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EXPERIMENTS ON SCATTERING OF 190 MEV DEUTERONS BY PROTONS

ey ﬁbgtrgct
The total cross section for»Scéttering_of 190 Mev deuberons on)
' protons and the differential cross section for certain types of inelas-
© tic deuteron=proton scattering; were measured in the external déuteron '
*beam-of'the’Bérkeley synchrocyclotron. The total cross section was
~“:determined by measuring the‘differentialvcross section for scattering
"of.charged particleSnfrom & hydrogen targét; sincelany_suchvcollision,.
- ‘elastic or inelastic, will scatter two Ehgrged pérticiés the integral
"of’this cross section over all solid angles gives twice the total cross

section desired, The cross section obtained in this way is 92 £ 7 x 1027

éﬁz, with Rutherford scattering excluded, Cross sectioné for inelastic
- 'scatbtering in which both protons suffer large changes of momentum‘héve
been. examined by measuring coincidences between scatteredAprotons; it
is found that theé protons are scattered néarly 90°_apart in the labora-
. tory system, with a narrow distribution in angle owing to the internal
momentum of the. deuteron. The différential'cross sections for this .
process-are summarized in Téble II. Comparison of the experimentalv

results is made with'theoryo



II, Introduction
v ) » ) . . ) . 1’2 .
Recent experiments in the high energy scattering of protons and

néut:onss

~

§ﬁow éndmalies.in_the cross_éectionsﬁwh;ch_to.daté have not

‘been satisfactorily explained by theory. In particulér, it is not yet
., clear whether the difference between the nép-apd the p-p differential

. eross sections gt,energieS'df about.loo Mev anﬁxgreater-can be explained
~entirely in ten@s of the. Pauli principle; assuming charge—indepeﬁdent
forcesﬁ-cr-whether there is alsoia chargeadepéndent effects To the end
of'providing-more~information on. this point, and pafticularlyvof deter-
‘mining indirectly the.ngutronaneu#ron interaction, a seriés‘of-experiments
has beenﬁinstituted tq:détermine the.interactio; of neutrons and»protons
with deuteronso4’5f6
The experiments to be described herein are part,of,this-series and
,were designed to glve the total cross section for scattering of 190 Mbv
deuterons on protons, and some information on.the dlfferentlal 1nelast10
’scatterlngvcross sgctions.of”these,particlesq The experiments,_performed‘
in the extermal deutefon_beam of the 184-inch BerkeleyAcyclotron, meas=
ured the total oross section by a direct charged perticle count at vari-
ous directions from a target in the beam. Infbfmatipn on certain phases
of inelastic scattering ﬁas obtained'by meaéuring coincidences between..
the two protons scattered in é'collision when both protons, but not
necessarily the neutron, suffered large changes in momentum. Such col--
lisions will be called p=p type inelastic collisions; it is beiigved that
conclusions drawn from p=p type collisions will also have some validity
for n=-p type-collisions, , .

The principal conclusions are contained in Sections V and VII.



III, The Experimental Apparatus

A. ‘Description of the Experimental Method

In these experiments we detected'pafticles scattered from a tafget,

: plac§ﬁ in the deuterép beam of the cyclotron, with counters. To obtain

the total cross section a count of all scattered charged‘partiéleé was

" desired. .It'so happens, in a(coliision of a deuteron with a proton; thé£
two and onlyvtwo‘éharged particles afé’scattefed from the collision, whether
or not‘ﬁhe'déutqron is broken up by thejcollisiqnai (The heutfon reléased'v
in an inelastic collision goes practically uﬁdetéetgao) Thué?uif the dif-
ferential cross.section is measured for chapgéd particies scaftered'from a
hydrogen‘farget at various angles from the beam, the integral of the cross

' section over all solid angles will be exactly £Wice the total cross section
for d=p scattering. Thié method of dbtaining the total cross section hay
‘not be valid for nucléi other then deuterons and protons;

. To determine the differential cross section do/d Q. for charged par=-
“ticles at an’'angle év we have a single couﬁfer defining a solid angle AL
at § o We are interested in knowing;at what values ofié_we can find scat-
tered particles. Theoretically, Qlasticaliy séattered“protons can be found
for 0°< ¢ < 90°, and deuterons for 0°< @_ <30°, 1Inelastic particles are
expected from 0° to about 80°, with a slight probabiiity of being found to

