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DISINTEGRATION OF HELIUM BY 300-Mev NEUTRONS
| William H. Innes
’ ' . Radiation Laboratory

University of California
Berkeley, California -

Faid

- November _ 1957

ABSTRACT

An investigation of the inelastic and elastic reactions between
| ‘high-energy neutrons and helium nuclei has been conducted with a ‘
cloud chamber filled with helium and opei‘ating in a pulsed magnetic
field of 21,700 gauss. Neutrons produced by bombardment of a
'1/2-inch LiD target with 340-Mev protons in the 184-inch synchrocy-
clotron Were collimated and passed through the 22-inch expansion
‘cloud chamber, which was filled with helium gas to a total pressure
of 89.8 crm Hg. Exclusive of meson—;ﬁroducing reactiouns, fhg possible

reactions are: , /
. 4 ,
Inelastic He " (n, pn) t,

He4 (n, d)t,
4 .

He " (n, 2np)d,

He? (n, dn) g,
4,

He " (n, 2n2p)n,

He4 (, 2n) He3;-

. Elastic He4 (n, n) He4

5

The total number of ex}ents,' for incident neutrons above 160 Mev, was

normalized to the interpolated _n-He4 total cross section at 300 Mev,

and absolute cross sections for the various processes were established.

- Energy and angular distributions of the reaction products have been



compared with available theoretmal pred1ct1ons and other experlments.

A few cases of meson productmn were noted

Ay
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1 INTRODUCTION

There exists today a wealth of exper1menta1 data pertammg to
the 1nteract1ons of h1gh energy nucleons with other nucleons, simple
nuclei, and complex nuclei. This information, much of wh1ch is con-
cer.ned with neutron and proton interactions with nuclei ranging from
the very lightest to the very heaviest, embraces incident nucleon
energies ranging frcm a few Mev to the several-_Bev energies of the
Bevatron and the Cosmotron. . | |

Desplte th1s great amount and variety of data, or perhaps as a
consequence, the outstanding problem of nuclear p.hys1‘cs_ at the present
time 1s the formulation of a satis:fac,tory fundamental theory of nuclear
forces--satisfactory in the sense that it not only unambiguously ex-
plains all the observed results but also can predict additional phenom-
ena whose pur suit will lead to the orderly and rapid advance of nuclear
science, ‘ | A | _ ‘

Increasing emphasis is being placed on experiments that may
lead to an understanding of these forces. One of the most fruitful
approaches in establishing‘models of the nucleus, and in revealing the
behavior of several nucleons in close proximity, has been in scattering
experiments with light nuc1e19 in which only a few nucleons are in-
volved. As has been pomted out by Tannenwald, 1 the disintegration
of helium presents an unique case because, while on the one hand
there are sc few particles involved that a theoretical analysis of the
interactions between individual nucleons may be hoped for, it can also
on the other hand show some .of the properties of heavier nuclei, owing
to the tightly bound structure of the helium nucleus. In particular, if

the alpha part1c1e 1ndeed exists as a substructure in heav1er nuclei,

_ then hel1um d1s1ntegrat1on will be of value in interpreting the structure

_ and d1s1ntegrat1on of heavier nuclei.

The identity, frequency of occurrence,. and d1str1but1ons in angle.
and energy of the secondary particles emitted in the disintegration of
helium by high-energy neutrons are therefore expected to be useful in
analyses of nuclear structure and of tlhe nature of nuclear forces.

For energies above a few Mev, however, there appears to be little
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information in this area. Tracy and Powell, using a cloud chamber
containing a mixture of helium and oxygen -in a magnetic field of
13,000 géuss, studied éecondary particles emitted under bombardment
by 90-Mev neu.trons;2 analysis of helium data was complicated by the

' presence of large numbers of oxygen ‘nuclei._ Swartz, using a cloud
chamber containing only helium and a small amount of water vapor,
but without a magnetic field, studied secondary particles under bom-

. bardment by 200-Mev neutrons;3 analysis of the data was complicated

by the absence of a magnetic field. Tannenwald, using a cloud chamber

containing only helium and a small amount of water vapor in a magnetic

field of 22, 000 gau/ss, studied helium disintegration by 90-Mev neutrons;1

the absence of any significant number of other nuclei, and the use of a
strong magnetic field, enabled him to make the first complete and de-
tailed analysis of the identity and characteristics of secondary particles
emitted in high-energy neutron bombardfnent of helium. Hillman,
Stahl, and Ramsey have measured the total cross section of liquéfied
helium for 48-Mev and 88-Mev neutrons. 4 Moulthrop, using a high-
pressure diffusion cioud chamber in a magnetic field of 21, 000 gauss,
studied negative pion production in the bombardment of helium by
300-Mev neutrons. > Theoretical predictions concerning the disinte-
gration of helium by high-energy neutrouns are also limited. Heidmann
"has analyzed the neutron-helium scattering problem, for incident
neutron energies of 90 Mev and 200 Mév, .using the Born approximation
and Gaussian potentials and wave functions. 6,7
The experiment presented herein extends the work of Tannenwald
and Swartz to higher energies and, in a sense, supplements that of
" Moulthrop, who limited his complete analysis to those interactions
which resulted in the production of pions. The cloud chamber is par-
ticularly adapted to studies of this type, as it presents the ultimate
in "thin" targets, resulting in the best possible view of the associated

particles in the reaction.

fa

n
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II. EXPERIMENTAL PROCEDURE

1. Apparatus

The neutrons produced by bombarding a 1/2 mch th1ck LiD target

w1th 340 Mev protons were colhmated 1ns1de, through and outside the

 concrete sh1eld1ng of the 184-inch Berkeley syn_chrocyclotron by a

4—stage collimation system (see Figs. 13 and 14). The tapered lead
collimator, ineide the concrete shielding, was cirediar in cross sec-
tion and .86,5 ihches long, ‘and had an exit diameter of 6 inches; the

hole in the concrete shielding was .circular in cross section, 208.0
inches long, with exit diameter of 12 1nches the first copper collimator,
in the concrete shleldlng, was rectangular in cross section, 23/32 by.
2—3/8 inches, and 34 inches long; the second (final) copper collimator,
outside the concrete shielding, was rectangular in cross, section, 1

by 3 ihches, and 34 inches long. rI.‘he neutrons entered the ‘clo'.ud cham -
ber through a 1- by - 57—invch cvopper foil window, 3 mils thick, and
passed out through a similar wind.ow‘ to redu:ce backscattering from the
exit wall of the chamber.

‘ The Wilson cioud chamber used lw‘as developed by Povvell8 and has
been used by hirr:t and others for a nurhber of experiments. It is 22
inches in diameter, has a sensitive region 3—,1/2 inches deep, and has
a pressure-cohtrolled expa,nsvionvratio, It fits into the 6-inch gap of
a n‘iagnet capable of producing a pulsed field of 21, 700 gauss. 8 The
bottom of the chamber is a rubber—coveretl 1/2-inch-thick lucite disk
which moves vertically and is controlled by a pantograph which keeps
it atccurately horizontal during the expansions. Gelatin containing a
black dye covered the disk to a depth of 1/16 inch, providing a black
background for tr.a‘ck photography. General Electric FT 422 flash tubes

were used on opposite sides of the chamber, providing uniform illu-

~mination over 2-1/2 inches of the 3-1/2-inch sensitive region. ? The

lamps were ’simultane'ously flashed by the discharge,through each,of

512-microfarad condensers.charged to a potential of 1700 volts.
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2. Operation

The cloud chamber was operated in a pulsed magnetic field of
21,700 gauss which was energized by a current pulse of 4000 amperes
supplied by a 150-hp geﬁerétor with a 5-ton flywheel. The field re-
quires about 2.5 seconds to attain its maximum value, where it remains
steady for about 0.15 second béfore being turned off. = The chamber was
operated on a l-minute automatically coﬁtrolled cycle, as follows:
the m"ag.netAcurrent is turned on in advance so'that its maximﬁum coin-
cides with the full expansion of the chamber; the cyclotron beam is.
pulsed through the chamber at the instant the moving diaphragm hits
 bottom, and the lights are flashed about 0.04 second afteér this. The
current that passes through the magnet is recorded with each picture
by an auxiliary lens which views a magnet-current meter. A clearing
field of about 100 volts is removed just prior to expansion of the cham-
ber and turned on again after the lights have flashed.

| 'The chamber was filied with helium gas to a total pressure of
_89.8’crn_ Hg in the expanded position; of this pressure, 1.7 cm was
due to the.f)a.rtial vapor pressure of the water in the gelatin. The
chamber was then compressed to a total pressure of about 103.0 cm,
representing an expansion ratio of around 15%. The chamber and
flash lights we,ré surrounded by a felt-lined box and the whole kept
at a constant temperature of 19.3°C by means of a temperature—coh='

trolled refrigerated water system.

3. Photography

A comnical hole in the top pole piece of the magnet permits an
automatic motor-driven camera to 1o§k down into the chamber and
take paired ste.feoscopic photographs through twin 50-mm f/2 Leitz
Summitar lenses spaced 4-1/2 inches apart. The camera is mounted
27 inches above the top glass of the chamber in a lighttight dome.
Photographs are taken in sequence oun 100-foot rolls of 1.8-inch-wide -
Eastman Linagraph Ortho filrh, which is developed to maximum con-
trast. Since the camera had no shutter, the length of exposure was

.determined by the length of the flash, about 100 microseconds.

Tan
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All counting and measurement of events was made frplijnj:th_.e ster -
eoscopic photographs. These we.re reprojected in the stereoscopic
projector (diagrammed in Fig. 15). This projector has been developed
for the general use of the Rad1at10n Laboratory cloud chamber group,
under Professor WllSOt‘l M. Powell; its construction and operat1on have
been descrlbed elsewhere. 10 The pro;ector duphcates the optical
systern of the camera-cloud chamber arrangement and using the
camera lenses, permits the reconstruction in space of events that
occurred in the cloud chamber. This is accomplished by bringing the
two track images into alignment on the translucent screen. The screen
has three translational and two rotational degrees of freedom for this

purpose.

