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FAST PROTONS FROM 270-MEV NEUTRON-DEUTERON COLLISIONS

James Warren Hadley

"Radiation Laboratory, Department of Physics
University of California, Berkeley, California

November 5, 1951
I INTRODUCTION

vcpllisipng of protons or neutrons with nuclei have generally
been thought of in terms of interaction of the incident-particle‘with
the whole struck nucleus, According to this point of view, the incident
- particle may scatter_elastically, without. changing the internal enefgy
of thg nuéleps_from/which it rebounds, or it may enter the nucleus and
expend its energy in raising the nuclear temperature, ;esulting in the
eventual expulsion of particles or photqns-in random directions; A
'transipiqn.region covering a rather wide energy interval. occurs as
bombarding energles are increaéed, however, Above energies of 100 Mev
or so the wave lepgth or effective size of the bombarding particle is
ng 1onger-1§?gewwith respect to separation distances 6f nucleons. As
the energy of the incident particle,increases‘through this region the
- particle tends more and more to. interact with only one nucleon at a time,
and the probability for its interaction with any nucleon decreases so
~that its mean free path within nuclear matter is large. The result of
this transitioh is seen as a basic change in the nature of nucleon= .
nuclear collisionss with‘increasing enefgy, the collision products’
take on more and more the character of scattered particles from indivi-
dual nucleénnnucleon collisions, The role of the stfuck nucleus passes
from that of an integral and cl&sely bound system to that of a cloud of s

separate scattering centers, each moving with a distribution in momentum
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determined by its interaction with the rest of the nucleus, but otherwise»
free to act almost independently. One :‘would expect that in;the_@&ée of .

~ -very high bombarding energies, emerging particles would be:distributed in
" energy and angle almost as they are in the case of free nucleon~nucleon
collisions, illustrations of this state of affaifs‘may-be seeﬁ in recent
fepofts on particlesvejecied from light elements by 240 and_BAO»MBv “

1,2 and by 90 Mev neutron33°

protons .
'The.special case of deuterium struck by.ﬁigh éﬁergy}pafticies:’
is of particular interest, because of the simplicity of the deutérium
: nuclénS‘and'the“reiative"ease"df"thecretical treatment of its behavior
in . collisions., As suggested by the above remarks, onevwould etbedt'tﬁe
' ‘deuteron to behave very much as two separate particles when ifiis-strugk
.'by‘neutrons of 200 to 300 Mev. It should be possible, invfaét; té éttri—
bute various kindsvpf emergent-parficles to collisions of theiincidenﬁ |
neutron with either one of tﬁe other of.the deuteron's compdhenﬁs;,'Tﬁg )
" total>scatﬁering'cross-séctipn canjbe expreésea~as a'sumIOfbthe'nebl'i
¢ross section, the n-n cross section,vand an!additionai term,-pyobab;y~
“small, resulting»frbﬁ intérference'of'various_kindsA’s’éo
‘Protons, in particulér, Tesulting from n-d collisions, should
fail roughly into two groups. A group at low energies wouldfreéult'paftly
~from n-n eollisions which carry away both ﬁeﬁtrons, leaving the pfotbn in
about the!samevstate of motion that it was in at the time of collisionm,
- and partly from n-p collisiqns in which no charge:exehaﬁge takes: place.
The second group, at energies of fhe order .of the'bombérding enefgyland

with an angular distribution strongly concentrated in the direction of
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the incideﬁt neutrons, would result from n-p collisions with charge exchange.
. The purpose of the experiments to be described was an investigation of the
distribution in angle and energy of the latter proton group, resulting from
"_bombafdment of deuterium with a beam of neutrons of about 270 Mev energy.

The quantity best determined was the yield of these brotons at a number of
angles, integrated over energy. The nearness of approaéh,of this quantity
to the differential n~p scattering yield furnishes a measure of the accuracy
* of the concepts stated above reéarding the nature of high energy n-d colli-
-~sions;‘the differences that éppear furnish indications of the roles played
by effects such as thét of the exclusion principle acting on thé two neﬁtrons
left behind in the collision, and that of the internal momentum distribution
of the neutron. A discussion will be given in the concluding section of

‘such of these factors as appear to influence the measured yields of protons.
IT EXPERIMENTAL PROGEDURE

The experimental procedure chosen consisted of a comparison of

. the yield of n-d pfotons in the particular energy and anguiar interval under
consideration with the yield of protons from n-p scattering in the same in-
-terval, measurements of the two qﬁantities being alternated during the
course of each experimental run. Most of the final data is expressed in
'the form of ratios of these qﬁantities, not only because of the convenient
nature of such ratios, but also because of the elimination of any effect of
Varying efficiency of the detecting equipment. The detector efficiency at |
- each angle and energy enters as a factor in the determination of each dif-

- ferential yield, and of course cancels out in the ratio,
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The experiment was divided into two main. sections, the first being

concerned with measurements of differential yields as a functiohvof angle
| and energy, and the second with measurements of yield as a function of angle,
integrated over all energies above a certain cutoff value at each angle.

