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ABSTRACT

Ytil1ging a scattering chamber based upon the successful design

used by Herb, Kerst, ¥arkinson and Plain ( HKPP) in the measurement of protoune
proton scattering, experimental date on the scattering of protons by deutrons
heve been obtained> The incident protons were accelerated by the 3.%MNev
Hisoconsin generator ("long tank"™) which was used by the Manhattan Projeot at
Los Alamoa, New Moxiooo The geometyry, and ourremnt, and\preasure measurements —--
were checked by ths comparison of measursmonts of protonoprotan scattering at
2,1 Yoy with the work of HKPPo Raesults on pro‘bémdeutron scatbering at 00825,

Lo51, 2,08, 2.53, 3000, and 30L9 XNev were obtained. The absolute orozs.seotions
per unit solid angie show the presense at all energies studied of higher-order
weves than the spheriocally sympetrical Seowaveo

observed near 90° at the low energiess

A minimum inthe secattering is
#ith locreasing enargy.

tho minimum shifte to larger angles

The eross-sections at all angles detrease with in-

sreasing energy but the ratio of the crossosection at 150° 5 the minimum incresses
gracually from 2.3 f% 1.51 MHov to 3.0 at 3.49 Mevs

The present results at 825
Kev do not show the large anomaly found by Tuve, Heydenburg and Hafstad at 8}6 Kevo
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Wit Wil Wil Lield
inuroduoction .

The general theoretical intersst in the scattering of light

particles has led us to parform a series of measurements on the assattering
of protons by dsutrons. Theo earlier experimental work by Tuve, Heydenburg
and Hafstad<1 chowed & large anomaly at 830 Eev. Subsequent theoretiocal
papers have tried to explain this anomaly with little sucooss(z'so Messure-
ments were made by Tasohek(4 at very low energies, but it wes decided to
perform the present e«psriments at the high energies available to us in the
operation of the 3.6-Mev Wisconsin gensrator ("long tank") designed by

Herb, et aisQ Thig generator wus used by the Hanhatten Projeot at Los Alamos,
and was scheduled to be returned to ¥isconsin within several months after ths
present work ;as begun. It was, therofore, considered advisable to follow
as colosely as possible the successful experiments of Herdb, Kerst, Parkinson
and Plaiﬁe (hereafter referred to ac HKPP) on the sdattering of protons by
protons. Several changes were mado in the design of the scattering chambor
and detecting eoquipment, For the sake of oocumpleteness we shall describe our
apparatus in detail.

Hochanical Detalls of Scattering Chamber

The scattering ohamber (Tigs., 1 ¥ 2) was turned from a single
piece of aluminum 17-1/2 inches in diameter. The inside hollow wes 14 inches
in diemeter and 4 inches deep. Around the wall were several scourately
placed holes. The brass tube which held the collimating diaphragms for
defining the incoming beam of lons, was ingerted into one of these holes, In
8 diametrically opposite hole was plesged the tube whioh held the ourrent
collesting cup. 4 port at 90° connected the chamber to the liquideair trep

Q00O CDROSCeIDEO0000TSEQESPPSLIOPIOGOIIGEOOGLIGES @S0 b00REPPRLPALNSSPOICEVCEEONCOCEDPROIOO0OEPESELIECDOGOIGRDIPLES

(1 Tuve, Heydenburg and Hafsted, Phys. Rev. 50, BOE (1936)

(2 H, Primakoff, Phys. Rev.52, 1000 (1937)

(3 Ochiai, Phys. Rev. 52, 1221 (1937)

E& R,P. Taschek, Fhys. Rev. E%', 13 (1942)

5 Herdb, Turner, Hudson, and warrca, Phys. Rev., 58, 579 (1940)
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and vacuum pumps. There were four other holes, at 15°, 135°, 225%/"into
which the defining slit systems of propbrtlonal oounters used {or mouitore
inr, could be placed,

‘The movable proporticral ocounter and its slit system were mounted
v a8 10s=inche.dicmeter disk which vms sorewod onto a tapered plug fitting
1uto & hole through the bottom of the chamber, The axis of this tapered
hole interseoied, and was perpendicular to, the line jolninz the holos
wwntioned above whioch held the collimating diaphragm system and currente
volleotion system, The gas and electrical leads to the movable proportional
vounter were brought out of the geattering chamber through holes bored through
vhis tapered plug. Outajde of the chamber & 3-inch.dinmeter gear was clamped
to the plug. This Zear was driven by & smaller gear to rotate the disk and
sounter inside tﬁe soattering chamber, The larger diameter of the plug was
om the inside of the chamber to allow the plug to be lnserted in its hole
niter the disk had been sorewed An. Pour springs pressing ageinsgt the gear
on the bottom of the plug prevented the plug from being pushed In by atmos-
pheric pressure when the shambor was evacuated, Tho springs fitied into four
recesses in the bottom of the chamber,

The periphery of the disk inside tho chamber was graduated in
dugrees, These graduations wure read ageinst a ;ernior marked to tenths of
o degreo, The graduations were numbered go that the reading was zero when
éha movable proportional counter was on the side of the chember opposite
the beam ocollimating diaphragms.