90%, This theoretical distribution includes a small fractioﬁ of particles
without énoﬁgh energy to register in the detecting counter. It can be shown
from energy and momentum conservation laws that, for deuterons incident on
protons, two perticles scattered‘from the seme collisipn can never have an
angle.bétWeen fhem greater than 90°, and it follows as a corollary that no
particle can be scattered at an angle greater than 906 from the beam. '

. The pmp't&pe of collision was studied by looking for éoincidences

between the two protons. At deuteron energies of 190 Mev the de Broglie
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waveleﬁgth of the nucleons ié small compared to‘the_mpgn_distance'between
particles in the deuteron, and we_therefqr; exéect that an inélastic col=-
lision will involve an interaé?ion betwegn only two particles; the third
particle will continue in its trajectory littlé_affected_by_the cqilisiono
For this reason the protons scgttered?in‘a p-p type collision will diverge
at-neérly right angles to each_o?her in_the laboratory system, where one
'protop ié initially at rest. The scattering will not have exactly the
.Same kineﬁaticé as expected in free:pfp scatterigg, but will differ by a
gmall amount owing to the intgrnal momentum;énd_binding energy of the
deuteron, In particular, if one proton is scattered at an angle Q to the
beam, then the other‘protgn wili not be_found gt a gnique.angie, C), but
' may be found over a small'pange of angles (? 3 furthermore, this‘pyoton
" may not bé in the plang‘containing the'bgam and the other proton. The
‘kinematics is discussed:in detaii»in Section VI; here Qe sUmmariée it in
Fige 1, which shows the beam ah%vone GOunter at angle 59 which is consid-
ered a pointo The distribution in'd%yection of thé.other proton is shown
-as a contour d%?gram on a sphere whosevgenter is at the térgeto, Points
on a given'con£our 1ine fepresent directions of equal probability (found
éxperimentallyuas directions of equgl coincideqce counting rate}. ‘The
contours a;é much wider vertically than horizontally and are syﬁmetfic
about the plane‘contaiping the beam; the,mgzimum counting rate. is atvthé
center, _

The differential crosé sedtion, dq/ajl., for papktype scaftering will
be taken as the cross section,'per unit solid éngle, for scatteting of one
proton at an angle @ 1rrespect1ve of the exact direction of the other pro-

ton, - This means that the scattering at angles @ and(:) must be’ 1ntegrated"

over all angles @ for which the scattering is p-p type. The directions
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~ of the charged particles in n-p typepand“élastic ;catteriﬁg_are such that,
~in the majority of'cgséss'there is no chance of mistaking collisions of
‘ these types with p-p type scattering, )
We shall call fhe,counter at angle @, which defines the solid angle, A€,
- used in calculating dd/ﬁjﬁ_s the—“défiﬁing counter," The *hon-defining
countér@ ét-angle C) is moved about to give the coincidence counting rate as
& function offposition\while the defining counter is held fixed,

The counters were stilbene crystals of various sizes9 but usually of
_ the order of 3 x 5 cm® in area.and 1 cmithicko The hydrogenftarget was
,répresented as the difference between a poiyethylene target and a carbon
target, - The coumters were usually from 50 to 100 centimeters from the

target.

B. Electronics

A block diagram of the electroh@c arrangement is shown in Figo 2,
.The two crystéls are used in conjunétiop‘with 1pP21 éhotomultipliers end
.distributed preamplifiers.. The pulses are then amplified in distributed
gmpiifiers and shaped_by(fasf discriminators; the mixéf circuit suppLies
coincidencé and single counting réte pulses which are fed to conventional
scalers. The single counting rate outputs are gated by a variable gate
‘circuite driven by a pulse circuit normally used to trigger the electriec
deflector of the cyalotfong Since the electric deflector is not used in

‘these experiments the pulse circuit is available for this purpose and is

. so synchroniged that the gate is opened about 100 psec. before a burst of

particles and remains open until about 100 pséco after the burst. The fast
pulse shapers are univibrators (Fig. 3)3; the coincidence circuit is dis=-