The latter meaéurements contain no information that could not be derived
‘from the former, but were resofted to through necessity; the length of

time necessary to carry out a complete set of measurements, at a number

of angles, of differential yields of the former sort would have been pro-
"hibitively great. |

The necessity of.the cutoff energy in the latter.part of the

expefiment arises mainly -through the sbréad in energies of the neutrons
cdmpriéing the incident beam, In measuring yields from n~p scattering in

a neutron beam with Qide energy spread, one wishes always to count just
those protons, at each angle, which are produced by neutrons lying within
certain energy limits., The energy of scattered protons in n-p collisions
~ varies as Ej, cd52 8 E, being.the incident neutron energy and © the angle
of emergencevof the proton, measured in the laborétory frame with respect
to the direction of the incident neutron. Consequeﬁtly, for a fixed neutron
" energy limit, one must vary the energy limit on scattered protons as cos® 0.
The cutoff energy chosen in the present experiments was 200 Mev.c052 8, cor-
responding to a 200 Mev neutron cutoff, the same limit as used in the n-p
scattering expériments of Kelly, Leith, Segrd, and Wiegand7, The energy
limit used in measureménts of n-p yields in the present experiment was chosen
10 agrée with the n-p scattering experiments cited above, to ?ermit direct

" reference to’ their values of the n-p differential scattering cross section.
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-JThe~energy‘limit used in measurement of yields from n-d collisions was
also chosen the same for two reasons: first, because the amoupt_of ab~-
gorber used in setting the cutoff energy affects the efficienc& of the
counters (nuclear collisions in the absorber material), aﬁd it is‘desir-
able to keep the counter efficiency the same for both measurements at a
given aﬁgle;'as explained above; and second, because fast pfotons from

“high energy n~d collisions should approach a-0032

'® energy dependence,

and setting a cutoff energy varying as 200 Mev'cbszvg is then almost equi-
valent to again choosing only those protons produced by neutrons of 200
Mev energy or greater.

The integral measurements were performed with a telesqoge of
counters, arranged so that particles emerging from a scatterer_placed in
the neutron beam emerging from fhe 184 inch synchro-cyclotron qould be
" observed in any choaén~direction§> Scaétered particles were required to
pass through an appropriate thickness of material, usually copper, at
each angle, so that only those particles having energy above'§ fixed iower
limit could be counted., During the course of a day's run, measurements of
yield at a number of different angles céuld be made. L
| Differential measurements were made ﬁith 8 magnetie‘particle
spectrometer, in which particles emerging from the scatterer within a -
certain small solid angle in a given direction were sorted out according
to their momentum, = -

| ‘The apparatus was not by itself able to discriminate between
protons and deuterons, but theoretical and experimental evidence, which

will be discussed later, indicates that practically all of the observed

particles were protons, and that no more than a negligible number of
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elastically scattered deuterons contributed to the observed yields.
Figure 1 shows the overall experimental arrangement as used in

.. both' sections of the experiment. : : R

III DETAILS OF APPARATUS

.. &, Neutron Beam

The néutron'beam used.wés produced by‘placing a R inch thick
- beryllium target in the 350 Mev.circulating proton beam of the cyclotropo
: Neuﬁrons-emérgingrin a difection-tangent toAthe'péth of the proton beam
- pass through the wall of the cyclotron tank and are collimated in a series
-.of 'holes through the coﬁcrete shielding around the cyclotron beforc emerg-
ing to strike the scatterer,
The distribution in energy of these neutrons has been meésured

‘-bleelly_gE:§},7~in connection with n~p scattering“experiments and can be

" determined from results of the present experiment and of previous investi-

-'gations by Mr. Walter Crandall and the author. Figure 2 shows a spectrum
-derived from data which will be presented in SectiQn‘IV; It is in agree-
. ment with those given by-othef workers,

.. - The beam is delivered -in pulses Qccurring about 6Q times per
second, and each.having a duration of about 100 microseconds. - Néarly all
counts registered by the counters occur during the beam,pulseé, with the
result thét»real counting rates are one to two hundred times g;eater than
apparent counting rates. ' The consequence of this “duty‘cycle,factor" is
the danger of accidental coincidencevcounté between various counters,'which

must be avoided by use of sﬁfficiently low beam intensity.. -



B. Monitor—
- In order to compare yields from various scatterers, it is neces-

sary to have some relative measure of integrated beam intensity. . The moni-

tors used for this purpose consisted of boron-trifluoride filled proportionél‘v

counters placed in holes in the éoncrete shielding wall., Fast neutrons en-
tering the shielding produce slow neutrons through elastic scéttering and
through generation of secéndary héutrons in ébliisions with nuclei. The

* slow neutrons are captuiedfin large-numberS‘in the counter, producing a

B particles and resulting counts through the reaction Blo(n,

a)Li7ow Variation
of the ‘neutron beam intensity showed that the counting rate of such a moni-
‘tor varied in proportlon to the counting rate from a scatterer placed directly

in the beamn, A .