The 1lid of the scattering chamber was made of dural, one inch
thick, I+t had s gasket groove which contained a gasket of silicone material.
A tongﬁe projecting from the upper edge of the wall of the scattering chamber
fitted into this groove, The lid had a glass window in it which allowed the

Zraduations on the disk and vernier to bs read,
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‘*to the tara»et tu'be of”*the aleetros'batlo gmeratorn ‘ :
R - The defining diaphragms were fastened into another brass tube
which was a tight £it into the above mantioned tube. The first diaghrogm

\
which the beam sncountered had & hole, 0,088 inch in dismeter on the front

aide and‘tapered slightly to a largér diam9ter on thé.back, so that the beam
&as'defiﬁed‘by'a sharp adge to reduce scattering An aluminum foil on the
back side of tnzs diaphragm sarvad to saparate the chamber from the target
tube. This fo:l was 00001 inoh thiok (70-Kav stopping power for 2-Wev
’brofons) and was cementod 1n plaoe ﬂith glyptalo To facilitate replacement
of ih;s foil‘fh@ diaphragm was removable, being held ir place by & neoprene
gasket.and & olamp ring.

The second deflining diephragm was ten inches further along ths
-tube, It also had a hole QOOBS‘inoh in dium@ter, tapered like the First ‘one.
These two holes delinsd the beam of 1vcom;ng ions so that its total «wlith
wes limited %o (.210 inches at the center of the seattering chomber. zud
to 3,356 inches at the folil in front of the ourrent collestor cup. Tho
meXinazn angi@ away irom the axis of tasse holes, which an ion path conld
mak¢,>was G.G desree.

To prevsnu tha entrance into the ohanber of ions whioch were scatter-
“ed by the sdge of the seoond dlaphragm, a third diaphragm with & 0,175-inch |
hole was placed at the end of the collimating tube. Tests madz with the
chamber evacuaﬁed indicated that this aystem effectively aliminated s1it edge

- soattering for all Angular settings of the counter (15° and higher),
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supportins tubo by a gaskﬁt of L/iﬁcinchosquare naoprene strip and a

.clamp ring whiuh ware jJust inside the .chanber wall,

Curront Qol&qtqr

v

Into thu hole on the upposite side of the chunbsr was pressed
‘a lucite insulating tube of 1/B-inch wall thickness. & brass tube which
supported the current-collgctor-cup imsulator slipped intc the lucite
%ubao’ With this arrancemcnt the bruss tube could be used as o guard ring |
‘foh testingz the efficiency of collectica »f the beam current. To

- facilitate the assembly of the cwrrent coilestion system this tubse was
7 #&69 in two parts, sealed together with a neoprene strip gasket.

The insulato; which supported the current collector ocup waé‘a
piece of glags tubing one inch outside diameter sealed to the btrass with
hard vax, ‘The collector cup itself was a piese of brass tubing 3/4-insh
insideldiameter which extended out through the gluss tube insulstor and‘
had its rear end covered with a plece of visor glasa. To eliminate charg-
ing of this glaes plate, it was covered on the inside with & Pinenesh
nickel sereen. This window on the back of the collector cup was used in

Al

‘order that the chambor as a whols could be more easily lined up with

':1‘

réspeot to. the ion beam of thy sonerator by observing the fluorescent
spot on the glase.
To prevent erroneous results in the current collection becauge
v;;og 1Qnization current around the collestor, the collector oup asssmbly was
-soparated from the rost of the chamber by 2 thin 2luminum foil (0 0018 inch

thick). A separats lead to the toru vac and high veo manifolds was pro-

wided for evacuating ‘the colleotor osup chamber. ‘ ‘
" e " UNCLASSIFIED
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The movable proportional counter was bored out of a brass block.
Its inside diame'er was one inch, and its centrzl wire was 0,010 inch in
dismeter. The wire was supported at one end by & porcelain insulator,
and at the other end passed out of the counter into a conmnestion box just
above through a kovar-glnss seal. To keep the active region of the counter
from being Yoo large and yot not distort the field near the ocenter to any
axtent the central wirs vas enlarged for ebout three-eighths of an inch at
sach end by plecing over it sections of stainless-steel tubing 0.025-inch
outaido diameter, These sections reduced the field om the ends to too
low o value to cause appreciable multiplloation of ions. The sseoction of
bare wire in the center 7ag one inch long,

The soattered particles entered the proportional counter through
a defining system csonsigting of two slits end a holo*; The first slit and
ithe hole defin;d the spaoe from whioch scattéred particles could enter the
counter, while the intermediate slit cut off particles scattered from the -
7alls of the slit system.