' 7,8
tributed, °
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The beam is monitored by an ionization chember placed in the path of
‘the beem and behind the‘rest of the appgré’cuso The chambér is filled with
argon at a pressuré slightly abore atmosphéric and has a collection diétance
- between plates of twﬁ ineheso: The collecting field was 1000 volts per inch.
The multiplication factor (ratio of positive charges produced in the chamber
%o incident particles) hasvﬁéen determined by Chamberlain, Segrs, and
Wiegandl by'ealibratiﬁg against a Faraday cup beém collector'bﬁilt by Dre
Ve Z; Peterson. The multiplication factor for 190 Mev deuterons is theg_
obtained from the proton mﬁltiplieétion‘factor using the :gfios of‘stopping“
pdwéré of argén”for‘the t&o particleé&gr”The;ionization ghémber was used to
charge & condenser whose foltage was meésﬁred by an electrometer circuito

" The chamber and electrometer thus function as a beem intégratoro

Co Other Details
1o The cdiiimaﬁ@r
The collimator was & brass cylindgf‘with internal diameter i/? inch
~ for the first 55.inehés and 5/@ inch for aﬁ aadiﬁional 15 inches. A photo=
- graph of the beam taken just behind the collimator showed the beam sur-
" rounded by a weak "halo® of particles'scaﬁteréd near the end of the 1/?
inch section but'not caught in the 5/@ inch section. The collimator was
adjustablea end care was teken to be sure it was acourately’paraliel to
the beam, The reletive intensity of particles in the haloc and in the beam
hgé been determined by measuring film blaokéniﬁgs with a microphotometer;
thése measurements showed that not more than 0.1 percent of the particles
are in the haloo |

20 Aligning the scatteringvﬁpparatusrwith the beam

The scattering apparatus was aligned tc the beam by means of a move=

able platform operated by remote control. Ionization chambers with split
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electrodes .in which the upper and lower (or right and left) halves were
cf'opposite polarity;were used to monitof this operation. wThe electho~
‘ meteffcirculte'measured current differences between the two halves end
. correct -alignment was indicated by?zero‘currenta The alignment was then
~ checked by photographs of the beem atlthe froht and rear of the scattering
-épparatuso : |

3o Scatfering apparatus calibrations

.The angles @ and’(@ + () were marked in inscribed scales on the scat-
tering apparetus itSelfa 1These scales have been checked by different ob=
servers at different timee.and'are belie?ed to be quite correcto Measure=
ments of distances were usually made during an experiment by means of'metef
sflcke; | |

4, Targets

The targets contalnlng.hydroéen &ehe eheets of commerclal polyethylene
(CH ) and will be referred to hereafter as CHp targetso The carbon targets
_‘were graphlte sheets machlned to a thlckness such that they had the same
“stopplng powers as the CHz targets they were to match° Den31t1es were |
'determlned after machlnlng and cutting by measuring and weighing each tarn
geto : , : ,

.l 50. Cyclotron cperatich.
- The experimenﬁ_uﬁilized the external ecetﬁered deuteron beehyof the

‘184ulnch Berkeley cyclotrono.‘The scattered beam Was chosenhin preferehce
to the electrlcally deflected beam becauee it prodcces beanm pulses from
| 50 to lOO mlcroseconds long, as opposed to the electrlcally deflected pulses
which are less than 10 7_seconds long. The longer beam pulse is essential~
in crdef that the true coincidences be observable above a background of

accidental coincidences. The duty cycle (fraotion of the time the
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cyclotron is actually phtting‘out beem) varied from day to day, and, aev
the carbon subtraction;depends_on‘the duty.cycle,.it wes necessary to cal-
culate the carbon subtraetion_separately for each run. The cyclotren oper
ating crew was under instruction to do hothing that’would change the duty
cycle during the day.

The energy of the beem has been investigated by ebtaining a Bragg curve
of the deuterons stopped by aluminum absorbers, acco;ding to a ﬁethod described
by Bakkerjand,SegreolO From these measurements the beam is believed te be |

nearly monoenergetic and to have a mean energy of 192 Mev.*

Do Tests‘

The feliowing tests were mede to insure that the scettering apparatus
was measuring the desired effects |

l. ’The;coincideece count per'beam integretor unit for either elastic
or inelastic seattering was ﬁeasured as a function of the high voltage on
oﬁe ef the-photomultiblierso The-e;pected curve should have‘a platéau cor=
.reépending to conditions in which ail heavyvparticles and a minimum of noise
puises afe counted, A typlcal experimental curve is ehown in Flgoléo The
voltage plateau is determined for esach crystal 1ndependent1yo )