C. Magnetic Spectrometer

The magnet used to.obtain momeh£um spectra had a space between
“'the poles measurlng 2=1/2 inches by 12 inches by 30 1nches. Thevmaximnm

- field obtainable for any considerable length of tlme was about 14,000 gauss.
" Electronic current regulation provided a field constant to aboutfl/2 of one
percent, corresponding to an enérgy‘variation of one percent, The magnet
‘had beén used previously as a heavy particle spectrometer in‘the secondary
particle experiﬁents of Hadley and YorkB, and was at that time profided with
6nly‘one series of slits; defining a single energy channel. "It wés felt
‘that this arrangement was unnecessarily inefficient, and that a great im-
provement.would be achieved through the installétion §f a large number of
'slit systems or energy channels, each to be defined by a counter tube. -An
entire energy spectrum could then be obtained at once, with a single field

setting.

[N]
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Previous use of the magnetic spectrometer 1nvolved only propore.

‘tional counters, which have been used in preference to G M counters both

_ because of thelr much shorter dead tlme (a counter is unable to reglster

two ionlzing events within a certain time 1nterva1 of one another, cor=
responding to the time taken by the tube to recover its sensitlve condition

after a discharge) and because they offer a possibillty of d1scr1m1nating

against acceptance of counts from relatively lightly ionizing.particleso

Proportional counters, on the other hand, need a much greater amount of

_associated electronic equipment than do G.M, counters, 80 that when a large
_‘vnumber of counters are to be used expense becomes an 1mportant cons:.deratlon°
. With this in mind, measurements of the counting rates of G M, tubes placed

~in the v1cin1ty of the neutron beam were made. They showed that even with

neutron beams of maximum p0531ble 1ntens1ty, the amount of dead tlme due

to background counts would not be prohlbltlvely hlgh° Accordingly the use

of G M, tubes was de01ded upon = in partlcular, the Vlctoreen model 1B85
“tube, whlch comblnes the advantages of a short (lOO microseconds) dead
'.time and a voltage plateau very'unlform from tube to tube &hreshold at 800

_ volts, plateau flat to about 1000 volts)

In order to deflne, in the magnet, a path haV1ng a-certain radius
of curvature, one must le three p01nts along the proposed pathov In the
partlcle spectrometer, the flrst of these three p01nts w1ll alwars consist
of the scatterer, and. a second of orie of the set of G M, tubeso In previous
experlments at lower energles the thlrd p01nt was deflned by the gap between

a pair of lead bricks. However, at theenergles 1nvolved in the present experi-

.nent, it is impossible to use a physical slit of that type which does not
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have very poorly defined boundaries, owing to the ebility of fast protons
to pass through large thicknesses of material. 'The result of using a gap
betueen two bodies of absorbing material as a defining slit would be a
dependencevof slit widthvon'particle energy together'uith a.serlous contri-

bution of multiply scattered protons resulting from traversals of material

 near the slit edges° With this in mind the use of small, thin walled pro—

portional counter as a slit was chosen as highly pref‘erableo Such counters
were made, cyllndrical in shape, in some cases with a dlameter of 1/8 inch
and in others 1/2 inch, Details of construction are shown in-Figure 3. The
pulses originating in such a counter were fed into the G.M. tube amplifiers
in,such a uay that.no count from a GQM° tube could be registered unless a
count arrived from thelproportionsl "slit'counter“ wlthin a time lnterVal of
about 2 microseconds around the start of the G.M, pulses.

Most of the pulses originating in both the G. M° and proportional
'tubes come from other sources than the scatterer, and these background pulses
~ oceur w1th suffieient frequency that the probability of a pulse from the
propcrtlonal counter coming closer than 2 microseconds to a pulse of unrelated
origln from one of the G M., tubes is quite hlgh The resulting accidental
:coincidences would of course be impossible to distinguish from‘resl coinei~-
.-dence counts caused by single particles passing through both'counters, so
that some further mechanism for distinguishing between pulses was necessaryo
To satlsfy this need, three additional prOportlonal counters were placed
within the magnet pole gap, and'connected in eleotronic coincidence with
the first proportional counter, so that simultaneous pulses in all four

proportional counters were necessary to send a "gating" pulse to the G.M,
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. of the magnet with associated counters.
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amplifiers and permit- them to register counts. Figure 4 shows the»arrangement
- Determination of the proton energies corresponding to the various

magnet channels, at given field settings, was accomplished thrqugh use of a

light, flexible wire suspended in the pole gap. When a current is passed

© through the wire, it assumes the same shape as the trajectofy of a proton,

and the value of %o'along the wire is given by the ratio of wire tension
to wire current.
The spectrometer provided angular resolution of about one degree.

D, Counter Telescope

The counter telescopes, used in measurements .of integrated scattered

. intensities as a. function of angle, consisted of a series of three or some-
‘ times four particle counters fixed with their centers along a straight line

‘passing through the scatterers. A particle emerging from a scatterer along

this line would produce simultaneous_counts ("simultaneous" here means occur-

"ring within the resolving time of electronic_coincidenCe circuits) in all of

the counters. Sugh counts, after amplification, were fed into an electronie
coincidence circuit which recorded the occurrenceféf the eyeh’g° The purpose
of using several counters instead of just one is again, as in the case of
fhe'magnet appa}atus, to eliminate a large number of unwanted counts by

applying more stringent restrictions to. the conditions under which a count

"will be accepted.