To meke sure thal the slit system of ths counler wvas pointed
directly at%t the center of the chamber, it was lined up by using a pointoed
mandril which was & tizht fit into the holder for the slit system and
another pointed rod which was pressed into a hole exactly in Lhs center ol
the tepered plug., The aligmmont was checked by setting the counter at gero
d@gréos and sighting into the chamber and counter through the holes which
siafine the origin=) beam of ions entering the chamber. During this proscess
it was found that the axis of the tapered plug was 0,007 inch off of the

B

~~~~~ 18 of the beam collimaling system, but soemed to be perpendicular to i%

navertneless,

WHI00000000D0CO00000000C0EAIVA00IG00000EeRGOV0000ICCOLV00CGOV00000R0B0OB0EeeBIDO0
g - - » Y
* HEPP Fig, 3, plO00, Sse also detzil in Fig, 1.
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“ne center of the counter slit systsm seemed %o be & little below
‘ae axis of the Loum collimating holes so the proportional counter assembly
a2 shimned un into position. After the position of the counter hsd been
shesked for height, orientation and poaition, with respect to the aare of the
cask giraduvations it was pinned in wvlace with two tapored pins so that it could
re removed and yet ruplaced exastly as it ves, The oritiocal dimensicns of the
1.t system required for conversion of the observed yield to absolute cross.
teotions ere, in the notation of HKPP, the width, &b, of the first detecicr
alit, (alit A,'Figo 1), the area & of the last detector hole (hole G, Fig, 1),
the separatlon h between these apertures, and the distance R, from the hnle G
to the senter of thc beam. Careful messurements were made of each of these
senitios, with the following results: b= 0.2087 om; A= 2,00k = 10°° on;
nz= 6,983 om; and R“= 12,893 cm. fhe slit and hole ware somewhut irregular in
«hape 50 that the valuos of Zb ard A represent the averages of a number of
“Wiath measurements elong the slit and diamoter moasurements at eight different
angles aoross the hole. These values for the geometricel constsnts give a
value of La796 x 1072 om for the quantity G &b A/'RQ h (See HEPP). The mccuraey
of this constant 1s estimated to be 0.59%, where the greatest uncertainty is
=ontributed by the irregularity of the holeo

Afbor passing through the last detector hole, the scattered partiocles
passed through a thin window of aluminum 0.00006 centimeter thick into the
vounter. The aluminum was coated with a 5% solution of colledion in order te
sover the pin holes in the foil. “his combinetion aluminum-andecollodion wine
dow 15 thinner than one made of pure alwninum which is without pin holes, and
is more reliable thun e window meade of collodion alone. Such o window easily

w2 thstood the Seom Hz precsure of the gas indide the counter. The scattersd

saruigles pagsed through the counter in & nlame perpendicular

APPROVED FOR PUBLI C RELEASE
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ko tho counter wire end 1/8 inch away from the wire. Tests of this arrangement
i%h & polonium source gave very satisfauotory reesults., With s gaa filling of

5 om of tutane and a muitlplication of about 150, the e-particle pulses gave a
distribution with a halfewidth of 5 to 79..

Tae outside of the proportional counter was at grouad potontial and
che aentral wire w&s.maintnincd st high voltage. Vince the wire also collests
“he signal which is to be amplified, 1t 1s essential to prevert oorena trouble
=0d apark-over to the high voltoge lead going to the centiyal vivre, +he high.-
writage 1€aa s brought up through the tapersd plug and ofer to the connsstion
bex on top of the counter through a tube which waa.maintained at atmospherio
pressure, Lhe connection box at the top of the counter, also at atmospherioc
pressurs, was covered with a brgas plate and isolated from the wvacuum dv a ncoe.
nvene strip gasketo <Jhe lead wire wam insulated with a conbinuous plastisc tube
from a acaxial cable.

Outside the chamber, the electrical lead peased through a flexible
joint to another connection box whore the signal vaz seperated from the high
svstage by a decoupling resistapso of 10 Meg in the high-volkage supply lins.
¢ ~oupsine caovltunee of 100 uuf fod the signale to the preamplifier, From thers
che signal pessed on to the ampliifiers and disswiminator. The zas iead to the
~uunter wevt through the tapered plug directly to a hole in}the gouvnter wvall.

% plewe of rubber tubing councoted this lead to the gas £1)1ling system external
o 1 he chember,

*he monitor counter which fitted into a hole in tha wall of the
soattering chamber ¢4 15° with respeet to the proton beam, vias essentially the
®xame a8 the movable counter inside the chamber., Sinece it was somewhat further
wiav o ivom the center of the chambor,. the 68lit system was a little larger to
~vavent reduction of its counting rate.

The Two counters were enough alike tmt they could de filled simultaneously

;ud could use the same high-voltege supply.

APPROVED FOR PUBLI C RELEASE
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anaurenent of Proton Eners:’

To calibrate the oleotroastatio analyzer(7 of the pgenerator, the
¥ {pon) Be' reaction was used, The threshold was assuméd to ©3 1,860 Mevd,
A snall orystal of LiF was placod on B magnetioally operated shutter already