2, In the case of d=p elastic scatterlng, toincidence counts from
a hydrogen target can be expected only in the plane contalnlng the beam and
'at certaln deflnlte angles and() at sllghtly dlfferent positions one can
expect a reduced effect which should go to zero when no part of either crys—

tal is 1n-the correet pos:Ltlon° The curves obtalned by varylng the helght

of the scattering apparatus and by varying the angle of one crystal are -

f This point is discussed more fully in reference 6, which considers the
"~ same energy measurements employed for this experiment. '
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. shown in Figs, S andbs‘respectivelyo Thesercurvesiconvince_us that'tﬁe
effect we are looking at is.aétually pfbduced by a medhanigm which ope-
rates according to the kinematics expeetéd of d=p scattering. The varia-
tion of coincideﬁce-counting rate with position in the case of p-p type
scattering is similarly‘in accord with kinematic predictions (Figs. 7 and
10}, | |

E. Order of Bvents in Typical Run

1o¥ The scattering apparatus end electronics were set up. The elec~
tronics were tested and the scaler discriminators set. The scattering
appératué was moved into rough alignment with the beam.

| 2, The cyclotron crew adjusted the cyclotron for optimum §perationo

Photographs of the Beam as it leaves the collimator were taken and used
in.adjusting the collimator, |

3. The scattering apparatus was aligned with the beam with the
aid of the split ionization chambers and pHotographso

4, The crystals were set at angies where previous experiencé had
shown that a coincidence‘effect was easy to obtain. (For example, |
@ = 45°9 §+® 3'860;) Photomultiplier voltage plateaus were then
taken. | |

5, For inelastic scatfering i% waé_necessary to'kﬁow thé effective

resolving time of the scalers and coincidence circuit. This was deter-

mined by using a carbon target and'determining the counts per beam integ-
rator unit as aAfunétion of beem intensityo This procedure is discussed
more fully in Section IV,

‘6; 'Thefexperimenﬁal data were then obtained° Cﬁg end carbon tgrgets
were usually alternaéed in approximately five-minute intervals to mini-

mize the effect of beam strength variations. The actual length of each



"run® was determined by the coincidence rate and the statistical accuracy

_ desifedo



=13=

TV, Analysis of Data

Ao p-p Type Collisions

1o Corrections -and uncertainties in the date

pThe counting rates of,thejindividual counters are_needea in the carbon
fsubtractionrcalculation and may have to_be cerrected for the-dead~time of
the-scalefs}"If‘a:scaler;.counting a_completely'random'eourcesihés a dead
- -time § 5'theh the ratio of the observed counting rate to the true counting -

L4
rate is given by

Cobs. - ‘ :
= exp (Cypye b ) L (1)

Ctrue

»TojaefermEne t for a scaler the logarlthm of the counts per 1ntegrator
'unlt In Cobs /T , is plotted as ordlnate with the beam strength I (in
:terms of 1ntegrator unlts per second) as abscissa (Fige 8) The p01nts

N 11e oﬁ a q‘cr’alght llne whlch can be extrapolated to the 11m1t of zero- beam

#‘strength to glve Ctrue/i o From (1) we have

*n(ctrue/&) = 1n(cobs/i)

I <‘cfcrae/1> )

_Thls value of t is essentlally the true dead tlme d1v1ded by the effectlve
| duty cycle of tﬁe cyclotrono A chart giving the true countlng rate as a -
‘functlon of both C obs and t has been used to get Ctrue‘ It has‘been found
[that 31ngle oountlng rates of 150 per.second requlre about iO percent cor-
f'rectlon and experlmeptal resultsvare most cons1stent and reliable when the
eountlng rate is kept below this valueo |

.The actual dead time of the scalers for completely random pulses is
about 005 micrcseeondsa vThe deaduﬁime-of the fast pulse‘shapers preceding’
the coincidence circuits isgaboﬁt_OolS;mierosecondsa_ At the'counting fates

employed no correction need bé made for loss of coincidence counts caused by
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loss of counts in the fast pulse shapers.