Copper absorbers were placed betwéen the next to last and last

counters in the telescope, to fix a lower limit for’proton.eﬁergies that

would be accepted by the telescope.  The thickness was adjusted at each
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- angle according to the table of range-energy relations of Aron, Hoffman,
and William58 so that the total amount of material bet?egn the last counter
and the center of the scatterer was always equal to the range of protons
of energy 200 Mev cos® Q.

‘The set' of counter tubes forming the telescépe was mounted on a
'movable arm, pivoted directly under the scatterer.  Thus the telescope could
readily be shifted from one scattering angle to another.

Part of the experimental data was obtained using proportional
‘counters in the telescope. - It was later found tﬁat advantage could be tgken
of the shorter coincidence resolving time and dead time of anthracene scin-
tillation counters to'permit the use of a more intense neﬁtron beam without
“difficulties from accidental coincidences and loss of counter efficiency
through dead time ("blocking")., Thus data éould be accumulated,at a some-
‘what faster rate, and the proportional counters were accordingly replaced
by scintillation cbuﬁiers;

Angular'resolution obtained with the counter telescope was about
' three degrees.
E. Scatterers - ‘

The scatﬁéreré used to determine yields of protons from n-p
- collisions consisted of blocks of carbon andAof.polyethylepe (QHz) or of
paraffin wax (~CH, 14), the yield from hydrogen being obtained by taking
the carbon-hydrocarbbn difference, Yields from n-d collisions were obtained
- through the use of water and of heévy water scatterers, a subtraction here
eliminating the oxygen effect and giving the difference between yields from

deuterium and hydrogen. The water and heavy water were held in thin-walled
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containers, a third identical container geing'left empty for use as a blank.

The scatterers were made of spch a sige that their-horizontal dimen-
sions were always less thén the 241/2 inch width of the neutron beam, while
vertically they projected well beyond the 1-1/2 inéh-height of the beam, Thus
‘ the amount of a given scatterer material exposed to the neﬁtrqn beam was knoﬁn
and readily reproducible - experimental testé invelving horizontal displace-
ments of the scatterers showe&lthgt their position was ﬁot eritical, that a
considerable displacement had no effect on measuredainfensity of scattéringa
The thickness of the scatterers in the directipn.of emergingﬁpartigles was
cﬁosen for eaqhvmaterial so that protons of a given energy suffered equal
energy.loss in.passing through thé various scattereré° Actuai'ﬁﬁicknesses

will be given with data in the next section.
IV REDUCTION OF DATA

' A.' General Treatment of Data .

S

The yleld from each scatterer, normallzed to yleld per incident
.;neutron through division by appropriate monitor values, will be denoted by
symbols (8501, E)ZO] s [CHn] [cl, B (X where [B] indlcates background
_»yield Wlth no scatterer in place and [K] indicates yield with the empty
can in placee

‘ To ebtain actuai yield'pervmole from‘each(scafterér,nwéAﬁnst

subtract the background presumably due to Scatﬁering in the air or in the
empty can, ana then divide by the nﬁmber of moles qf séatterer intercepted
by the besm, thus:. | |
o8, =yl ([08a] - wm
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¢ =g LI~k
: Héo‘é -ﬁ%ga“([ﬂzo] - [xD)
2y () -

" The following subtractions then give yield per mole due to st

: 'Hziz.g (CHy = C)
U R [ - (o] R - Yoy [BD
- n  Nogp - _ Nc NCHn

"and the difference between H2 and Dy yields

. H20 . 20 . ND)O Nﬁze

I

To obtain the ratio of deuterium to hydrogen yield:

H 7

and to obtain the yield due to deuteriuﬁé,

D2 Hg - (B - D2) (not normalised)

B

The results of the 1ntegra1 measurements made w1th the counter

telescope are always to be’ expressed in terms of the quantltles.ﬁ, which

=

my be thought of as the ratio of the fast proton component of the n-d

cross section to the dlfferentlal nup scatterlng cross section:

dGh-d (ED dOn-p
d - dn-

The results of measurements made with the magnet are probably
most significant when expreseed in terms of the relative'quantities D, or

Hy, so that the actual shapes of spectra are shown. The yield measured
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for each energy channel must, of course, be divided by the counting efficiency
" of that channel, in order that the values for various energies bear the proper

- relative magnitudes.

B, Energy Intervals Accepted by Magnet Channels

Each channel of the magnet accepted protons within a certain enmergy
“interval, the efficiency within this interval being a bell-shaped curve equal
to the triple crosé convolution integral (fold) combining the energy uncertain-
ties introduced by each of the three slits. ‘Additional spread in the accep-
tancé interval of each channel was caused by the thickness of the scatterer,
and an additional function deseribing this was combined with the acceptance
‘function of the magnet channels proper. The energies at half height of the
fesulting efficiency curve were taken as the upper and lower limits of the
eﬁergy jhterval to which the data from each channel refers, and will be indi-
cated in presentation of the datao Energy intervals corresponding to the
scatterer thickness (about ome inch for carbon) were obtained from the range-
energy curves of Aron et al.