installed in the target tube of the gensrator, When the crystel was raised
into the j.oton beam the neutrons produced could be detected by a Bﬁé nsutren
counter placed beyond the scattering chamber,

To know accurately the energy of the lons inside the scattering
ohamber & correction must be made for the stopping power of the aluminum foil
over the first defining diephragm. To obtain the stopplng power of this foill
another LiT orystal was placed in a spocial holder at the entrance to the
ocurrent collector guard ring. When the Li (p, n) threshold is checked first
with the orystal in the targst tube and then with the one inside the chamber,
the difference gives the stopping power of the foil. Measurements at tho
beginning and at the end of this exporiment gave values of 70 and 90 Kevn
respeotively, for the stopping power of the foil at 1.86 Mev, The inorcase
was undoubtedly due to carboa deposited during the course of operation, Measure-
asnts on the thresheld, befere and after, the present experiments, indicated
no noticeadble change in the salibration of the analyzer-

Curront Measursmont

In order to check the efficicnoy of the curront colleotor, & series
of tests, similar to those desoribed by HEKPP (page 100%4) were made. A brass
tube vas inserted in the lucitc slseeve, desoribed above, and was in contact
with the brass guerd ring, The inserted tube extended to, but did not touch,

the exit slit of the collimator, The guard ring system end the cup were

(.aooccoooooonoooooaoo-ooaooooooooooaoooooz\aat-oocooeooc-ooocéucooooooonoooooooo

(7 A. O. Hanson, R.S,I. 15, 67, 1944

(8 Faxby, Shoupp, Stephens and Wells, Phys, Rav, 58, 1038 {1240)
Hanson and Renediot, Phys. Rev., 65,33, 1844
The former group obtained 1,866 Hav for the threshold while the latter
investigators found 1.883 Mev, The value 1,860 Mev hes been jenerally
used in this laboratory. )

O')O00’96099000000.0900900000000500000000500090000000090000000000000000006000o
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separately connected to sensitive galvanometers and tests on secondayy electrons,
leakege, foil scattering, and neutralization weres carried out. those tests
snowed that with a vacuun of Lx10°6 mm Hg around the cup, a magnatic field at
the entrange to the oup of 300 gauss and a voltage of L5 volts botween eup and
guard ring (sug negative), that the error in measuring the current, introduced
oy the faoctors mentioned above, was less than U.1 o

Iwo methods of measuring the beum ourrent were employeds The generao
tor ourreat integrator9 was used in the preliminary measurements. It waa call-
orated by feeding current from a+l00=volt supply through a high resietanqe onto
the input condenser of the integrator. J%he collector cup and conneoting lead
had an appreciable oapécitanoe eo that they were loft connected to the integra-
¢ during the oalibration. The high-resistance box alse was left permenently
iu place. The current was determined by measuring the voltage across a J.meg
vesistor with a type K potentiometer. The 3.meg resistor had been previously
valibrated againat precision resistances and was inserted bebtwsen the high-voltage
buﬁpiy and the high resistunce. This system eliminated the introduction of
wnvunced capacitances in parallel with the ioput condenser of the integrator.
The integrator vas biaeed so that it operated betweon <45 volts and groundo
Galibration to a fraction of a percent was possible, but was found to be un=-
necessarily refined, since it was discovered during preliminary scattering
neasurenents that the calibration veried irregulardy over the course of time
by as much es 57& o Since the method of ocalibration ocutlined above, was toco
mﬁmbersome for frequent use, it wmes declded to use e monitor chamber and, in
addition, to calibrate the monitor counter with u standard condensor amd ballis-

10

tic gelvanometer. 'or the greater part of each run (angular distributions at a

firod onergy), the current integrator =ams ussd. Then for several angular sett

e+ HDBEPO DS ONEEONSOLPECO OOV AORO PSP TONROCIRTRETROOCOEIDPINEIODOCROIDPNOENIENGSTOEOSNCSEOOPYAEDNDO

Y JoMs Blalr ReSelo Ly, G4 1943
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ings of the rotsting counter, the Lgeds and Northrup l-microforad standard
oondenser vas oonnected to the collector cup, and the¢ charge, corresponding to
& given number of monitor counts (6L00), was measurcd. Preceding each such
measurement, the ballistic galveanomster was calibrated by charging the standard
soentensoi to an agourately meesured voltage and subsequently discharging it
through the galvanometer.

“lonitor counts were taken at each position of the roteting counter and
current integrator readings were taken excopt during the calibrations. It was,

)

therofore, possible to compare the number of monitor counts {per microcoulomb

gor mm of pressure) ovtained with the current integrator with the number of

monitor counts {per microcoulomb per mm of pressure) obtained with the condenser-

ballistic galvanometer, By averacing the former values a number was obtained
which agreed within several per cent with the latter wvalues but were consistent
iy lowero For the final caloulation of the number of scattered particles por
aicrocoviomb per mm of pressure, the current lntegrator and the condenserw