111. METHOD OF ANALYSIS OF EVENTS
The use of a cloud chamber in studying nuclear reactions offers

several advantages: a pure target can be used; the large solid angle

" of observation permits the detection of particles of all angles and

energies; individual events can be studied in detail and, with the aid
of a stereoscopic camera and projector, ‘each charged-particle track

can be reproduced in space in'its original size, shape, and position;

. with the addition of a magnetic¢ field, the momentum and energy. of

each charged particle can be determined. There are also limitations,
chief of which is the relatively slow accumulation of data owing to the

low target density.

1. Available Data

Following an outline by J. Tracy, 1 the data available for ana-
lyzing an event in this investigation may be divided into three cate-

gories. These are:

General Experimental Data. This includes knowledge of the direction

and approximate energy distribution of the incident neutron beam, the
direction and-strength of the magnetic field, and the composition and

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



-11-

Individual Star Data. This includes information obtained from measure-

ments on the individual tracks, such as initial radius of curvature, -
density, initial direction, range, rate of change of curvature, and rate

of change of density.

Auxiliary Information. This includes application of the laws of con-

servation of momentum, total energy, and charge, as well as knowl-
~ &édge= of range-energy relations, specific ionization vs energy relations,

and characteristic track endings.

2. Identification Procedure

A compfehe'nSive discussion of the ways in which the data outlined
. above may be used to identify charged particles in cloud chambers is -

available elsewhere. 1,11, 12

There follows only a brief discussion of
the particles here involved and of spe‘cial situations whose existence
sometimes enhaﬁced the usual identification proc.eduxl'es.

Exclusive of meson-producing events, the possible reactions when
a neutron strikes a helium nucleus are as follows. The brief symbol |
that appears on thé right is used =2~ - 7 to représént the reaction

to which it correéponds.

Inelastic Reactions v ' Symbol
He4(h, pn)t Onl + ZHe4 Iy 1H1 + 1H3 + On1 [(PT]
He*(n,a)t. —» m% 4w’ [DT]
He4(n, 2np)d ' — 1Hl + 1H2 + anl _[_PD7
He*(n, dn)d - —— it [pp)
He~4(n, 2n2pn _ H1 + Hl + 3 nl PP
P .. 1 1 o™ }
He‘-}(n, 2Tl)He?’ ' _— He_3 +2.nt He>
: 2™ 0

.- Elastic Reactions

He4(n, n‘)Hve4 ' ' ' B —) 2He:4 +"0nl é—le‘i?
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Analysis of an event involving the helium nucleus thus requires
the identification of protons, deuteromns, and tritons for two-pronged
stars or the identification of Hé3Fs .z.a.nd. He4's for one -pr‘on'g.'e,_d stars.
Stars with three or more pi'ongs are observed occasionally; they are
due either _tb oxygen nuclei in the water vapor or to me son-production
events with.heliumvor dxygén, The ,felative number of oxygen nuclei
can be computed from the partial pressures existing in the chamber,
and in a subsequent section this isbcompared with the relative numbers .

of helium and oxygen stars observed. A few cases of meson production

were noted; these also are discussed in a later section.

Two-Pronged Stars. The identification of the particles involved in the

two-pronged stars rests mainly on measurements of their radii of
curvature and an estimate of their relative ionizations. 'Th-‘e fact that

Z_D'I-? is a two-body problem requires that the two. prongs be coplanar

‘with the beam direction and that their transverse momenta be equal

in magnitude andopposite in direction. These criteria can be used
to fairly definitély establish an event as E)'ﬂ whén verified bjr an
alternate method of determining the energy of the incident neutron.
They can be used, alone, more definitely to rule out ‘LD'I7 : 'if ‘one

prong is definitely established as a deuteron (or as a triton) and the

- two prongs are not coplanar with the beam, then the other prong can-

not be a triton (or a deuterom); similar reasoning applies if the trans-

. verse momenta do not sum to zero within reasonable limits.

It has been possible to identify the particles in the two-pronged

- stars in most cases. Out of 178 two-pron’ged:stars that satisfied the

ultimate selection criteria (dip angles within * 50° of the horizontal
plane; incident-neutron energy equal to or greater than 160 Mev),

18 were not resolved with'certainty during the film-reading process.
Of these, 15 were recorded as either ZPD-? or [_P'I? and thrée as
either &’Iﬂ or @a These were resolved, after'calculations for
the incident-neutron energy for the alternative assumptions and study
of the original data, as 11 LP]—D7 y .4 . LP'I7 ,, and 3 LDD_? . If only these
three types of events were considered, events (unweighted) were

6/:6% LP'I7 s 24% LPD—] , and 10% LD]S? before resolution, and 62%,
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28%, and 11%: respectively, after the:resolution. = -

One -Pronged ‘Stars: Measurement of radius of curvature coupled with

" estimatés of relative iohization was getierally of little value in differ- |
‘entiating between He> and He?. The tracks were most’ frequently of

low energy, very dense, and often quite short: Their ionization,

fo

"relativé to minimum, falls in the range. above 100,"Where:es‘timates
‘of relative d’en:sity‘arre'i'ns’uf'ficiently accurate; for the same radius of
" Gurvature the ionization of He™ is only 50% greater than that of He".
‘Tracks that ended in the chamber, with sufficient range, were identi-
fied by charactéristic endings, and confirmed by comparison of ob-
served and calculated ranges. 'When the track did not end in the cham-
ber its change of radius with residual range was 6n1y rarely sufficient
. to effect a positive determination.. Because of the large energy spread
+ of the incident neutrons there are no unique energy-angle ‘conditions
: ;--‘th:at. distinguish the particles with certainty. If the track goes :back—
ward in the chamber i‘t‘cannbt be an He4 recoil associated with an in-
cident neutron in the fé)rward.direction; this rn_éthod of resolution also
was rarely applicable. A track might be identified as He3 on the b.asis
~that such choice results in. a reasonable value for the energy of the
... incident neutron, whereas identification as He4 unld result.in a neu- .

‘tron energy so large as to be completely unexplainable by errors in

- measurement.

Less than half the single tracks Were,ideht_ifiable with certainty
. during the film-reading process. QOut of 66 one-pronged stars that.

- satisfied the -_ultimate_ selection criteria (dip angles within % ,500,_ of

... the horizontal plane; incident-neutron energy equal to or greater than

: 160 Mev) only 27 were identified. -The results, based on the above
outlined: considerations, are summarized below:

He4 He

Characteristic endings - . . - 21 0. L e
- . Radius change-residual range - 3 1
Backward tracks : P -0 1

E excessive as He4' : B 0 1
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Less than one-third were identified by characteristic endings; in com-
parison, Tannenwald was able to so identify about one-half at 90 Mev.
No H'e3' that on calculation satisfied the nelitron;energy criterion were

observed to end in the chamber; a few'apparent ones, associated with

" neutrons of lower energy, had been so identified. At 90 Mev 'I_:annenwald

found only two, compared with 139 He®.

. Apportionmeﬁt of the 39 unidentified tracks remaiﬁing,, of the 66 here
considered, in the ratios of the above table would yield 35 as He4 and
4 as H‘e3. On the basis of a careful consideration of the resultant in-
c1dent neutron energies (minimum only in the case of He ) when each
of these 39 events was calculated as He3 and as He4, and of the similar

results pertinent to the much greater number (454) of siﬁgle -prgonged

events that resulted in a neutron energy of less than 160 Mev on either

-assurnptmn, the f1na1 apportionment made was 36 to He4 and 3 to He

A table of 1onlzat10n (relative to mlmmum) Vs magnetlc r1g1d1ty for
protons, deuterons, tritons, He3, and He4, prepared by Donald
Johnson, 13 was of great value. A11gnment charts giving partlcle
energy vs.magnetm r1g1d1ty were essential durlng the film readlng
and subsequent calculations. (See F1gs 18-22. ) The chart for protons

is due to J. De Pangher;14 others were constructed by the author.

Stopping Power. The stopping power of the gas mixture in the cham -

ber immediately after expansion was calculated as 0. 213 relative to

dry air at 760 mm Hg and 15°C. Range-energy curves were prepared
for each part1c1e, from the data and techniques of L1v1ngston and
Bethe 15 Aron, Hoffman, and Williams; 16 and Bethe. 17 The range-
energy relations were checked experlmentally for protons, tritons,
and He4, The energies of a few long tracks ending in the chamber

were determined from their mag‘ﬁetic rigidity and their ranges meas-

ured with a long flexible ruler. The calculated and measured ranges

agreed w1th1n 5 to 10%, which is within the experlmental error ex-

pected, In addltlon, theoretical track endings were drawn and com-

.pared to the exper1menta1 track end1ngs obta1ned agreement was

excellent.
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3. Errors in Measurement

Complete analys_is of an event requires, forvv the identification of
- .the particles and svubse,quent calculations, vmeasvurements_ of ra..‘dius
of curvaturef, d1p angle, beam angle, height of track in chambei‘ at
~ the point of curvature meé_sgrement, horizontal distance from point
of curvature measurement to Vertical axis of chamber, magnetic fielad®
strength; and total track length when track ends in the illumiﬁated
' fegion of the chamber. The incident neutrons are assumed to enter
the chamber in a parallel beam and the ratio of the number of stars
observed in the. collimated region to the number outside the region
verifies th1s assumption, |

Only those events which or1g1nated in a predetermined region of
the chamber were analyzed The acceptable region was determined
pr1mar1ly by the d1mens1ons of the final collimator and was of rectan-
gular Cross sectmn (1l inch hlgh and 3 inches wide) with a length of
12 inches along the beam direction. This region was centered in the
chamber so that its upper and 1owef defining planes we_ré 2-1/4 and

1-1/4 inches from the chamber bottom.