The separate channels toward the low energy side of the magnet
accepted'rather narrow energy intervals, and gathered very few counts. It
was thought best to combine data in several groups of channels, thus gaining
in statistical accuracy. Date from each group, being actually the sum of
counts from several adjacent G.M. tubes, was of course treated in the same
way as data from the channels composed of single G.M. tubes, with appropriate

combined energy widths and efficiencies being used.

C. Derivation of Efficiencies for Magnet Channels

The efficiencies of the various magnet channels for counting

protons produced in a particular volume element of a scatterer are
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proportional to the respective energy intervals of protons accepted. The
effective energy interval of each channel varies with position in the
scatterers of the volume element referfed to, and hence must be averaged
over the thickness of the scatterer in the following way to obtain the
relative channel éfficiency for a given scatterer: OConsider the spectro-
meter in use, with protons of some energy distribution Being produced through-
out the volume of the scatterer. The number of protons ejected in the direc-
tion of the magnet, from a given scatterer element dt and 1ying within the
energy interval bounded by E and E + dE, may be written as
F(E) dtdE

We wili approximate the acceptance function of a magnet channel
by saying thét.it accepts all protons of energies between E; and Ej with
100 percent efficienéy, and will accept no protons of energy outside.this
interval,

In addition, we make the well justified assumption that the range-
‘energy relation for protons in the scatterer material can be written

R =cEb |

Here C and A are very slowly varying functions of energy, essen-
tially constant within'the energy limits of a given channel. Figure .5
_is a plot.of C and A for carbon, derived from the range-energy tables of
Aron, Hoffman, and Williamsso The values of C and A plotted there were‘

chosen to give correct values of R‘and.%% at each energy.

The thickness of the scatterer in the direction of the emerging
rprdtons to be counted is denoted by T, and the thickness of material
traversed by protons.in leaving the scatterer will be given by t. Reference

may be made to the schematic diagram of Figure 6.
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Consider a proton of enérgy E and range R as it leaves the
scaﬁterer and enters the magnet. This partible will be accepted by a
given channel if |
Eo LELE
Wheﬁ the proton originated within thé scatterer element dt, its range
mﬁst have been
"R'=R + ¢ _
Tﬁe relation between original energy E' and final energy E is
then giﬁen by ‘
ce® =t + ¢
- or E!' = (‘ETA +-§)§1
. Now the number of pfotohs originating in the element dt with
energies between E' and E' + 4E! is given by
| F(E') 4(E') at

and the total number of protons counted by the magnet channel will be

T ‘ Ep' ‘ '
N = fdt | de' F(E')
=0 E'=E,'

‘Let us assume that the variation of F(E') within the energy
interval defined'by the width of the magnet channel and the thickness
of the scatterer is small and take F(E') outside the integral, replacing
| it by its average value F '
N=F ! dt J B!
- t: ’

E.‘=Eo'

S S S
=F. [[(E]_A +I‘)A - (EO. +.Z_)I] dt .
t=0 o
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— A
= FC f(El +2) aE +h
tzp T
Fe ErihTa @+
- o ] fE)
=0 - o .
1+A 14A 1+A 1+A]
o I - -(E, + T"K“ =
= FC 1+A [(El E) El ( ) EO
— A =

F—l—z [(GE + 1) (El +0)A‘CE1 El

=(CE0 +17) (B, +I)A + CEg E] |
or making use of doubly primed quantities to indicate values at the rear

of the scatterer,

R" = R'(T) = R+T = CEX + T

1
E" = BEN(T) = (8% + A
N=F7 +A[R1"El"-=R1E1 - Rg"Bo" + RoEo |
Thus 1+A [m"El" - RlEl-R "E "+ RE ]

represents the efficiency'of,a given channél and must be divided into the
number of counts obtained te_give the relative magnitgde of the energy
spgctrum at the corresponding energy, Smoothed_values‘of E, and E1 for
each channel wére_obtéined from flexible wire calibratiqn of ﬁhe magnet,
and values >of ‘E o' s E1"s Ros Rl, Ro", and Rq" ob'*l;.ained. from the_. range-enefgy
tables of Aron et al. Values of A used were the average valué for each
channel obtained from Figure 5. .Values of R and A correspondiné to each
E were those for carbon, but since the thickness of all scatterers was
ad justed to give the same stOpping power, the values of efficiency derived

for carbon also applied to the other scatterers.
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D, Data Obtained with Magnet .

+ Data obtained;from_magnet runs at scattering-anglesﬂof.Ap and
22,%1is presented in Tables I and II and in Figures 7 and 8,vwﬁich show
spectral distributions of yields from hydrogen and from_deuteriumo The
vertical scale of each figure is completely arbitrary, and theiscale-of
Figure 7 bears no particular relation to that df Figure 8. The relgtiye
heights of the deuterium andvhydrogen spectra in each figure do represent

‘actual relative yields, however. The statisticél standard deviation and
energy interval pertaining to each point is indicated-invthg tables.