v2llistic ealvanometer results were averagedo This procedure vms adopted since
time did not permit a thorough investigation of either methodo It is felt
what the problem of current measurement is the greatest single source of eryvor
in the determination of the absolute cross ssctions. < reasonable estimate of
the proballe error in the current measurement is 2% o |
The number of scattered particles per microcoulomb per mm of pressurae
was determined by multiplying the ratio of detector counts to monitor counts by
whe value of monitor counts per microcoulomb per mm of pressure, obtained as
outlined in the preceding paragrapho Since the monitor was located at 15°, its
counting rate was very high and the aé;uracy in the rﬁtio of detector to monitar

counts was limited by the counting rate of the deteotor. As mentigiecsadoves

the runs were made st oconstant energy. The relative cross seotions at & parti-

cular epnerpgy are more accurste thanws

APPROVED FOR PUBLI C RELEASE
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the absolute valwes, since errors in the determination of the "microcoulomvs®
and the "mm of pressure” are eliminatedo

Gas System

The scattering chamber was filled with the scattering gas to a pressure
of approximately 1 om Hg through a paliladium spiral whioh was direotly heatedo
The pressure in the chamber was measured with a munometer of 2«-cmediameter gléss
tubing, attached directly to & he chambero The Apiozon B o0il used in the mancs
moter -.ws\outgassed by torehing during evacuation. A microscope with a micro-
meter sorew was mounted on & swinglng vertical bar so that, witb the aid of
fiducial marks, the levels of the oil in both arms of the manometer could be reéd
to an acouracy of 0ol mmo A8 the difference i;x 01l levels was usually 150 mm,
the pressure could be read to an accuracy of 0015 %o A thermometer wvas
placed on top of the scattering chamber to give the chanber temperatureo

A stainlessesteel liquidsair trap, g\ttached to the chamber, was cole
stantly in useo Because of rapid conduction "l;y the hydrogen scattering gas, the
level of the liguid air changed rapidly and had to be refilled every houro The
pressure in the chambor varied by several millimeters as the liguideair level
changed. Consequently, pressure readings were taken immediately preceding and
following each measuroment at a partisular angle and energy, and the pressure
(correoted for temperature to OOC) wae taken to correspond to the midetime of
each measuremento. Tthe estimated accurecy in the pressure values iz 0-5%. This
figure includes possible errors introduced by assuming that the oil density was
00864, whereas the actual density was fouwnd to vary from 0.853 at 2500 to 0,86,

at 1500

Tests were made to dete;mine the effgot of impurities. Since the

chamber was isolated for five or six hours during emch run, measurepensgeof -so o
[ [ 4 [ d (4 e
L] o (34 . [
scattering of the proton beam were made with the chamber evacuated &md.ieckated, oo
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with the liquid air trap in oporation. These measurements showed that impurie
ties tuilt up by gassing of tho chamber contributed a negligible amount Lo the
gas=rilled yields The palladium tube was tested for a possible contribution
during a simulated £illing, with negative results. Before changing from hydro-
gen to deuterium gas, and vice versa, the palladium tube and chamber were flushed
several times with the new gas before measurements were begun, The effectives
ness of this procedure was adequatcly checked by the absence of recoil deuterons
when hydrogen was substituted for deuteriume

Recording Apparatus

The present experiments were begum gsnortly after the completion of a
new 10=channel amplitude recorder designed by'M. §a.nds of the Electronics group
This instrument was available and proved to bhe a thoroughly reliable and extreme
ly useful recording device for our measursmentsa. IThe details of this multia-
cham:‘leled disoriminator will be described in detail in a fu;:uro public&tionio,
but in essence it consists of 10 discriminator and scaling unitss The diserimio
nators are successively blased b;r equal inorementss kaoh chunnel is connected
with its neighborg b.y. antigcoinoidence oircuits and an incoming pulse is regls-
tered in that channel which is in anti.coipcidence with the following channel
(except for the tenth ohamel which records 8]l pulses higher than its bias
settings) One, therefore, obtains a "differsntial bias curve" for the incoming
pulsese The width of the chapnels could be selected to be 2, 5§, or 10 volts, and
the minimum bias on the .set of channels gqould be variedo With these two adjuste
ments it was possiblq, in a simple mamief. to adjust the resolution of the instrue
ment to our partioular requirementso

The time-saving features of the 10-channel discriminator are immediately

[ ] *e® © 966 908 @O
obvious for the p~d scattering memsurements, sinse both scattered pf'o:t:ogg bnd ¢ o
10 Los Alamos Techmical Series, Vol 1, Part 1, Sec Lob Veo sae ocoe sse Soe oo
Lj’ [ X [XX] .o. :oo : :
[ 't
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reooil deuterons enter the detector at angles below 90°° The relative and
absolute pulse amplitudes of the two groups varies from a.n.gle to angle as will
be shown below (Figo 3)o The proper settings of the amplifier gain and charmel