The primary source of uncertainty in the original data is in the stat-
istical character of the counting.rateso ConSiderationS‘of the amognt of
time available for use of the cycldtfon permit us to get accuracies in the
coincidence rates not better than 5 percent and usually between 5 percent and

- 10 percents. Uncertainties in beam ihtegratidn, angle and distance measuré-
ments, target densify and other fixed factors are of the order of‘5~percen£
or less, and may be néglectgd for the time beinge

2., The carfoﬁxsubtraétion

_ When the CH, target is used we may get coincidences from any one of
three causess (1) true coincidecnes from the hydrogen, which constifute.the
'.effecfvwe are trying to.méasure, (2)_tfue coincidences from‘scattering in
the carbéﬁ, which,talthough usuﬁlly small in number must be aééounted for,
énd'(s) accidental coincidenceso When a carbbﬁ target is used we get coin-
cidences from only (2) and (S); we thereforé wish to obtain the hydrogen
efféct H, by subtraéting the carﬁon coinéiaenpes frgm the CHs coincidences
in some suitable fashi;)nn To soive,for H we have the following known
quantitiess m and n, the coincidence-rates.fof C and Cﬁz réspectively,
~u1 ,, ué 5> V1o Voo the .singie countin'g_ ‘ra{:es for the two crystals for C and
CHé féspectively9 ana 77., the effecfive résolvihé timé of the coincidence
/ciréﬁits such that the accidentél cdincidence rate is given by the usual
;forﬁula Zuluzijo Theidata aré taken.in;tgfms of counts per integrator unit
.for C and CH29 say M and N respectively; we want a subtraction‘factor z
such that |
Ho= Nead . S ()

The formula, derived in the appendix, is

2T\ /vyvo
LTS I o

"
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where A is the ratio of carbon density in CH, targef'to carbon density
~in C target (approximately 0.7} and R is the fatio

1ntegrator=un1ts per seconds for CH,
1ntegrator=un1%s per second for C

Thé resolving time T is detenmlned in the f0110W1ng ways the c01ncldence
eounts per 1ntegrator unit for carbon, M, (-m/&c) is plotted as a function
'of beam inten31ty9 Ic;(Flgo 9). The plot should be a straight 11ne whose
extrapolated value at zero beém inﬁensity shquld give the true carbon coin-
cidences Mjo The difference (M = Mo) at a given value of I is brodgced by

accidentéls, so that (M - Mb)ic = ZquZFU or
T = m-u)1, /2uuy, o B (5)

ﬁhefeluls Us 5 M are:at thé ﬁalue Ico

| The carbon éubtraction taken-in this way allows the value of 'z . to
" be caloulabed individually for oach pair of CHé - ¢ data. IfM, N, and T
havé statistical uncertai'nties‘ AM, AKX, and AT » then the uncertainty

in H is given by

\/ ( AM)Z + (aany? + (AT)? 21, {vlvz - Au1u2}> .

R

Sinecé the correction term (the last term under the radical} is usually
smaller then the others the uncertainty in H is-approximatély

\ 2
,.-\/(AM)Z + (AAT)

An slternative way of determining z, when single counting’rates are

not available, is to plot both M and N as a function of beam intensity.
. The ratio of.the‘slopes of the M and N lines is then z, since N = zi
~must be independent of beam intensity. The uncertainties in H are usually

in this case larger than with the previous type of carbon subtraction.
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3o The cross seetien calculation

We wish to calculate the differential °ross secﬁion in the laboratory
system of coordlnatess de/&jl, for all partlcles 'scattered in p=p type col=
lisions for whlch one partlcle is scattered 1nto ‘the angle éo Let us first
f assume that we know the total counts per 1ntegrator unlt, H* for particles

L4

" scattered in this wayo' Then

dr 78* | |
R a0l BNTEAQ) . (6)
d DNT(A ) _

" Where D is the number of incident deuterons per integrator wnit, N is
Avogadro’s number, T the effective densiﬁy:multipyied by the thickness of
the'CH2 target, corrected if necessary in cases where the target is not
- perpendicular to the beam, and (AS) is the solid angle subtended by the
defining crystal. The factor 7 comes from the fact that 1/7 of the weight of
the CHZ target is hydrogeno If the 1ntegrator unit is 1 volt on the integ-
rating oondensersvthen | |

e D - C/Meh | S (7}
where C is the capacity, M the multiplication factor, of the chember, and

€ is the chafge of the deuteron. M has been determined eXperimentallyﬁ

for a given deheity of argon»in the chamber; it is corrected for the kﬁown
density, .- . . - .