Figure 9 shows spectra obtained in two different ways from D20
at an angle of 22,5°% The upper set of points represents a spectrum
taken in the normal way, while the lower set represents data taken with
a carbon absorber of thickness 24 gocmj-2 placed between the scatﬁerer_
and magnet. The latter points have.been corrected for proton energy loss
in the absorber, which amounts to 100 Mev for a 250 Mev proton incident
at the absorber. The significance of this figure will be discussed in
the next section.

Since the scattered particles from n-p collisions have energy
uniquely determined by the energies qf the incident neutrons, iﬁ is
possible to determine the enérgy spectrum of a neutron source through a
measurement of the energy spectrum from n-p scattering at a given angle;

* In order to carry out such a determination, one‘must have some knowledge
of ‘the form of the differential n-p scattering'crosé sectioh'as a function
of energy at the‘particular;scattering angle‘usedo ‘Figure lO“éhoWs a

curve representing this cross section for 8° and 45° scattering angles
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in the center of mass system, as a function of -energy.. Angles of 8° and
450 in the center of mass system correspond, non-relativistically, to

n-p scéttering angles of 4° and 22.5° in the labqratory system.. - No rela-
tivistic angular correction was made in evaluvating the cross sections.
Figure 10 was obtained by drawing smooth curves through experimental values
.of the n-p cross section as obtained by various groupsgo_

Figure 2 shows energy spectfa obtaiﬁed frém the 4° and 22,50 data
through division by cross section valugs obtained from Figure 10 and appli~-
cation of the following additional factors, necessitated by the relativistie
energies involved: the cross sections given in Figure 10 refer to unit
 solid angle in the center of mass-system, whereas the solid angle referred
to in the course of the experiment was constant in the‘laboratory system,
Consequently fhe variation of center of mass solid angle corresponding to

a fixed laboratory solid angle must be determined through the relation

dnecm _ 2(1+y) cos @

dalab (cos? © + 1+Ysin279)2

Where

© = laboratory scattering angle

y=14% neutrogﬁeneggz refers to the incident neutron
' Me

The second correction factor to be applied arises through the
non-linear relation between neutron and scattered proton energies, causing
a variation in neutron energy interval corresponding to unit proton energy

interval,
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2

T = T, cos” ©

P 34Tn_ sin? 0
2Me

aTp = cos® © = cos® ©

dTn KRR NPTV IRY
1+ 2B sin~ © 9+ sin® ©)
(e ¥ (e 0+ X

Th and Tp being the kinetic energies of the incident neutron and
scattered protqno
The distribution of scattered protons is then related to the

‘distribution of incident neutrons ass

dNp din dTn do dncm

dTpdnlab X dTn ° dTp ° docm ° dnlab
or
din . __dNp -~ 4T,  dnlab
dTp dTpdnlab dTq dncnm
d
daem
= dNp . _  cos @
do
daocm

E. Considerations on Presence of Scattered Deuterons

Up to this point the scattered particles have been referred to
as protons. There was, however, no ﬁroVision made- for excluding other
~ particles, and it would seem important to try to form an estimate of the |

number of deuterons that might be present among particles emergiﬁg from
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n-d collisions.

First let us refer to the spectra presented in Figures 7, 8, and
9. The horizontal scales are labeled in terms of proton energies for con-
venience, but it must be remembered that the actual sorting is according to
momentum ratﬁer than energy, as each channel represents a certain fixed value
of HP’ or momentum, for particleé entering it. . In the non-relativistic limit,
which willvﬁe a sufficiently close approximation for the time being, protons
- of a given energy E will have the same momentumfas_deuterons.of'energy-g.
Consequently if the energy scale of the figures is divided by a factor of
2, an energy scaie appropriate Fo deuterons will result. It is shown in
Figures 7 and 8 that essentially no barticles were countedeith momenta
corrésponding to protons of energy greater than about 350 Mev cosz-G, or
to deuterons of energy greatér than about 175 Mev 0032 8.

The reiatiqn beiween'iﬁcident neutrﬁn energy and elastically
: scattefed deuteron energy ié given by
29

Ed =_3 En-cos

‘setting an upper limit of 9/8 x 175 = 200 Mev on the energy of neutrons
produeing an appreciéblé number of deuterons through n-d scattering at
angles of 4° and 22,5% More evidence on this point can be adduced from
the data presented in Figure 9. if the curve for no absorber represented
only protons, one would expect its form to be‘preserVed»when_the carbon
absorber was used, as correction for proton energy loss in the carbon was
made, No deuterons of eneréy lessithan 240 Mev -can penetrate a carbon
thickness of 24 g.cmfz, however, so that any deuterons contributing to

“the spectrum obtained from D0 without absorber should not be present
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in the spectrum taken with absorber. It is seen that the two curves lie
rpughlj parallelVat proton energies greater than 225 Mev, but that a
sharp break in the lower curve occurs at that point, It is felt that this
break, at a deuteron energy*of-géé = 113 Mev, marks the upper limit of the

spectrum of deuterons present: the corresponding neutron energy is

E, = 92x113 & 150 Mev
n R o
8 cos< 22.5 :