position and width could be determined in & matter of minutes before actual
measurements were madeo Since the two groups could be adequately resolved at
most angles a higher accuracy is achieved by this method of recording ov&r a
single diseriminator for the same total number of countsg #mother simplificas -
tion vas introduced by obtaining the b.;ckground for eachlgroupo At low accelew
rating voltages, this background was mors or less randowly distributedo At
higher ensrgies (about 3 Mev), an appreciabl‘q Saokground, generated by protons
striking the collimatoer slits, was observed whiéh had a distribution whioch was
high in the lowor channels and rapidly decreased. Backgrounds were measured
after eaqch run' with the scattering chamber evacuated at the same angular, amplie
fler, and disoriminator settings which wsre'u;ed in the scattering measurements.

The linear amplifier;n used with the movable detector q.nd the moni-
tor counter had a rise time of Oo5 micropeconds and were stabilized by inverso
fesdbacke The lowefreguency response was limited to .anow quick recovery (withe
in several microseconds). Singe the monitor counter detected the two groups of
particles at constant amplitudés for a given energy setting, its pulses were
recorded with two "integral bies" disoriminators. Bias ourves were takenat each
ecnergy and the two groups.were.feound to have excellent plateauee The two diss
crimipators \.were then sat on the deuteron ,plateé.us. onae at the middle and the
other at a lower bias aske cheok for drift of the platezuo

Proton-Proton Scattering

In the notation of HKPP, the yleld of detected particles is givem by

L ] e * 00 o0
® o [ 3 [ [ [ 4
L [ 4 [ [ 3 [ d
. e =, ;.‘;—-.—--*:::.;.O
L

11 Los Alemos Technioal Series, Vol 1, Part 1, Sec 3.6
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Y =N no G/sine (1)

where N is the number of incident particles, n is the number of scattering pare
ticles per om3, and o is the scattering cross section (in laboratory coordinates)
psr unit solid angle at the engle & The factor 0/sins defines the target
volume and deteotor efficiecncye In view of the short time available for the
present experiment, it was conaidered advisable to oheck our exporimenta) arrane
gement and procedures by measuring protoneproton scattering for comparison with
the careful experiment of HKPP; By these mcasurements it was felt that systema-
tlc errors would be discovered quickly. Ono series of such measuremsnts were
made before the protonw.deuteron tests, and a scoond sot of data was taken after
completion of the latter measurasentse These results are summarized in Table Io
The incidenteproton energy was 2008 Meve ﬁbaauroments made at different preso

;
sures geve identical resulta for the yiéld por mmo Neasurements were also made
with angular seétings on both sides of the incident beam, but no systematic
differonce was observede The first set of date was taken using the current inte-
grator; The second set was teken using the condeanser=ballistic galvanometerw
monitor counter method of eurront measurement, in additioﬁ to the current intes
grator; the final resulis were svaluated as described in the section on "eurremt
messurements." For a direct comparison, with the data of HKPP, ouy ylelds wore
divided by 10630, which i8 the ratio of our value of G to the value of G given

by BKPPo
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TABLE I. (a)
angle 15 20 25 30 35 Lo s
Yield/pe/mm 5009 2.38 1081 ' 1023 0.887
Corrected : ‘ '
yield 3003 .42 1,08 00732 0,528

HKPP ykeld 2691 1.405 1.039 00743 00525
Percentage .

difference * 14?1 *1lol 7309 ‘ aloly +0s5

(v)
Angle 15 20 25 30 - 35 Lo Ls
Yield/uC/mn Le90 2032 1076 1ok6 1022 1,009 0,880
Corrected |
yiold 2,92 1,38 105 0,866 0:725 0,600 0o.524

HKPP yield 2:91 10405 1,079 00855 QaTh3 0o60L 0.525
Psrcentage .

difference *005 ~1.8 +1.0 4103 -20}4. o067 o002

Comparison of protomeproton scattering yields at 2,08 Mev with the

yields obtained by HKPPe The upper set (&) was measured before the

proton.denteron expefimenf,s, the lower sot (b} after the completion of

the lattef mgasux;ementso‘ ’

In Table Io the first ‘row gives the angular setting (laboratory coore
dinates) ; the seo;n,xi row is the yield per microcoulomb per mm of pressure at 0°.
Row three shows the' yields corrected by the fagtor 1.680, whils the fourth row
gives the data codtained by BKP?. The last row indicates the percentage differenves.
The improvement in our measurements on ﬁaing the monitor counter and balddiatic gale.

vanometer method of current 'calibra{q#.on is apparent from the seoond A &;:;9.5195:.

“e0 @ ¢ o
e o e o o @
N ) @ [ [T X
e & a0 o » e o o
e o e o o e o o
ee o080 o o L] (1]
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Table Io From the estimates given above for the acouracy in the determination of

N, n, and G, one obtains a probable error of 2.2 % in the determination of MnGo

The number of counts taken at each setting in the second experiment was in the neighs

borhoad of 8000 leading to a tota) probable error in the yield of 2.5 %o The
agreement between those ‘bwo'independont msasurements of the proton-proton scatters
ing is very satisfactorye.

Data was token at angles beoyord 45% (up to 70° ) and was found to agree
well with the measuroments below L5 , indicating that our instrumentation would