. Radius of Curvature. The curvature of a track is measured by re-

_projecting it life-size on a translucent screen oriented to contain the
plane of the track, and then matching it with one ‘of a series of arcs
inscribed on a set of lucite templates. (See Fig. 15.) In the range
of radii generally encouﬁéered theAarcs‘increase’d in. increments of
2% to 4% between successive curves. It was generally possible to
conclude that only oﬁé curve was a best fit or, at worst, that the
choice iay between two adjacent template a.rcs,, Ina number of past
exper1ments experlence has shown that the error in curvature meas-
urement amounts to about 0.1 mm error in the sagitta 1ndependent of
the part1cu1ar curvature and track length,vfor a track of true radius
50 cm, with 20 cm of track available, this would result in a 1% error
in fadius-of-curvature determination. The uncertainties here are

therefore assumed to be on the order of 3%. One picture in ten was

taken without the magnetic field; from measurements of tracks made - B

under these conditions it was concluded that errors due to turbulence
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were negligible in comparison with the above measurement uncertainties.

Dip Angle and Beam Angle. Angular measurements rest on the verified

assumption that all neutrons enter the chamber in a parallel beam; )

the chamber is aligned with the beam axis, vertically and horizontally.

“The accuracy of reprojection and of angular measurements ‘with the

apparatus used in this experiment has been ’extensively‘ir‘lve stigated
by Powell et al. 10 They conc'luded that dip angles a could be deter-
mined to = 1.5° in the region 0° to 50°, and that beam angles B could .
be determined to = 1°, (See Fig. 15 and. Appendix I: Definitions. ) The
latter -uncertainty includes the systematic error in aligning the refer-r
ence cross marks on the top glass of the chamber with the direction
of the neutron beam in the reprojection process. |

Complete analysis of stars was limited to those events whlch had
all their prongs within dip angles of + 50°. This restriction was nec-
essary because when the prong under consideration is too steep ac-
curate superposition of the two stereoscopic iri'_lages and accurate
measurements of curvature and dip angle are impo.ssible in a great
many cases. Events with one or.-more prongs exceeding the 50° dip-
angle restriction were recorded, and identified and analyzed to the
extent possible.. Geometrical correction factors, discussed in a sub-
sequent section, were applied to each event that satisfied the dip-

angle limitations, to take care of this imposed 'blindness.'

Magnetic Field. As previously noted, an_ammetef in the camera

dome indicating the magnet current is photographed simultaneously
with the chamber pictures. A larger ammeter on the i’_nagnet-control
panel also indicates this current, and its readings were recorded >by

an observer. The field strength is determined from these data and

‘a magnetization curve. The magnet field varies by 6% over the region

where tracks were measured, and an accurate map of the field is used
to determine the field strehgth at the center of the measured part of
the track. Since the field varies quite slowly over the useful region
of the chamber, second- order correct1ons were not necessary

The compounded errors of measurement of d1p angle, curvature,

and field strength enter into the calculated energy of the particle.
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- The probable error in energy determination is ‘estimated as 5%.

4. Calcula t‘i_o‘n s

The analysis of an event is completed by mak1ng appropriate cal-
culatlons for the partlcle energy, azimuthal angle ¢, scatter or beam
angle 6, and the energy (in some cases minimum only) of the incident
neutron; for elastic scattering the scatter angle of the incident neutron
in the center-of-mass system is also required. All calculations were
" made -felativistically by use of formulas developed in Appendix II. As

has already been indicated in Identification Procedure (111, 2), not all

two-pronged events were unambiguously identified during the film-
reading proces's, so that calculations under two assumptions as to .
particle identity were desirable; for one-pronged stars it was desirable
to calculate each event both as é—le 7 and as LHe-7 . A standard for-
mula and uniform procedure for calculation, suitable to a CRC 102-A
computer, were devised for .computing the mofnenturn and energy of the
~'secondary neutron(s) and the incident neutron. This proceduré was
a.pphcable to all types of events except Z_DT7 , which (as is shown be-

" low) is very easily calculated. Inputs were the energies and momentum
components of the observed charged particles and the binding energies

- for the several reaction types. From the standpoint of simplicity of
programming and over-all computer time it turned out that the sim-
plest approach was to calculate each fwo—pronged event for every

. possibility except Z_DT7 , l.e., as LI_DT‘or T157 LPD or DP7 LDD7
and [_P157 , as well as computing each one-pronged event both as /_He47
and as LI_—Ie . Sample calculation sheets,. showing input data for the
computer and computer outputs (indicated by arrowé) are included

~in Appendix II. Calculations for the computer inputs were done Wifh

a desk calculator. Charged-particle scatter and azimuthal angles e
were similarly detgrrhined; charged-particle energies were deter -
mined with alignment c}ialjts, Center-of-mass-system scatter angle , ¢
for the incident neutron in LHe4 was by nomogram for the formula

~ given in Appendix II.
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- Two-Pronged Stars. A total of 416 two-p‘jro’nged,star‘s ,.was','obse.rved-—

293 that met the dip-angle limitations and 123 that did not. Of the 293
meeting dip—angle requirements only 178 turned out, on calculation,
to have been induced by an incident neutron of energy equal to or great-

er than 160 Mev. Of the 123 not meeting dip-angle requirements cal-

' culations were possible for 94, and of these only 48 turned out to have

been induced by an incident neutron of energy equal to or greater than
160 Mev; energy calculations in this group are not so reliable as those

in the first. . This breakdown is summarized in Table I. --

Table I

Breakdown of calculations
for 416 two-pronged stars satisfying dip-angle requirements

Incident-neutron energy ' ' Dip angle

' Less Greater All

than than

50° 500 .
Greater than 160 Mev _ 178 48 - _226
Less than 160 Mev 115 46 161
Uhdetermined ' : ‘ 29 29
| ' 293 123 416

The LI_)T7 process, being a two-body problem, is simply calcu-

- lated. TheAd'euteron and triton, both of which form visible tracks in

the chamber, account for all the nucleons involved in the reaction.
The energy of the incident neutron can be calculated as the sum of the
charged-particle energies plus the binding energy of the reaction; it

can also be independently calculated from the sum of the beam com-

 ponents of momentum of the deuteron and triton. The energies com -

puted in these two ways should be equal within experimental error.
Further checks are available: the transverse momenta of the deuteron
and triton must be equal and opposite; the deuteron and triton must be

separated by 180° in azimuthal angle. There was excellent conformance
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- with these requirements in the few LD'I? cases observed. | .

" In-the LPT7 and [__DI? processes the two charged particles whose
‘tracks are visible in the chamber account for only four of the five nu-
cleons involved in the reaction; the path of the fifth particle, a neutron,
is invisible. Since the direction of the inciden_t neutron is known, dnly .
its energy and the beam and transverse-momentum components of the
-ejected neutron are undétermined. . Available cOns’ervation‘-of-energy
and -‘morﬁentum relations are just sufficient to permit solation of the
problem.

In the LP157 process two neutrons are ejected and there are too
many unknowns to permit solution of the problem. By considering the \
two éjected rie.utrons as Aa:sin‘gle lumped particle of ‘two neutron masses,
and of momentum just sufficient to balance the event, an '"incident-
neutron energy' can be kca.'lc‘ulaterd. The energy so determined is only
a minimum energy for the incident neufron‘, but it was calculated for
the'LPD_] events. |

‘ The LPT7 process, in which three neutrons are ejected, is also
indeterminate. A minimum energy for the incident neutron was cal-

culated by considering the three neutrons as a single lumped particle,

One-Pronged Stars. A total of 570 single tracks at least 2 cm long

- was observed--449 that met the dip-angle limitations and 121 that did
not. For the 449 lfneetingl dip-angle requiremet}ts, calculations 'were
possible for 446 and of these only 66 turned out to have been induced

by an incident neutron of energy at least 160 Mev. For the 121 not '
meeting dip-angle 'requirements calculations were possible for 108

and of these oﬁly 34 turned out to have been induced By an incident
_neutron of energy at least 160 Mev; energy calculations in this group

are not so reli‘ablé as those in the first. This breakdown is summarized

in Table II. . _ _ : L&
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Table II

Breakdown of calculations _ _
for 570 one-pronged stars satisfying dip-angle requirements

Incident neutron energy ' . . Dip angle.
‘ Less . Greater All
than than '
50° 50°
Greater than 160 Mev 66 34 1100
Less than 160 Mev _ o 380 . 74 454
- Undetermined B -3 .13 16

449 121 570

In addition, a total of 525 single tracks less than 2.cm long was ob-
served. These tracks were simply recorded, and no measurements

or calculations‘ were aftempted.

The LHe4 elastic-scattering interaction can be simply calculated.

A unique relativistically correct formula relates the incident-neutron

. energy to the 'observed.'energy and scattering angle of the recoil He4<

in the laboratory system.. This formula is given in Appehdix II and,

~ although it is rather complex, is readily solved by a nomogram. Such

. a nomogram was constructed, but used only to check the solutions of

the automatic computer,‘ which used the uniform procedure already
mentioned. The scatter angle §' of the neutron in the center-of-mass
system is given in terms of the recoil angle 6 of the He4 in the lab-

oratory system by

tan 6 = '\/1—52 cot'—g",

where  is for the velocity‘of the center-of-mass system relative to
the laboratory system. This formula was solved by a simple circular

nomogram,
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The 'Z_I-_Ie'? proceés, : 1n which two neutrons are ejected, is indeter -
minate. A minimum energy for the incident neutron was calculated by
con51der1ng the two neutrons as a s1ng1e 1umped part1c1e '

The formulas used in the a.bove calculatmns, and the der1vat1ons

of some, are given in Appendix II.