The almost constant difference betweén the two éurves at erergies above
the break is felt to represent éttenuation in the earbon absorber due
tb nuclear scattering and inelastic processes. The attenuation factor
is about 1.6 + 0.3; which would correspond to a cross section of 0.33 =+
0,13 barns per carbon nucleus for removal of seattered protons. ‘This
value is‘certainly within reason.
Neutrons of energjv150 Mev and lower seem to produce deuterons
- at 22,5° from heavy water; we have no information épecifically'as to
' whether the source ié in-t£e dxygen or in the deuteriam. Thus the figuré
of 150 Mev représentsvonly'an upper 1limit for production in'deuterium. It
may be that no aPpreciabie number of deuterons is”scattered at 22,5° in
n-d collisions by neutrons déwn to a considerably lower energy.
Theoretical anal&sis'ﬁf.n—d elastic ééattéringlo’ll predicts a
weak maximum for deuterons projected forward (pick-up process),vand a
gradual,deqrease of éross section with deuteron angle out to well past
60° This generél form is characteristic, regardless'of the particular
intefaction.pdtential used, Consequently the upper 1limit of ZGO'Mev

for neutrons producing an appreciable number of scattered deuterons at
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40 and 22,50 should hold good for all angles examined in this experiment,
the maximum angle at which data was taken being 589. This fact will be

of interest in the next section.

F. Data Obtained with Counter Telescope
| Data obtained with the counter telescope was treated in the

manner outlined in Section IV-A to give values of.%.

Tﬁo separate éets of scatterers were used, one set fairly thin
to provide low energy loss by scattered particles in traversing the scat-
tere:s,vand another set thicker to provide a large quantity of scattering
material, The former were used at wide angles, where scattered energies
. are low, and the latter at small angles, where scattered energies are
high and energy loss in the scatterers is of relatively little importance.
Particles originating at various depths in the scatterers of course tra-
versed different amounts of material on their way out; the 200 cos? © Vev
cutoff energy applied only to particles origiﬁating in the central plane
of the scatterer. As a result the real cutoff took the form of a linear
ﬁariation in efficiency from O to 1 over an energy interval, determined

R 8 Mev. Values

by the scatterer thickness, whose center lay at 200 cos
of lower and upper limits of the cutoff energy interval are tabulated in '
Table III for both sets of scatterers.

Table III also sets forth falues of-% obtained with each combina-~
tion of counter type and scatterer size used, together with average values

‘at each angle, which are also shown graphically in Figure 11. Agreement

between various sets of data is shown to be good,
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Errors tabulated here, as wellias/with.the magnet data, are
étandard deviations derived from numbers of.counts obtained, - It is felt
that these quantities give a good indicatlon of degree. of accuracy of the
data, as thé§ are considerably larger than estimated errors likely to have
been introduced from other sources.

The absorbers used to provide a préton energy cutoff.of 200 0032
© Mev also provided a lower energy limit for deuterons accepted, which
corresponded at each angle to deuteronsfscattered by neutrons of ‘energy
300 Mev. Since evidence presented in the previous section indicates an
upper limit of 200 Mev on neutrons producing a. countable number of deuterons:
at any angle, it is felt safe to assume that the data obtained with the
counter tglescope refers to scattered protons onlys

The integrated-%yvalue obtained at 22.5° is about 0.7. Comparison
with the spectra plotted in Figﬁre 8 shows that in order to secure agreement,
one must assume that part of the Dy curve results from scatteréd.deuterons.
According to this view,-an& aé sﬁggestéd by the spectra of Figure 9, one
would lower thé portion of the Dy curve lying‘bélowv225-Mev by an amount,
increasing with decreasihg energy. The result of such an_ operation, giving
. a curve purporting to4representaprotdns alone, might well bring the shape.
of the Dy Spectrum>into‘close agreement, with the-shape of the:Hz spectrumo‘

Similar considerations appiy to the spectra of Figure 7.
V  INTERPRETATION OF RESULTS
The experimental results may be described in terms of two main
features: first, that thevenergy spectrum of the'faét profdns produced

at small angles in nnd‘collisions is a fairlyicloée'reproduction, in form,
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of the energy specturm of the incident neutrons; and second, that the yield

2 e Mev, from n-d collisions,

' of.all-protons of energy greater than 200 cos
bears at each scattering angle the ratio of about 0.7 to the yield of protons,
greater than the same cutoff enérgy, from n-p collisidns.