be satisfactory for the larger angular range covered in the protonedeuteron
scattering. s

Proton-Deuteron Scattering

In the measurefnent of proton-deuteron scattering, scattered protons and
recoil deuterons enter the detecting counter. It is necessary to separate the two
groups in order to determine the angular oross sections. As mentioned above, this
separation vas accomplishcd by means of a 10=channel emplitude recordero Typical
results obtained with this device are shown in Fige 3o The bracketed numbsrs
reprosent the amplifier gain, higher numbers re.{‘err;ing to higher gain settingso
Beering these numbers in mind, we pan see the genu;a.l trend of the amplitudes of

the two groupso The counter depth-is emall compared with the particle renge at

low angles so that at 15°, the deuteron puise is roughly twice as large as the pro-

ton pulseo The deuteren energy falls off rolatively more rapidly with angle than
the proton energy, so that both groups increase in ampli'l;ude, the deuteron group
inoreasing more rapldly. A maximt‘;zm separation in the groups ocaurs at about 5500
Beyend this point the proton pulsqs ogntinuo to inorease, but the deuteron pulses
tegin to decrease as the residual ‘deui;eron range (beoyond the counter window)

besomes smaller than the counter depthe A4t about 709 the proton andsdesgscyonese see

groups overlapo with the latter disappesaring rapicdly beyond this &néiOM:'TiZ@ <

APPROVED FOR PUBLI C RELEASE



APPROVED FOR PUBLI C RELEASE

=19=

proten pulsss continue to increase in amplitude ‘ﬁo 1130 beyond which they decreasec
An additional point of interest is the counts observed inm channel 6 at 5509 These
correspond to protons scattered from hydrogen contamination in the deuterium gese
(The apparent narrowness of the déuter.'(.wa group at 55° is fiotitious, eince chanmel
10 actually records all smplitudes greater than those which would frll in ohane
nel 9s) h&sa-spectro.graphio annlysis* of the deuterium gas gave a composition of
9941% deuterium and 0.9 hydrogen.

If £ 1is the angle of scattering of the proton in center of mass coore
dinates, and é and & are the corresponding angles in the laboratory system of

the scattered proton end recoll deuteron, one obtains the following relationships:

e = V2o ﬁ/? (2
and

sin (£ - B = (1/2) sin g (3)

To convert the laboratory angular eross sections obtained from the

yields by eguation (1), to angular oross sections in the center of mass system, one

has
s(p) sinfp ap = o(f) e g af
Combining this equation with equation (3) one finds
a(g) = of# ocos (8- F) [sind / (snpy °
Stace o( £ ) 1s given by equation (1), ome obtains
o(B) = (1/m0) Y (£) F(f) (L)
whers
P(4) =[(sin3 8 / (sina/d‘):l oos (pof) B
Similerly, from the douteroa yields,
o {B) = (/M) Y(e) F () ﬂﬁﬁ
¥inalysic was made at Che Weballuwrgical Laboratory id Bl .

Chi (X ] ace L]
cagos APPROVED FCR PUBLI C RELEASE .
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where

F (e) =z (0/}y) tan e n

The conversion factors F(#) and F(e) were evaluated from these equations
and are listed in Tavle II. These results were used to convert the measured yields
Yo cross sections per unit s0lid angle in the center of mass systeme The value of

wl o
{NnG) = for 1 microcovlomb and 1 mm of oil pressure is 0.742x10 2L, ome o

TABLE II

g 15 20 2745 38 L5 55  €2.5 85 95
ﬁ 22.5 2909 20.9 5509 6307 73.2 83.8 11)409 12)409
#(#) 051180 0.1592 002240 043235 00393 00520 0.626 1,041  1.273
A 113 126 150
P Vs I 11969 16405
F(ff) 1.704 1,918 10691
e 15 20 2745 38 Ls 55 625
A 150 1Lo 125 1oL 90 70 55 ‘
F(8) 000670 0.0910 001302 001953 002500 003570 0.4803 .

'3 Conversion factors for determining of absolute crass per unit solid angle

in the aenter of mass system from the observed ylelds of protons end
deuterons. The angles # and ¢ are the laboratory angles for the protons

and deuterons, the values of & are tho corresponding center of mass apgleso

Results

. A series of runs were made to scan the energy interval 0.8 to 3.5 Hev to

Q0 oo

see 1if any pronounced dependence on energy was to be observed. The déébﬁ&én&e o 3
[ ] (1) [ d
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ansrgy ;.ppears to be gradual, so that final results were obtained at intervals of
mpproximately S00Kve These results are summarized in Table III. The yields have
baen corrected. for background and for hydrogen contamination. The latbter correction
+a5 made for all deuteron angles and for proton angles greater than Ssoe At lower
~ugies, tne protons-ecatiered by hydrogen and deutorium were indistinguishableo
No correction was made at these angles, but since the ssatioering by the two nuclei
is of the same order of marnitude, the neglection introduces trivial error. o
zeometrical corrections have been applied to the orcss sections; such corrections
+:suld increase the value at 15°2 (for the protons) a few per cent, but would Le
negligible at higher angles. The energy values are believed to be correct to
£ 30 Fev relative to the value of 1,860 Mev for the threshold of the Li(p,n) re=
action which was used to calibrate tho energy. scale. ' The entrance foil was teaken
to be 80 Kev equivalent at 2.1 Mev, since the rate of deposition of carbon om this
t9il was unknowno <The estimated acouracy of 2 30 Kev also inecludes the uncertainty