IV. CORRECTIONS

Because of the restriction of # 50° in dip angle in the film-reading

v process a geometrical correction factor must be a.pp'l_ied.;to each meas-
ured event-to détermine the number of events that would have been ob- .

served without the restriction. For single tracks the correction factor
is a furjctipn only of the beam angle 6 of the observed. particle; for two-
pronged events the beam anglles of both particies, and their difference

" in azimuth, are involved. ‘ J

‘It has been assumed that all processes in this experiment oceur
with azimut‘hal'symmetry and, as is shown in a subsequent section,

' the experimental data verify this assumption. For any given type of
event, however, there is a range of azimuthal angles for which the'
correspondlng dip angles exceed the arb1trar11y imposed maximum

-dip angle. A correspond1ng number of events of this type, together
with its associated properties (particle energies, scatter: angles, etc.)
are thus ''lost". The geometrical correction factors are Zdes'igned to

" ‘recover these data.

I 1. Single—Pronged Stars

Consider an LHe‘? event in which the recoil helium nucleu's has
a scatter angle §. From the isotropic distribution in azimuthal angle
$. we include in the measured data only those whose dip angle a given

by_

a = sin"- (s1n 6 sin ¢)

is equal to or less than some maximum, say ay- Now, there is some

V;alue, ¢O of ¢, less than 900, for which one has
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n”! (sin 6 sin ¢;) = a

Between dq and 90° the dip angle would exceeci ao In the flrst :
quadrant therefore, only ¢0 out of 90° y1e1d measured data. The
s1tuat10n is repeated in the rernammg three quadrants, so that we find

this type of event in just 4¢0 out of 360°. Thus, if N events of this

we should have observed N x%ﬁ such

. 0
events without the restriction in d1p angle The geometrical correction,

3.

type were observed in 4¢0°

or welghtmg factor, for this type of event is therefore 90/4)0, whe re

¢0 = sin’ (s1n ao/sm 0). In Fig. 16 thl,s-correctlon factor has been

0

_plotted as a function of 6 for a, = 500; .its maximum value, which
occurs at 0 = 900,-'is seen to be 1.80. ‘

2, Two-Pronged Stars

‘Consider a 'ZPT7 event in which the‘proton has scatter angle
61,

azimuth by an amount Aé¢. From the isotropic distribution we include

the triton has scatter angle 62, and the two tracks are separated in
in the measured data only those whose dip anglee, given by
a, = sin_l(sin 0, sin &,)

1 1 1’

4y

"

n_l(sin 6, sin ¢,)

are 51mu1taneously equal to or less than some maximum, say ay- To
determine the correct1on factor we need to find the ammuthal angular
intervals that would satisfy the 1mposed condition for both the dip angles,
with the added condition that by and q; differ at all times by A¢ .

Thls was done graphically by means of Flg 17, which is a plot of the

relat1on
6 = sin" L (£ sin 50°/ sin 6)

as 0 varies from 50° to 130°. \
The procedure was as follows: a transparent plastic triangle was
laid over the figure; an ink dot was placed on the triangle at

6 =6, and ¢ =0 and a second dot placed at 6 = 6, and ¢ = A¢; the
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tr1ang1e was then moved vert1ca11y through the plot, with the dots always
on the ordmates at 9 and 9 respectwely, so that the 9 dot moved

._ from ¢ =0° to ¢ = 360 So 1or1g as both dots are out51de the ovals the

1 cond1t1ons for 1nclud1ng the event are satisfied. Consequently, if both

~ dots are outside the ovals for A¢0 durmg the sweep, the geometrlcal
correctlon or we1ght1ng factor, for this type event is simply 360/A¢0
‘It will be noted that the scale in 6 is not complete; if either particle
has a scatter angle equal to or less than 50° or equal to or greater than

» '130 its corresponding dot would never enter an oval and the correction
is more simply obtained from Fig. 16, based only on the second track;
ifthe scatter angles of both the particles are in the intervals just defined,
the weighting factor is unity. In practice most of the weighting factors
were obtainable from Fig. 16, and ranged from unity vto 1.8; a;few re -

. 'quired the use of Fig. 17, and were generally between 1.8 and 2.5, and

~one went as high as 3.2,
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V. RESULTS AND DISCUSSION

1. Inelastic Events

Table III summarizes the results for those inelastic events which,
having dip angles equal to or less than +50°, were subject to a detailed
analysis and which also satisfied the condition that they were induced by

an incident neutron whose energy was at least 160 Mev.

Table III

Summary of analysis for inelastic events of dip angle < % 50°

Reaction ' Actual Weighted , 'Standard
number . number ' deviation.
measured i ' (percent)

[P1] | 103 | 150.1 9.9
[pT] 3 a3 . 57.8
[pp) | 46 67.5 14.7
[DD'/,_ ' 18 ' 29.9 - 23.6
[pE] | 8 12.3 ‘ 354
ke 6 195 40.8

Total 184 ' 273.6 : 7.4

The weighted numbers are the total numbers of events of each type

that would have been observed if the dip angle had not been restricted;
they were determined by application, to each observed event, of the
_previously qescribed geometrical correction-factors., The deviations
are statistical standard deviations based on the actual number of events

measured as given in the second column.



As has been indicated vin Table I, 48 two-pronged events were
identified which met the requirement placed on incident-neutron energy
:hut did not satisfy the dip angle limitation; in additi(m there were 29
1ncomp1ete1y identified events (incident -neutron energy the refore
_1r1d_eter_m1nate) which dl1dﬂnot satisfy the d1p—ang1e 11,,m_1tat10n,‘ The former
had a distribution among the seve rai types of twov-pronged events
closely approximating that indicated in Table III; the latter can be
arranged so as to give the same distribution. The distribution is in-
_ dicated in Table IV. |

_ Table IV

Distribution of identified two-pronged events

Dip-angle criterion _ Reaction

- [pT LDT7 LPD7 DD7 LPP7

| % (%o) (%) (D)

Acceptable (actual numbers) 57.9 1.7 25.8 10.1 4.5
Acceptable (weighted numbers) 56.8 1.6 25.6 11.3 4.7.
Unacceptable (48 identified) -  56.3 0.0 25,0 12.5 6.2

The 29 1ncomp1ete1y identified events were d1str1buted as 18 /P”?7

5 ZD"7 and 6 /T'?7 .- Table I indicates that not less than half of them
should be attributed to incident neutrons having energy of at least 160 Mev;
their distribution is such that they could eas11y be. arranged to conform

J to that 1n Table IV

- Discussion of Geometrical Correction The difference between Columns

3 and 2 of Table III indicates that (exclusive of éHe37 reactions) the
geometric corrections have predicted the occurrence of 86 two-pronged
events in the regions rejected by the dip-ahgle limitation. In comparison,b
48 completely identified events satisfying the incident-n eutroﬁ energy

requirement and 29 incompletely identified events of unknown neutron '

)
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energy. were actually ohserved Reference to the th1rd column of
Table I reveals that 51%, or about 15 of the 1atter 29 events should be
attributed to neutrons. of at 1east 160 Mev, these, W1th the 48 identified
events, total 63 where 86 were expected However, it has been prev1ously
indicated that energy calculations for events that exceeded the dip-angle
]1m1tat10ns were not part1cu1arly rehable, for the larger number of
actual events that did not exceed the d1p angle requlrement the second
column of Table I 1nd1cates that 61% were due to neutrons of at least
160 Mev, and if this be apphed to the 123 events thal? comprlse the
third column of Table I there result 75 where 86 are expected. Itis.
concluded that, within the statistical errors of Table II1, the 63 to 75
events actually observed in the excluded. regions is compatlble with the
86 predicted by the geometrical corrections.

The validity of the geometric correction applied to the single -

pronged inelastic events, He37, is dlscussed in the following section.

2. Elastic Events

- Table V summariies the results for those single-pronged events,
primarily elastic, which, having dip‘ angles equal to or less than 1500,
were Subject to a detailed analysis and which also satisfied the condition
that they were induced by an incid_en_t 'n‘eutron whose energy was at least

160 Mev.

Table V

v Summai‘y of analysis of single -pronged events (mostly elastic)

~

Reaction: o Actual - Weighted - ‘ Standard
number .  number o deviation
measured (percent)

ZHe47 | | 60 104.3 12,9

[He37 6 o 9.5 - - 40.8

66 o 113.8 12.3
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As before, the;wei:gh‘ted'numbers are the total numbers of each type
that’ woﬁ_ld have been 6bse rved if the dip _angle had no.t been restricted.
Standard deviations are based on the actual number of event's"measured
as given in the second column. | o

As has been indicated in Table II, 34 single _pronged évents were
identified which met the incident-neutron energy i'eqiiirement but did
not satisfy the dip-angle limitation; in addition there were 13 unresolved
events (incigent—neutron energy therefore not determined) which did not

4

satisfy the dip-angle limitation. The former were resolved as 32 /He
and 2 He'37p

, which is not incompatible with the relative numbers of
these events shown in the second column of Table V. - Fina‘lly, 525 single

tracks less than 2 cm long were observed.

Discussion of Missing Tracks. The ‘ar'lgul_ar distr'ibutidn of the elastically

scattered neutrons, in the center-of;mass system, -shows'a lack of.
neutfons in the forward direction; this is due to th_é short range of the
recoils. (See F1g 9.) Presumably these missing recoils are among
the 525 tracks that wér_e too short to measure. The experirriental vpoints
of Fig., 9, which are relative values of do/df as a function of the
neutron scatter angle 6, "have been fitted by the smooth gaussian
drawn thereon. In Fig. 10 the 104,3 weighted ZHe47events of Table V
are plotted to show the number of neutrohs scattered per 10° interval
in the center-of-mass system. The experimental points of Fig. 10 are
relative values of (do/df) sin 0; the curve is the corresponding
function for the gaussian previously fitted to the data of Fig.. 9. The
" v experimental weighted events show 97.1 neutrons scattered at angles
'lgreater than 10°.  When the area under the curve from 10° to about
57° is normalized to this number it is found that the area from 0° to
10° corresponds:"tq 1é.9 weighted events. Experimentally, only 7.2
weightéd events we’fe observed for the 0°- to - 10° interval. Thus
approximately 11.2 weighted events are missing and should be -among
the previously mentioned very short t_vracks. .