'Owing to the wide distribution of incident neutron energies, the
first of these features serves merely as a somewhat qualitative demonstra-
tion of the‘similarity of one component of high eneréy n-d scattering to the
product of n-p scattering. If a more nearly monochromatic neutron beam could
be obtained, it would seem well worth while to measure spectra from n-d scat-
tering at wide angles, in order to get information 6n’the effects of the
momentum distribution of the deuteron and of the interaction between the
two neutrons that are left when a proton is expelled from an n-d collision.
The breadth of the present»neutron spectrum effectively washes out the
detailed features of the expelled proton spectrum, and makes the derivation
of any information on the above effects quite undependab}e, For this reason,
and also because of the small number of protons produced at wide angles and
consequent difficulty in accumulating good statistics, it was not thought
worth while to attempt further spectral measurements. |

The most interesting feature of the data seems to lie in the
distribution in angle of the.g valuesvobtained with the counter telescope,
If the proton bound in a deuteron behaved exactly as a free proton in
scattering neutrons, oné would expect.% to have the value 1 at all angles., -
It will be of interest to examine the various perturbing factors which may

be the cause of the low value obtained for.g°

One of the most evident of these factors isg the necessity for
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satisfactioﬁ of fhe Pauiivexclusion principle, which should affect the yield
of protons in the forward direction. When a fast proton-emerges from an n-d
colliéion in a direction close to that of the incident neutron, the two
residval neutrons must be in a state of low relative momentum. There is a
high brobability in such alcase for the two neutrons to be left in an S-state
Aof angular momentum, which will only be possible in the’ case of anti-paralliel
| spins., The éohsequence isfa depréssion of prdton yields at small angles. A
different effect must be found“which'will tend to lowef proton fields at
wide angles. .
Some aﬁtention has been given to the possible effect of the motion
~of thé proton within the deutefon upon its éverage éross section. Approximate
calculations indicate that suéh an effect ﬁill be appreciable for wide
angles, and will resuit in a lowerihgvof-differenfial cross section of the
right order of magnitude to account for the measured values. .The effect Of
. the momentum distribution of thé deuteron ﬁpon the»spéctrum‘of-ejected protons
is a broadening which causes some prétcns_which.wéuld othefwise be counted
to fall in energy below the cutOffo Since the incident neutron spectrum was
 already quite broad, this effect is thought to be of slight importance,

An additional'conéideration, promi;ing to be of significance, is
the.following, In order to change é system cOmbosedlof a névtfon and a
deuteron intozéne cbmposed'pf é.proton aﬁd a3 dineutron, one must supply
sufficient energy to provide fof the difference in average poﬁential energy
between the deuteron and the dineu;ronp This effgct may Ee.quite’largeg
Chew12 has suggested that iﬁ.could accoﬁnt)for asimﬁch as a 13 Mev down-

ward shift, at all angles, of the scattered proton energieso Aside from
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this effect, one would expect the energy speétruﬁ of the protons to shrink
in proportidn to c032 8, és will the cutoff energy. The effect of a constant
13 Mev shift in moving prgton energies below the cutoff point thus increases
in importance with increasing proton angle, and might_wéll account for the

observed low yields at wide anglésm
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~ TABLE I

SPECTRA FROM HYDROGEN AND DEUTERIUM AT 4°

Channel Energy Limits :
| (Mev) S G oDl
1 354-418 0.06 £0.3 0.4 £ 0.4
2 318-375 - 2.0 + 0.6 . 1.8 £ 1.1
'3 285336 - 84 20,8 0 49 1.5
4 259-300 13,0 £+ LI - 9.8 % 2.1
N 5  | | R34=272 11.5 i 1.3~ 9;4 + 2.3
6 214-247 | 9.9 £ 1ok L 5,7 £ 2,5
7 167-225 4.0 +£0.,8 2,9 % 1,5

g

72-176 6.8 £0.9 . 6.0 % 1.6
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TABLE II

SPECTRA FROM HYDROGEN AND DEUTERIUM AT 22.5°

Energy Limits

(Mev)

308-365
279-372
24,9-292
226-263
206-239
187-216
144-197
60-154

0.3 £ 0.2
1.0 £ 0.4

5.1 £ 0.5

12.3 i 0.8 :

13.0 + 1.0
10,5 % 1.1

6,7 £ 0.7

0u4 % 0.2
0.7 £ 0.5
5.1 0.7
9.8 :t 1.2 |
10.9 % 1.4
11.0 + 1.5
8.2 + 1.0

6.4 £ 1,0
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TABLE III

DATA FROM COUNTER TELESCOPE RUNS =

Scatterers Az
Scatterers Bs

2,26 g.c

-2

Data from Various Runs

c equivalent
4,02 g.em < C equivalent

Average

0,719 % 0,021

0,682 % 0,044

0,752 + 0,045

0,715 £ 0,052

Cutoff Energy, Proportional ,
Mev Counters , Seintillation Counters

A B B A A B
195-205  192-209 0,774 £ 0,046 " 0,704, 4+ 0,024
195-205 191-209. 0,670 # 0,058 0,701 0,066 -
195-205 190209 0,708 * 0,063 0,800 io.dé5
1942206  189-210 0,697 + 0,069 g,oo"75'o :5500086. |
193-207 187-213 0.755 £ 0.108 o ",_'Qgezs‘; 0,091 _o°926 + 0,126
191-209 | | 0.806 £0,113. -
185215 173-227 0,772 £0.128 | 0.465 £ 0,150
169-232 0,513 :_E"';o,zis»: 0,627 % 0,142
158-243 B 0,705 0,100

0.827 = 0,061

. 0,806 £ 0,113

0,643 £ 0,097

" 0.593 % 0,120

' 0.705 + 0.100

=ge-
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