ig the linearity of the electrostatis analyzes. Counts of 2500 or more were taken at
each setting so that the statistical weight of the yields is 2% or better, leading te
» probable error of the order of 3% when the uncertainty in the determinmation of NnG
is includedo. The last run at 3.49 Mev is considerably less accurate as a result of
generator difficulties and the failure to take a background run at thie energye. The
background was fairly high and an estimate of it was ma'de for this set of datao
However, it is felt that the accuracy of this rum is probably not greater than 10% -
The date takon at 1051, 2,08, 2.53, 3.00, and 3.49 Mev are shown in Fig. L, where
o) is plotted against Eo The excellent agreement between the cross sections
obtained independently from the deuteron and proton yields may be notedo

The presence of nuclear scattering is quite apparent from these curveso
At angles beyond Is? it represents the major fraction of the scatteri.ng, Frngs agct?nn:.

The increase of cross sectlon at large angles and the shifting of the jpigfmdy show,, &,

that higher order vwaves than the spherically symmetrical Sﬁve must i"c €T plinioo,
APPROVED FCR PUBLI C RELEASE t B



Proton 15 20
Mgl.?
Deuteron
Angle £
Bonter of 225 1299
Tpes
i‘ld 3.0 9.2
@—(p ) 2,98 |1.09
old 11,18 [3.73 |
(p) 0.98010.411
T
Teld 6.08 '2,67
Z2(p) 0.533!0.315
Re1d 09T 2,28
;g'( g) 0.436 0.270
old 3.92 2.05
( ﬁ) 0.344 0,242
‘ rr:ma 38 1495
va(B) 0.304, 0,229
[ ausst
=
P
ead - *
ae: ~
A%k

>
(W
WD
—
-1
—
et
‘G

275 ’ 38 LS
{6245
i
i
0.9 "55 5549 165.7
|
2, | (
o-‘b” ; !
1.55 10,765 10,576
0,258 0.18, ;0.170
1.29 0.487 0.738 :0.527
{0,204 ,io.m 0.177 [0.156
1.30 0,503 0.736 |0.53
0.216 0,179 0.177 ,0.158
‘ .
~ J
1.2k O.47h 0.688 |0.492
0.207 10,169 ‘0,166 10,145
l
1.20  0.40L 0,679 0,480
0.198 0.1k 0.163 0.1kl
Table III.

experiments,

»

55

. 0,58,
10,154

0,548 |
0.145

0.537

0.142 0.127 ' 0,113

0.517 ' 0.316  0.230
0.137 0.122 0,107

0.47% 0.272 0.173

55

0.387
0.149

0.340
0.131

0.330 |

|

62.5
!as
{
i
8s8.8 90
|
0,784
0145
\\
0.258 0,632
0.120 ‘0.117
0.242 0,588
0.109
0.540
0,100
0499

0.125 0.10h 0.0802 0.0922

_TARLE TIT

0.228
0.176

0.180
0.139

'0.830
0,120

0,724
0.105

0.149
0.116

0.603 0.125
0.0878 0.0968

0.528 0.128
0.0764 0.0975

Summary of proton-deuteron scattering
The yleld is the number of

scattered protons or recoil deuterons per
microampere of incident protens per milli-

meter of oil pressure.

The cross section

per unit solid angle in center of mass
co'rdi.mtoaa'('d) is given in units of

10-24 oa?,

95

04226 | 2.32
0,214 | 0,22,
0.179
00169

0.150
0.142

0.125 '1.26

0.118 '0.122 '0. ms'o

4
0.117 1.03

13015

L0

3.69
0.247

4e37
0,29

3.69
0,247

0,213

2,73

i

140.4

0.227
0.286

0.194
0025

0.171
.27

11.8
187

P

126

149.9

0.225
0.320

0.175
0.251

15

150

5426
0.261

5.06

I‘ 0.251

o ;
24 0,126 0.151 ‘4.58

0.110 0,0986 0.165 0.160 0.215 0,227

\
t
b

150

1645

Energy (Mev)

j 0.825
‘lrn
2,08
:2.53
3.00

3.9
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Y
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The ratios of~tie observed cross sections to Rutherford cross sections are
given in Table IV for several angles. # detailed theoretical examination of

the results of the

TABLE IV SCATTERING ANGLE /2

\
45 <) 90 120 150
1561 3,68 B.05 2803 87,0 22],
208 T 6enly  15.2 L5.8 128 277
2:5% Go76 22,9 6Us1 158 5ely
go 13,1 305 7903 186 670
L9 166 %7.0 _ 8946 Z15 798

Energy in lov

Ratic of observed socattering cross soctions to

Rutherford oross seotions for various energies

and angless
present experiment have been made by Dro ©. L. Gritohfieldé his analysis will
be published in a separate papero |

As was mentioned in the introduction to this paper, Tuve, Heydenburg,
and HA£atad obtained very anomalous results in the proton-deutron scattering at
830 kv which subsequent theoretical work by Rrimakoff(a) and rohai(i)attempted
to explain. *he present date do not agree with these previous results. In
Table V our measSurements expressed as "ratio to Butherford" may be compared
with the earlier work. The theoretical values of R calculated by Primakoff
are in fair egreement with the present meamsurements s.t the larger angles, but
glve too high values at low angles.

In conclusion we take pleasure in acknowledging the helpful suggestions
and interest of Drs. Ao O» Hamson, Yo Lo #cKibben, Co Mo Turner end JoHo Williams.
This exporiment could not have been completed within the short time available
without the generous assistance of Dro A. Hemmindinger and Messrso E. Klema,

Ro Perry ;nd LoWo Svagondollar in taking date and operating the electrostatie

generator. We are indebted to Mr. E. Wo Dexter of the ®lectrorica gﬁoup for

ais assistance in periodically ohecking the operation of the 10-chanrnel disoriminif
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< .
\ho
ot v W\
22.5° 29:9°  Wo.9°  125°  140° 150"
2.98 1.09 0.1439 0.210  0.247 0,261
0.997 112 1052 300 156 5301
(a) Results of present experiment at 825 Kev

© ° o o o o
320 L5 59 110 120 150
2 5 8 70 12l 2275
2 L 7 35 Lo é1

(b) Results obtained by Tuve et al (tabulated by Primakoff)
at 830 Kevo

Proton-deuteron scattering results at 825 Kevo

The ratio of observed

cross section to Rutherford cross section is given in rows labelled Ro
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