Examination of the second column of Table II shows that of the
449 single -pronged events whose associated neutron-energy deter -

minations were the most reliable, 66 or about 196 were due to neutrons

1
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of energy at least 160 Mev. If this ratio applied to the 525 very short |
~tracks, then about 79 are available to account for the missing tracks.‘
'This is far more than is required; it is probable that a much smaller
proportion of the very short tracks was actually induced by beam
neutrons of at least 160 Mev.

In view of the above, the cross-section calculations in a sub-
sequent section are based on the '"corrected weighted total' of 97.1 +

18.9, or 116 elastic He47 events,

Discussion of Geomeétrical Correction. The difference between

Columns 3 and 2 of Table V indicates that the geometric corrections
have predicted the occurrence of 48 single -pronged events in the
regions rejected by the dip-angle limitations. In comparison, 34
completely identified events satisfying the incident-neutron energy
vreqﬁii‘ement, 13 unl:esolved eveﬁts of unknown neutron energy, and
525 very short tracks of unknown angle and neutron energy were
actually observed. If the 34 identified events be accepted. as actually
due to neutrons of energy greater than 160 Mev.it can be >shown that
4 of the 13 unresolved events and 16 of the 525 short tracks belong

to the rejected regions and have the minimum required incident-neutron '
energy. These ‘total 54, in good agreement with the 48 predicted by

the geometrical corrections. However, while reasonably confident -

of the identification of the 34 events, the author is much less confident
that they were all induced by neutrons of energy of at least 160 Mev. It
has been previously indicated that energy calculations for events that
exceeded the dip;angle limitation were not particularly reliable. If

one compares the data in Columns 2 and 3 of Table II it is seen that

the ratios therein of numbers of events due to neutrons of energy
greater than 160 Mev to those due to neutrons of energy less than

160 Mev are widely divergent. The proportions of Column 2 are more
reliable, and if they are applied to the 121 events which comprise _
Column 3 onl.y lé Would be due to neutrons of the proper energy. Again
it can be shown that 16 of the 525 short tracks (used above, and

"correctly' derived in the first place) belong to the rejected regions
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- with the minimum required neutron energy. We thus arrive at

18 + 16, or only 34 where 48 were expected. It must therefore be

o conclu}ded that something like 34 to 54 are found, with emphasis on

the lower figure,- where 48 are predicted, and that this is only

_marginal agreement within the statistical errors of Table V.

3. Meson Events

Vo
A careful search was made for meson produc1ng events. Three

: ms tances of negatwe -pion productlon in hehum were observed, one

by each of the reactions He4(n pnm) He , He (n,dw ) He?, and

; ;He4(n, dpm )d. One possible case of positive-pion production wasi noted.
.. These even'ts have not been weighted becaﬁse no restriction on dip
angle was imposed. Since the thresholds for the react1ons are
_approximately 200 Mev, > it is clear that they were 1nduced by incident

neutrons of energy greater than 160 Mev.

4. Cross Sections

In order to obta'ivn absolute cross sections, the total number of
weighted events, exclusive of pion events, cornp'rised of 273.6 inelastic.
and 116 elastic events, has been normalized to an interpo‘lated ﬁ-He
total cross section of 100 millibarns at 300 Mev. A standard deviation;
of 10% is estimated for this value. The interpolated total cross section’
~was based on plots of O't vs A2/3, the data used were those of
Hillman et al.  for H, He, C, N, and Oat 88 Mev; those of Taylor!®
for H,D, C,;and Oat 169 Mev; those of DeJurén, 19 Féx et al., 20 and
Nedzel™ 2 for H, D, Be, C,' and O, at 270 Mev, 280 Mev, and 410 Mev
respectlvely '

The results -are’ listed in Table VI.
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Table VI

_Cross sections for inelastic and elastic events

_ .. Reaction - 'Cross section
Inelastic v (mb)
. T
-He "(n, pn)t: . 38.5 £ 3.8
He*(n, d)t | o 1.1 £ 0.6
He*(n, 2np)d ' 17.3 + 2.6
He*(n, dn)d A 7.7+ 1.8
He*(n, 2n2p)n 3.2 1.1
He4‘(n,. 2n)He3_ . 2.4 +£1.0
Elastic

He’4'(n,vn)He4 . ' 29.8 + 3.8
O-‘inel g 1 '
_20€ -0.70 £ 0.10 € -0.30 +0.06

g . ' o,

t t

The cross section for negative -pion production, is,from the few

events obs‘erve‘d, 0.8 + 0.4 millibarn: .
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.‘ 5. Errors

Measurement errors and the uncertalntles encountered in the
1dent1f1cat1on procedures have been discussed in Chapter III, Method
of Analysis of Events., The probable error in energy determinations
has been estimated as about 5%; this applies to observed particles for
dip angles within the 50° limitation. Derived energies for incident
neutrons are estimated to have an average probable error of about 10%,
but those determinations 1nvolv1ng large angles in elastic scattering
were less rehable

‘ In the determlnatlon of cross cectlons and various angular and
energy distributions the chief source of error is statistical. Only
244 acv,cyept'able events of all kinds were _obse_ryed within the energy and
angular limitations; although these wére geometrically corrected to
y’iel.d a weighted total of 390, the statistics are tied to the lower figure
and its subdivisions and are not improved. Consequently, all other
errors are considered negligible in comparison with the statistical errors.

In view of the above, the errors already quoted in Tables III, V,
and VI, as well as those indicated in the several angular and energy
distributions (Figs 1-12), are statistical standard deviations based
only on the nuimber of events actually analyzed within the energy and

angular 11m1tat10ns

6. Comparison with Theory

The neutronzhelium scattering problem, for n'lo:‘noenergetic
neutrons of 90 Mev and 200 Mev, has been examined by Heidmann, 6,7
using the Born approximation and gaussian potentials and wave functions.
Heidmann's theoretical relative cross sections are compared with the
experimental findings of the study reported here in ~.: Table VII. No
theoretical estimates are available for 300-Mev neutrons, and it should
be noted that the neutron beam:xof this experiment exhibits a rather wide
energy spectrum (Fig. 13) and further that the results are for neutrons
of energy equal to or greater than 160 Mev. For a somewhat more
realistic comparison, He1dmann s 90-Mev estlmates are normalized toa

total n-He4r‘ ross section of- 200 millibarns, 4and his 200 Mevestimates normalized
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to a total cross section of 110 millib‘arns; the latter cross section is
an interpolated estimate employing the data and procedure outlined in -

- Section 4, Cross Sections (above).

Table VII

Comparison of various cross sections (in millibarns)
-from theory and experiment

' Process 90 Mev, 200 Mev, . 300 .Mev,
theory = = theory experiment
(Refs. 6, 22) (Refs. 7, 23)

et/ 49 + 8 52 + 12 38.5 + 3.8
[p1/ 13 62 1.1 + 0.6 .
[PD7 . ’ ~2 -~ 17.3 £ 2.6
/ooy ’ ~0 ~0 7718
[pE/ | | ~0 ~0 3.2 1.1
[ueY  ~s ~s 2.4 +1.0
ZHe47 131 41 29.8 3.8

Total . 200 110 100

a L - g ' ) .
Some libérties have been taken with-Heidmann's estimates. His

result for Z-DT] was 1/10 mb, with the statement that it was approximately

two orders of magnitude too small,

' bHeiﬁmann made no estimate forZHe37 at VZOO_ Mev. This value is
. ~ obtained by taking 1/10 of his /PT/ value, following his method of

estimating this cross section at 90 Mev.

o
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On consideration, first, of the gi'oss features of this table it is
seen that the theoretical predictions of Heidmann are in good agreement
with the experimental observations of DeJuren and Moyer that total
cross sections drop rapidly with enérgy above about 100 Mev and that
this drop is primarily due to a decrease in the elastic part of the cross
section. 24,25 The theo'reticai ratio of the elastic to the total cross
section is about 0.65 at 90 Mev and about 0.43 at 200 Mev. Experimentally,
Tannenwald observed a ratio of about 0.51 at 90vMe;v1 (.actually neutrons
of energy gre.ater»thanv40 Mev in a spectrum peaked at about 75 Mev, and
—extending from about 40 to 115 Mev); Swartz observed a ratio. of about
0.43 at 200 Mev3 (alctually neutrons of energy greater than 50 Mev.in a
“spectrum peaked at about 195 Mev, and extending from about 50 to 230
Mev); this experiment yields a ratio of about 0.30 at 300 Mev (actually
neutrons of energy greater than 16d Mev in a spectrum peaked at about
"310.Mev, and extend1ng from about 160 to 340 Mev)

The theory predicts PT7 as the dominant process at both 90
‘Mev and 200 Mev, with relatively small variation of the cross section
with energy; at 90 Mev the .ZPT] c_i‘bss section is about 37% of the
elastic cross section designated /He /, but at 200 Mév, because of the
rapid drop in the elastic cross section, this 1"atio‘ is about 1.1. This
experiment shows that PT7 .continues to be the dominant process and _
varies _perhéips a little more strongly with energy; the ratio of the [ PT,
cross section to the elastic cross section is about 1.5, since the elastic
. cross section has décreased more‘rapid‘l than that of

The theoretical cross section for Z}T_ décre_ase's substantially
with energy from 90 Mev to 200 Mev. This is in agreément with the
expected energy dependence of the direct pickup process; 6 theorétical
consid'erationsvz'?”and experin:ie'n't‘28 reveal a rapld decrease, with increas-
ing energy, of the cross section for the formation of plckup deuterons
by the dlrect pickup process. At 90 Mev Tannenwald observed that
pickup deuterons made a substantial contrlbutlon to the DT] cross
section, while at 200 Mev Swartz concluded that the DT7 process seemed
to have a very low probablhty "This experlment is in agreement with

the theoretically predlcted rapid decrease in the cross section for the A)T
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process; only three (unwei‘ghlted), cases were. obseryed within the energy
and angular limitations. | _ ﬂ o

‘ Comparison of the theoretical Dredlctlons for ZPD7 and ZDJ at

90 and 200 Mev with the expe: rlmental.results at 300 Mev reveals that

_Heidmann's analytical procedure probably underestlmates the

frequency of these reactions. Tannenwald also found these processes
to occur with significant frequency at 90 Mev..

