.1, 18.0 36.2 
17.8 18,8 35.0 

1'/,2 19,8 33o5 
16.7120,6 32oJ 
16 .1 21.2 31.5 
15.7 22.0 )0.4 
15.2 ' 22.9 29.6 
14o8 23o5 29,1 
14.1, 24.8 27.9 
13.9 25.6 27.1 
13.5 26.3 26,J 
13o2 27,0 25o5 

15.9 
16.5 
17.2 
17.9 
18.7 
i9.5 

20.1 
20.9 
21.7 
.22•5 
2J,J 
24.1 
25.1 
26.0 
26.8 

28.7 
30.4 
32.4 
34.0 
36.1 
38.7 
40.8 
42.7 
44.9 
47.2 

49o3 
51.5 
54.2 
56.3 
58.8 
62.0 
64.1 
66.7 
69.4 
73.1 

158 
154 ' 
149 
144 
39 

134 

31 
126 

19 
15 

08' 
05 
02 

11.9 
12.4 
12.9 
13o4 
14.0 
14.6 

15.1 
15.7 
16.3 
16.9 

'I ~:i 18.8 J 19.5 
1 .20,1 
! 

244 
240 
235 
229 

1

222 
215 

1
'209 
203 

1196 
jl91 
186 
181 
176 
169 
163 

97.1 ' 21.5 156 
92.7 ·I 22.s 149 

!~:~ II ~:~ ~~ 76~0 29.0 122 
72.9 J0,6 117 
70.1 32.0 112 
66.8 

1
. 33.7 1as 

64~1 . 35 .I, 102' 

61.7 I 37 .o 99 
59.2 38.6 94 
56.8 40.7 91 
55.0 42.2 88 
52.8 44.1 84 
50.9 46.5 82 
49.6 48.1 79 
48.0 50,0 76 
46o5 52o0 74 
44·5 54.8 71 

74.8 4J,6 
77,6 42o2 
80.4 4Q.8 
83o5 39o2 
86.7 38.2 
90.0 37.1 
93·6 36.0 
96o3 35o3 
99o3 34o5 

104 3J.2 

56.1 69 
58.2 67 
60,J 64 
62,6 63 
65.0 61 
67.5 59 
70.2 58 
72.~ 56 
74.5 54 
?8.0 53 

MU3470 
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q 

··~ 

~--t-·rl 
p D I 

''=·~ ~ 
He) 

E 1-~~- T 
__ J_ 

~~;-·· 
am. gauae om. 1 E .Ill!!• E ----------1 i --~-- -I·· dx 

8~.8 I~.) I 
61 I 1,)2),700 , 41·5 12.8 28.0 '24·9 i 108 )2.0 80.8 51 
62 - 1,)45,400 ; 82.) 4.2. 42.6 12.5 29.0 '24o2 I 110 3lo4 82.3 I 50 
6) ' 1,367,100. : 84.o 1 4.2 43·9 12.3 29.9 ?.3.6 i 112 )0.8 84.0 i 49 64 ' 1,)88,800 ; 87.3 ! 4.0 45.5 12.0 30.8 23.11 116 )0.2 87.) 48 
65 - 1,410,500 89.7 ' 3.9 47.0 11.6 31o9 2?..5 i 120 - 29.6 89.7 ! 47 
66 1,4)2,200 9).8 ).8 48.5 11.3 32.9 21.9' _125 ' 28.8 9).8 ' 45 
67 1,45),900 95·5 ).8 50.0 11.1 34.0 21.4: 127 28.4 95.5 44 
68 1,475,600 98.1 3.7 51.) 10.9 35.0 20.9' 131 27.5 98.1 44 
69 1,497,)00 102 3.6 52.8 10.7 36.0 20.4: 1)6 26.4 102 4J 
70 1,519,000 105 3.5 54·5 10-4 36.9 20.3' L4D 26.0 105 42 

71 1,540,700 107 3.5 56.) 10.1 38.0 - 20.0- 143 25.6 '107 41 
7) 1,584,100 112 3-4 59.0 9.7 40.0 ' 19.4- 149 25.0 112 )9 
76 1,649,200 12?. ! 3.2 6>.8 9.0 4J.3 18.5- 163 ' 23.5 12?. 
80 1,736,000 135 2.9 70.8 8.) ' 47.8 17.2; 180 21.6 1)5 
84 1,822,800 149 2.7 78.0 7.7 52.5 15.9 i 199 : 19.6 149 
88 1,909,600 161 2.6 85.4 7.2 58.1 14o3 215 18-4 161 
9) 2,018,100 178 2-4 95.2 6.7 64·4 ' 12.5 - 237 16.8 178 
98 2,126,600 ; 198 2.3 :105 6.1 70.6 - 11.7' 264 198 

10) 2,2)5,100 : 215 2.1 116 5.7 78.8 10.7 287 215 
108 2,)4),600 ;235 2.0 '127 5.2. 85.8 9.8 )1) 2)5 

113 2,452,100 ! 254 i.9 tJJ,D 94.7 9.) ))9 254 
119 2,582,)00 280 1.8 !153 104 8.8 37) 280 
125 2,712,500 ')03 1.7 1169 115 8.2 404 )03 

. 1)1 2,842,700 ')3) 1.7 :186 126 7.6 444 ))3 l 137 2,972,900 '356 1.6 :201 138 6.9 475 356 
144 3,124,800 '388 1.5 .2?.3 151 6.2. 517 388 I 
151 3,276,700 I 420 1.5 '244 167- 5.9 560 420 

I 158 ),428,600 454 1.4 :268 183 5·5 606 454 
166 ),602,200 492 1.4 :289 200 5ol 656 492 
174 ),775,800 5)2 1.3 318 220 4.7 709 532 I 
182 ),949,400 572 1.3 )44 2)9 763 572 I 191 4.144,700 619 1.2 '374 262 825 619 I 

l 
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Th~ e,pe,rgy values ~e. ge.ne.ral:J.y accurate to 5 percent, except 

~n, the J,ow ~me.:rgy re,gigp., ~A ~~~ept fo'l:' ije.3 and He4 for which a 

The clE:/Cix values. were obta;iried for protons in helium from the 

4r.gn(+) i;.~b:J_es exce,pt below 1 Mev. The 'l:'e~?t of the dE/dx columns 

1r1ere opta:,i:p,ed. 1Jy El,pproxim~te pqp..,;reJ_at,;i..v;istic p:roportionalities and 

i!lte,rpo).,atipn qy€)r wic:le rap~es. Therefore po greater accuracy than 

;1.5 percept qan be a§~;igned to th,em. 

*· The dE/dx values are rel(3:tiv:e· t.o ~.inimum: ionization·o, 

(1) Aron., .f):o.ffman, and Willitmls·, Ra.nge~Energy Curv:es AECIJ-66.3· 
UCRL-,121 
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