For[PP7the theoretlcal pred1ct10ns at the 10Wer energles are in

. agreement with the results_at 300 Mev; the complete d;s1ntegrat1on of

helium is relatively infrequent, even at the higher ene'rgie s; Tannenwald
obtained a similar result at 90 Mev.
The theoretical predictions for He37 at the lower energies are

also in agreement with the 300-Mev results. As indicated in the foot-

-note, Heidmann made no estimate for ZHe 3/7at 200 Mev and the value in

the table was obtained by using the procedure employed by him for the

90-Mev calculations In those calculations Heidmann considered PT/

and ZHe3 as similar processes of the first order and estlmated the

ratlo of /He 7toZP’I] as

- [1/4/(1/4 * 3/4ﬂ <VSinglet/VTriplet> °
or about one -tenth. The experime’ntal ratio at 300 Mev is about 1 to 16.
For the elastic-scattering case, ZHe 7, the theory predicts a
significant decrease in cross section with increasing energy; the ex-
perimental result\s are in agreement,
Further comparisons of theory with experiment are found in Section

8, Energy and Angular Distributions (below).

7. Comparison with Other Experiments

Similar expe rlments have been conducted by Tannenwald at 90

_Mev1 and Swartz at 200 Mev,3 Tannenwald's experiment was con-

ducted with the same apparatus as described in this paper; the

experiment by Swartz was also conducted w1th a cloud chamber, but

-analysis was: difficult because no magnetlc f1eld was ava1lab1e
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Méulthro@ using a higia"—p’réssﬁre diffusion cloud chamber in the magnetic
field described herein, studied negative -pion pr'oducti'oh in the bombard-
"ment of heliﬁm by 300-Mev neutrons. > "The results of Tannenwald and
Swartz are compared with the present experimental iin&ings in Table VIII;
the res»uité of Tannenwald and Moulthrop are compared with those of this
A expe‘rirhé'nt in Table IX, folloWing the ar;alogy origin:all'y erﬁployed by
Mou.lthrop.v5 The expefimental results at 90 Mev and 200 Mev have been
'nor‘rnaliz“ed‘tovtot’al‘ n-He4 cross sections of 200 millibarns and 110 |
millibai‘hé, féspectively, as described in Section 6, Comparison with

_ 'Theoryﬂ (ab})ve). '

‘Table VIII

C omparison of various cross sections (in millibarns)
obtained at different energies '

Process 90 Mev, 200 Mev, 300 Mev,

experiment experiment experiment
_ (Ref..1) (Ref.. 3)

E /PT7 | 443+ 6.3 | 62 ' ~ 38.5 3.8
ZDT7 13.7 + 2.6 " 1.1 £ 0.6
[PD] | 15.8 £ 2.6 . 17.3 % 2.6
‘ ZDD7 7.4 1.6 : : | o 7.7+1.8
[pH] 0.8+ 0.4 | | 3.2 1.1
ZHe 7 16.9 (assumed) 2.4 £1.0.
ZHe47 101.1 417.9 - 48 - ©29.8 £ 3.8

Total 200 110 1100
 Tinel - R | '
—PC . 0.49 % 0.07 o 0.43 0.70 % 0.10
7t , . .

A

aValu‘e'fo\r all inelastic processes; ZD’I? stated to be negligible

-
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These experimental data illustrate, and are in good agreement
with, the earlier obvservatiOns thét total cross sections drbp rapidly
with energy above about 100 Mev and that this drop is due primarily to
the decrease in the elastic part of fhe cross section. The 90 -Mev,
200-Mev, and 300-Mev total cross sections are.ZOO, 110, and 100 milli--
barns, respectively, while the corresponding elastic cross sections are
:101, 48, and 30 millibarns. The corresponding inelastic cross sections
reveal significantly smaller energy dependence, particularly:between 90
Mev and 200 Mev. In view of the relative uncertainties involved,’ Swartz's'
inelastic cross section is not incompatible:with a steadily decreasing
function of energy. As noted below, Tannenwald's inelastic cross section
could be a little high, and his elastic cross section correspondingly low,
because of his ZHe 7assumpt1on ‘ .

The 90-Mev and 300-Mev data agree that /PT7 is the dominant in-
elastic process; the decrease of about 13% with ene fgy is not great. There
is also agreement that PD/ is next most frequent in occurrence; the
increase of about 11% is not great. At 90 Mev, DT715 ithird most
frequent in occurrence, ‘while at 300 Mev thlS process is neghglble,
the importance of the energy dependence of the direct pickup process
in this reaction has already been discussed. The [DD7 cross section
appears to remain constant between 90 Mev and 300 Mev. The complete
~ disintegration of helium, ZPP] although still relatively insignificant,
| mcreases four fold from 90 Mev to 300 Mev.

There appears to be 51gn1f1cant d1fference between the 90 -Mev
and 300 Mev values for ZHe 7 . It is possible that the 90-Mev value
has been overestimated and that the 300-Mev value is underestimated.
The same difficulties were encountered in both experiments in differ-
entiating the helium isotopes He3 and He4 when their ranges d1d not
end in the chamber. Tannenwald at 90 Mev, estlmated the[He / cross
~section as about one-third of PT7 plus one-third of that portion of the
ZDP? cross section attributable to pickup; Heidmann obtained a ratio
of about one -tenth, as described above. Both estimates are based on
the same phenomenological evquivalence; ZPT7 and ZHe37§:an be considefed.

as similar processes--in the former, the incident neutron interacts with
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and strips a proton off the helium nucleﬁs,‘ while inviv:he latter it interacts
with and strips off a neutron. In this“experirnent s:pecial'effortb was made
to identifyZHe37eveﬁts as devscrib'e.cliiri Cha'pter-’ I1I, Method of Analysis
of Events. The expe rlmental ratio of the ZHe 7cross sectlon to the/PT7
‘cross section at 300 Mev is 1 to 16; Moulthrop observed a ratio of about
1 to 10 for the similar reactions in his expe r;ment, > These results are
in better agreement with Heidmann than with Tannenwald, In the 90-Mev
experiment 23% of the tritons from /PT/ were observed to end in the
chamber while only 5% of the He3's_ (the total number of He3's being
F.‘based on the He3 assurﬁption) were obse»rvv;ed_to stop. At 300 Mev these
percentages were 25% (b'aAsed on actual nurn’ber of evenfs, or 23% based
on weighted number of events) for tritons and zero for H‘e3's., As -
mentioned in Chapter III, no He3 which on calculation satisfied the
neutron- energy cr1ter10n were observed to end in the chamber a few,
associated with neutrons of lower energy, had been so identified; in
point of actual numbe rs, Tannenwald found two definite He3 endings. In
view of the foregoing, a’ithough it is qiiite possible that (He3) may have
" been underestimated in this experiment, it is believed that this process
has been overestimated at 90 Mev. Of fhe three possibie explanations
advanced by Tannenwald for tfhe observed great difference between
phenomenologicaliy similar processes, it appears that the most. likely
explanation is his first, viz., the number of He3'é was overestimated in
the He 3’:assumption. | |
As has already been mentioned, the behavior of the elastic cross

v secfion.ises expected. In view of the ebove discussion, the elastic-

' Cross-section value at 90 Mev may be somewhat higher, and that at 300

' MeQ somewhat lower, than indicated in Table VIII; the He37 results
affect tHe ZHe3 and He47 cross sections and the ratio of the inelastic
to t'he total cross section. Itis perhaps worth noting that, with the
assumption of an AZ/3 dependence, a stfaight-line extrapolation of
, Ball's measuremen’t‘s29 of the inelastic cross section for 300-Mev
neutrons on Pb, Cu, Al, and C targets gives T inel =70 £ 10 milli-

barns for helium. > From the straight-line fits by Millburn et al. 30
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to the experimental inelastic cross sections at 300 Mev (mainly the data

. of Ball) one can calculate the inelastic cross section for helium as 79

millibarns. Nedzel21 has fitted the 270-to 280 -Mev to.‘tla'l cross sections to

the transparent optical model of Fernbach, Serber, and Taylor; |

if the constante .se determined are applied to helium the calculated total

‘cross section is 108 millibarns and the i'nela‘s‘tic cross eecfion is 82

millibarns. This experiment, which normalized the data to a total

‘eross eection of 100 millibarns, finds an inelasti¢ cross section of

70.2 + 5.2 millibarns. \ , | ‘ .
Moulthrop, by invoking the principle of charge symmetry, has

formulated a comparison ameng the inelastic cross sections for the

several processes observed by Tannenwald (m'eson production not in-

volved) and the relative cross sections observed in his own experlment

for the corresponding processes 1nvolv1ng negatlve -pion product1on,

the comparison was made for all processes except the pion-producing

reaction He4(n, p'rr_)He‘4, which is the analogue of the true elastic

process He4(n n)He4. The following table extends that originally prepared

by Moulthrop, in compar1ng his own and Tannenwald's experiment, to

include this experiment.
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‘Table IX

Comparison of probabilities for reactions in which mesons are
produced with those in which mesons are not produced

Meson-producing reactions Noﬁ-meson-producing reactions
Process . "Inelastid' - Process . Inelastié  Inelastic
: at 300 Mev. - .+ at 300 Mev at 90 Mev
(%) . (%) %)

R T - 3 o 4 C
He "(n, pnm )He 34+ 3 He "(n, pn)t 55+ 5 43 x5
He,‘f(n_, c_'hr‘i)He?’ . 32+3 He(n,d)t - 21 15 %3
fHeé(n, 2pnm)d - 16+ 1 He4(n, 2np)d 25 % 4 16+ 3

“He*(n, dpr7)d 7% 1 He¥(n,dn)da 11 %3 82
’He4(n, 2p2f11r_)p 241 He,4(n, 2n2p)n 4 x 2 . 1+1
o He4(n', 2pm )t 4+ 1 : He4(n, Zn)He3 3 +1 17. (assumed)

He4(n, pn'rr-)He3

or ''elastic' i.e.,

He*(n, pr7)He* 541
Totals 100 © 100 100
O'i .1 ’ ) .
ik 0.90 + 0.03 0.70 £ 0.10  0.49 £ 0.07

o total
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In comparing his own and Tannenwald's experiments, the secdnd
and fourth columns above,Moulthrop called attention to the striking
agreement in "inelastic'' cross sections and noted that the "inelastic"
cross sections, other than He4(r1,pnrr-)He3 and Hev4(n, dn-)Hes,
could be interpreted by the same sort of arguments as needed to
understand the 90-Mev cross sections, and were not appreciably
influenced by the production of a meson.. Examination of the second
and third colﬁmns of Table IX reveals that the analogy is ,not so
striking at 300 Mev, but that it is certainly still qualitatively true.

- Moulthrop also noted a real correlation between pion production
and fast-deuteron formation (''fast'' being applied to a particle of
energy greater than 50 Me&)_.. He observed the ratio '""Fast Deuterons/
(Fast Deuterons + Fast Pfotons)" to ha.ve the value of 0.38 + 0.06 for
negative -pion production in Helium at 300 Mev, and cited the results
af Ford>? and Knapp>> as 0.31 + 0.06 and 0.5 (estirated) in similar
pion-production experiments at 300 Mev for oxygen and deuterium re -
spectively. The corresponding ratio for this experiment, without
pion productidn', is 0.16, a value which tends to confirm the definite

correlation noted by Moulthrop.

8. Energy and Angular Distributions

The He4(n,pr1)t Reaction. Heidmann's predictions for this reaction.

at 90 Mev and 200 Mev are that the tritons are of low energy and

emitted almost isotropically in the laboratory system. ’ 7 At 90 Mev
Tannenwald found that the angular distribution was not isotropic but con-
centrated in the forward direction; he found the triton energy distribution
in excellent agreement with the prediction. 1 At 200 Mev Swartz observed
that the distribution did not seem compatible with the prédicted isoti‘opic
distribution. 3 The laboratory-system angular distribution of tritons in
this experiment is shown in Fig. 1. It is very similar to that found by
Swartz for all pro‘n"gs; he was unable to deduce a distribution that could
be.definitell.y called that of tritons from PT] alone. Figure 1 suggests

a concentration in the forward direction, but not to the marked extent
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observed by Tannenwald at 90 Mev. Figure 2 shows the energy
distributién of the tritons in this experiment; agreement with prediction
for the lower energles is excellent ' _

The proton angular distribution from PT7 events is shown in
‘Fig. 3; itis very similar to that observed by Tannenwald at 90 Mev.
- Figure 4 shows the energy distribution of protons; In contrast tc the
observations of Tannenwald, at 90 Mev, that the number of protons
per 20-Mev energy interval was maximum in the 0- to 20-Mev interval,
and decreased steadily with energy, the distribution here is qualitatively
| suggestive of that which would be found for recoil protons in free n-p
elastic scattéring. This is illust'rvated by the superimposed curve,
whivgh' is the nonrelativistic N(E) vs E for recoil protons from 340 -Mev 7
neutrons, normalized to the total number of events comprising the

histogram.

The .He4(n, 2np)d Reaction. Figures 5 and 6 show the laboratory-
system angular distribution and energy distribution, respectively,

for the deute rons emitted in ZPD7 events; the deuterons tend to peak

in the forward direction and to be of low energy. Figures 7 and 8 show
the corresponding distributions for the protons of PD7events., The
protons tend to peak in the forward direction; in view of the poor
statistics it is doubtf{ll that the pronounced peak in the energy distribution

for 120 to 160 Mev is real.

Other Inelastic Reactlons The ZDT] ZDD7 [PP] and ZHe

reactions are of infrequent occurrence and there are not sufficient

data for an attempt at determination of energy and angular distributions.

Elastically Scattered Neutrons . Heidmann has predicted the angular

distribution in the center-of-mass system for neutrons elastically
scattered by heliunr at 90 Mev and 200 Mev. The theoretical
prediétions are gaussian and éentered on the foi‘ward direction,

~and are given by
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do 450 ¢80 6o° m1111barns (90 Mewv)

dQ ' v
= 450 e -17. 59 millibarns (200 Mev)

w1th angular half widths of about 17° and 11° respectively. These
predictions show a rapid trend toward increasingly sharp peaking in the
forward direction with increasing energy; with regard td the .200-Mev
prediction, however, Heidmann states that, although’the equation shows,
that only about 1 in 107 are scattéred to the rear, this particular result
should be considered as valuel‘ess_ because of the neglect of the Fourier
components corresponding.to large changes of momentum and the use of
Gaussian functions to permit analytic integrations.

- Tannenwald found the 90-Mev experirﬁental data not incompatible
with a Gaussian distribution, and obtained a good fit by using an ex-
ponent of -592. The angular half width corresponding to this equation
is about 2‘1_0. | '

) ~The angular distribution do/d € (in the center -of -mass system)
of elas tically scattered neutrons, from incident neutrons of energy equal
to or greater than 160 Mev, found in 'thi‘s experiment is shown in Fig. 9.
These data are also not incompatible with a Gaussian, and a good fit is
obta1ned with the superimposed curve whose exponent is-5. 46 the
angular half width is again about 2‘1‘ , as found by Tannenwald at 90 Mev
These data are also shown in Fig. 10 as do/df = (do/d ) sin 6 and
the corresponding ‘curve for the empirical Gaussian fit has been
superirnposed. A“s described 1n Chapter V, Results and Discussion,

the latter curve was uséd to correct the elastic data for tracks missed

because they were too short to be measured.

It appears from the 90-Mev data of Tannenwald and the data of this

experiment that the sharpness of the forward peak is substantially less -
than predicted by Heidmann and that the change between 90 Mev and
300 Mev is much less than would be expected from Heidmann's

calculations.
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Energy of Incident Neutrons. Figure ‘1‘1 shows the energ;,r,.distribution
of the incident neéutrons as derived from the elastic- scattermg data;
Fig. 12 shows this distribution as derived from the ZPT [DD -and
ZDT/ data. Since ZPD7 ZPP7 and[He / permit calculatlon of a -
minimum neutron energy. only, they have not been -employed in. these
.distributions. The energy spectrum of the incident-neutron beam given
in Fig. 13 for a 1/2-inch LiD target is due to Ball, 29 and has been
refined by De Pangher: 34 The smooth curve superimposed on Fig.. i1
is obtained from the results of De Pangher normalized to the total
number of events comprising the histogram. It is seen that the re-
- sults of this experiment indicate a significantly greater number of
neutroné in the 160- to-200-Mev interval than should be expected
from the work of Ball and* De Pangher. Although the similar.eurve
has not been superimposed on Fig. 12 a greater number of:160- to -
200 -Mev neutrons is found here also. The statistics are poor . in both

cases. .

9. Oxygen Stars

Because of the presence of water vapor in the eldud chamber a

Cfew oxygen stars were observed. Oxygen stars of two or rore prongs

or1g1nat1ng in the acceptable region of the chamber, as described in’

Chapter III,” Method of Analysis of Events, were recorded without

the 1mpos1t10n of any restriction on dip angle. Thevir distribution,
‘according. to the number of prongs in the star, is g1ven in the following

table; the percentage d1str1but10n is also included together with that

observed by Fuller in a study of the dls1ntegrat1on of’ oxygen by

300 -Mev neutrons
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Table X

Distribution of oxygen stars originating in cloud chamber
under neutron bombardment

’ : Distribution
No. of prongs ' Number ' This Fuller
" observed experiment (Ref. 35)
' (%) (%)
2 . 21 52 42
3 10 25 29
4 ’'5 13 ‘ 12
5 3 A 12
6 1 3 4
7 0 0 1
40

The number observed can be compar‘ed with the num‘ber expected
on the basis of thelnumber of inelastic helium events obs,er.ved, the
inelastic cross sections of helium and oxygen, and the ratio of helium
to oxygen nuclei in the cloud chamber. Since no .dip—angle limitation
was impoéed on vthe oxygen stérs; and no calculations were made of the
energy of the incident neutrons involved; the number of inelastic helium
events observed at all angles and energies and without weighting should
be used; this number is 473. The inelastic cross section for helium is
70 millibarns from this expe rimerit;v interpolation in the data of Ball gives
255 millibarns for the inelastic cross section of oxygen. £9 The ratio of
helium to oxygen nuclei in the chamber was 51.8. The calculated
expected number of inelastic oxygeyn stars is 33 compared with the 40

“that were actually observed.
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10. Azimuthal Symmetry Check

It has been assumed that all processes in this experimént occufred
with azimuthal sy}hmetrgf, and this aésufnption has been the basis for
‘the geometric correction factor applied in weighting the observed events.
It is desirable to verify this assumption by an examination of some of
‘the azimuthal distributions involved. The following table shows the
number of éHe47 recoils, and tritons from ZPT7 , actually observed

in four azimuthal angular intervals,

Table XI

Azimuthal distribution of [He47 recoils and tritons from PT7

Azimuthal angular interval

0° - 50° 130° - 180° 180° - 230° 310° - 360°
He? recoils , 19 + 6 30 £ 7 31 % 7 23+ 6
- Tritons from ZPT] 32+ 7 37+ 8 32+ 7 24 £ 6 .

The uncertainties are standard deviations based on the number of

events actually observed.
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- VL CONCLUSIONS

In the bombardment of he11um by 300 Mev neutrons the dominant
reaction ;,_s_ 1ne1aﬂts:_it_1e _scatteljlng, u‘whj._ch ‘accoungs for 70% of the total
cross section. Of the six possible inelasfic reactions (exclusive of
meson-producting, reactions) the most frequent_is PT7 , in which the
incident neutren strips a proton from the helium nucleus, leaving a
low-energy triton; ZPT7 accounts for 55% of the inelastic cross section.
The phenomenoclogical analogue of this process, /He37 , in which the
incident neutron strips a neutron from the helium nucleus and leaves .

a low-energy He3 nucleus, is negligible at this energy and accounts for
about 3% of the inelastic cross section. The DT7 process is also
neghglble at this energy, -accounting for about 2% of the inelastic cros
section. The /P]%7 process contributes 25%, and the fDD]process 11%,
of the inelastic cross section. The complete disintegration of helium,
ZPI% is rare and contributes about 4% of the inelastic cross section.
With the exception of D'f[7 and  (He ) these results are similar to those
found in a similar experiment at 90 Mev. ! At the lower energy about
half the DT7 cross sectlon was contributed as a special case of PT7
through the pickup process in which the proton and outgoing neutron
form a high-energy forward deuteron; the pickup portion of DT7 would
be expected to be‘ne:ghble; at 300 Mev. A direct comparison with theory
is not possible, but qualitative comparisons mey be made with pre-
dictions made for 90 Mev and 200 Mev. ’ 7 Such comparisens reveal
agreement in the cross section for ZPT/ but not in the angular d1str1-
bution of the associated tritons, and indicates that the theory probably
greatly underestimates the frequency onPD-/-’ _and/DD]; similar con-
clusions obtained for the 90 -Mev experiment.

Elastic scattering exhibits the expected forward peak of scattered
neutrons in the center-of-mass system. The differential cross section
for elastic 'seattering is not incompatible’with a gaussian distribution,.
of angular half width abeut 21°, and is quite similar to that found in the
90 -Mev experiment. The sharpness of the fo‘rwafd peak is considerably
less than would be expected from qualitative extrapolation of the

available theoretical predictions.
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A small cross section for negative-pion production in helium,
‘and someé evidence supporting a possible correlation between pion

prédu'ction and fast deuteron formation, 5 have been observed.
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 APPENDIX

'I. DEFINITIONS

The angle bétween the initial direction of the

N track and its projection» qAn the horizontal plane

containing the neutron beam.

. The angle between the projection of the initial

~track direction.on the horizontal plane and the

di_recti‘on of the neutron beam.. |,

The argle between the initial track direction

" and the neutron beam.

The angle between the projection of the initial
track direction on a‘plane perpéndicular to the

neutron beam, and the horizontal plane.

The radius of curvature of the t‘ra_ck as

measured in the slant plane.

p =pg cosa, is the radius of curvature
- that a particle of slant radius: Ps would

have if it were moving with the same

momentum in a plane perpendicular to the

magnetic field.

The plane 'éontaining the initial track direction
and the horizontal line perpendicular to the
initial track direction. It is approximately
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 a to the “horizontal: plane.
Hpt = Hp sin 6

Hp = Hp cos 6



N

-50 -

II. DERIVATION OF FORMULAS

1. General Formula for All Reactions ExceptZDT]

Consider the collision of a fast particle (neutron) of kinetic
energy T , total energy En’ and rést mass rﬁ, with a second particle
at rest (helium nucleus) of total energy Ev and rest mass M. After
the collision we observe charged particles Nos. 1 and 2 of kinetic
energy T, and T,, total energy E, and -EZ’ and rest mass my

and m,. Present, but not visible, is the path of an uncharge'd particle

of kinetic energy Tn" total energy En' and rest mass m'.

Introduce a set of rectangular coordinates with the positive
direction of the, z axis coi‘nciding with the momentum vector of the
incident particle; let subscript z denote -z components of momentum
and subscript t denote transverse cofnponents of momentum. Con=

servation of total energy and momentum requires

E, +E

M E1A+E2+En,,

P
n

Py, + PZZ + pn'_z ’

0 =Py +Ppp * Pory

where L + 2 for each particle.
p” = p, +p| pa

These equations'are just sufficient to determine the three
unknowns of the problem, namely, pn,z_and pﬁ't (whence P and

En,)‘ and P, (whence En)' Denoting E1 + E2 -E by X in the first

M

~ of the above equations; and Py, TPy, by P in the second; and

introducing the relativistic relation between total energy and

momentum, we can write

S+EL. _ (1)

E =
n _ :
2 2 2 2.2 .

E =c p_ +(mcT)", -(2)
2 2 2 2,2 - .

En' ,: S (m'c Yoo, | (3)
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Squaring Eq. (1) and sub'stitufing the resulting expression for
EZ . (2) oi '

E, into Egq. (’-) glvgs :

2 Lo o222 22 |
F 2w, 3 4 = APap )t imed? L (4
and EZ, from Eq. (3) into (4) gives, after

~ Substituting E_
con51derab1e 51mphf1cat1on a solution of the quadratlc equatlon in p 0l
" as follows: L _ o - |
2 2 8 2 V2 2
5 e (sz)z {()(AZHp)Z ff)(sz)t + 1»0 [(rnc‘) - (m c) - ZJ}
1, = = - s
. C 5 a8 o2 . 2 L s
| § [10 R 9(ZHP)Z:| | B 1/2
e 5 g 2 2
{‘?(sz)Z (sz) 2410 [mc ) - (m c” )
Ty ] -4 {1082‘2 - 9(sz)i} {9(‘sz)t2+'108(m'c' )Z}
e 10 :
+ = = 5 = . ed |
c 3 _— 8 2 2
2 [10’ = - 9(sz)Z]

is in Mev/c, the notation .

where all energies are in Mev P
z
and similarly for -

is equivalent to (z H‘lpl) + (z HZpZ) R
are the particle charge numbers.

(zHp)
(sz) where z, and z,
This result.can be written in the symbohc form
AP, ‘lanc
A [ B0 __
= 7=
e Nz ‘ 2 A _ 7 .

and ¢ are all functions of

b

where A is either 1 or 2 and [ ]
A program involving only these three quantities

z, (Hp),, and (Hp),
as inputs can be prepared for solution by an automatic computer

Conmderable'numerlc'al simplification is possible if it is kept in

ZPT] and ZDD] only one neutron is ejected so that one

mind that:
for /PD/ two neutrons are e_]ected but can be lumped for

has m' = m;
a minimum -energy solution, so that one has m' = 2m; forZPP] three
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neutrons are ejected, but can be lumped for a minimum solution, so that
one has m' = 3m; for ZHe only one»cha:rged particle is involved, so
that one has m.z_: 0, and two neﬁtroné are eje.cted“so that one has
m' = 2m for a minimum -éolution; for He470n1y_ one charged particle
is involved, so that one has m, = 0, and only one neutron is ejected so
that one has m' = m; and finally, for all cases, '

% =E,+E, -E = T, +T, +m ¢’ +m,c” - Mc’

1 27 M T 1 2. 1 2

‘The computer obtains %' ph'z in units of gauss-cm x 10-5, solves
for Tn' and Trl in Mev and prints out the results. Sample calculation
sheets, showing the data read from the cloud chamber photographs, the
derived computer inputs; and the computer results appear at the end of

this Appendix.

2. Formulas for the /DT7 Reaction

This is the two-body problem and T, can be calculated in two
ways:
T

n

T =
n

The second solution is obtained. with sufficient accuracy by use of the
alignmerit chart -for protons (Fig. 18), taking p in gauss-cm as the

sum of the observed (I—Ip)~z values of the deuteron and triton.

3. Formulas for[He47 Neutron-Scattering Angle

It can bé easily shown that the s'cattering angle of the elastically

. scattered neutron in the center of -mass system is related to the recoil

angle of the helium nucleus in the laboratory system by '

1 : I
tan 6 = 1 - BZ cot —9-— , (A1)
‘ 2
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where 6 is the rec011 angle of the hellurn nucleus in the laboratory
system, 6' is the correspondmg scatter angle of the neutron in the
' center of -mass system and B = v/c for the ve10c1ty of the center -of -

mass system relative to the 1aboratory system ' For 'n He4 e1ast1c

| T |
8{ ——2 +1 + 17 : '
1 -g°% = _ vi . . (A2)
o +5
S\ MoC

Equation (Al) is easily solved by a simple circular nomogram with a
family -of indices, determined from Eq. (A2), for T, = 200, 250, 300,
and 350 Mev. . -

s catte rlng one has

4. Binding Energies

Process = - © Binding Energy

. _ (Mev)
] 19.8
/oT]. 116
[pp) . 26.0
[y - 7 23.8
[ep] T 284

[He7 S 20.5
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—_Magart Carrent: 4005
.. he 18
(i1, R A W ]
x0"* x/0*
« Obagrva |Corvected
’!R' R| Comment | X | B | O [ 28N A Ho
9.0
It 4]
Cos 1976 | .90 . ° o9 t
ET care | .07 L 476 | 30l g9
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