We now have to consider the method for obtaining H*. As has been
indicated earliern»the counterparts of the particles entering the defining,
crystal go into an elliptically shaped zcne at approximately'§O° to the de=
fining epgleg and the minor axis of the ellipse is in the plene of scattering,
Earlyvexperiments having confirmed the narrowness of the ellipse, the entire

ellipse. was then covered in several vertical steps, each of which was wide

enough to cover the whole horizontal width of the ellipse. Fige. 10 is a
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typical curve showing the effect, perv;nﬁegrator unit, as a fpnctioﬁ of
.the height'of the non=defining dryétai,whbsemvgrticél wiath ié h;é 'iny
the upper half of the ellipse daﬁ be‘cqvered,vfor méchanicgl reasons% a

little bit of the lower half can be studied to check symmetry. Thé:total

.area under the curve is therefore ijﬁdh and the total counts uﬁder the

ellipse 2;/%dh/hoo The integration méy be done by trapezoidal rule or
similar method; the statistical accuracies invo}ved do not require more re-
fined methods, o o

If the ratio of H® to the H at zero heighé,.(H*/Hp)Q is known at a
given angle, Qg say, it is given at éther éhgles by the relation

(E* Hp)§ = (H*/Hp)§i sin @l/éin'§ ' . (8)

This relation can be derived from Eg. (27}). With its aid @ cross section
. can be obtained for'angles wheére a verticél distfibuﬁion curve was not
obtained experimentally, |
Sample calculation,
- (a) Calculation of a value of H from r;w data. The'following data
was téken for § = 45°, ® = 41°, h;=l0 . | |

cerystals at angle @s area = 22,63 cm® .
' distance from target = 95 cm

crystals at angle~(): area = 36 cm?
C neight hy = 1.73 inches
. » distence from target = 50 cm
» - horizontal angular width about 10°

. . - 2
T ts ( s % s 0o2 , _ _
argetss 032  hickness 3 0,283 grams/cm perpendicular
C:; thickness = 0,338 grams/@mz to beam

‘Integrating condensers 00102 microfarads

Multiplicétion factor _
: ~of chembers 1806

qj = 105 x 10”2 seconds. .
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_Raw datas o | S

T Time — - , ( Integrator units -
‘Target  seconds __§_f__1932%f§922$§;;£;:_. ‘ volts .

om, 264 3231 .i8702.' ioo' | 20

¢ 142 ;igsg 8144 9 Lo

none 63 302 1343 2 - 005

At these counting rates no single count corrections are necessary.

Carbon subtraction calculation.

§

A = 0,722, 2T = 3,0 x 10°°,.R.= 1,08, m = 9/142 = 0,0634.

u = 10.1, vy = 12,2, uy = 57,3, V.= 7048

1

2 ! B
2 =4 + 28 (M2 | Auyu,) = 0,722 + 0,167 = 0,889
m R N o 4

- Thus we teke H = (50'% 5) = (8 %2) = (42 £5) .

(b) Calcuiationvof‘dc/aSlo Let us take the curve drewn in Fig 10,
as the curve to be integrated, _?or ho = i°73 inches H*v? 132, Iﬁen
D= CAME = (1,02 x 1077)/(1806 x 1.6 x 10719}

D = 3,53 x 108 deufeéons per integrator volts.

do’/dﬂ/_ = 7H*/DN T(AS) , where
H* = 182, D = 555 x 10°, N = 6,02 x 1025, 1 = 0.283 S
(AQ) = 22.36/(95)% = 00025 giving do/ds = 6.1x 1027 onf, with an

éceuracy of about 10 percénto

.B. Total Scattefiﬁg

"1, Corrgc#ions\of uncertainéies in.the data

The considerations for loss of counts in the scalers discussed in
SectioniIV=A also apply here, vThé discussion of uncértainties in the data
applies, except that better staﬁistical accuracy can usually be expected

owing to the greater counting rates obtained in the single counters.
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2, Carbon subtraction

~-As we ére here concermed with single countsy rather than coincideﬁces,
we wish to subtract off the counts due to carbon directlyf The effect, (H),
i5 therefore equal to N = AM - (L = 4)(BL), where the symbols have the

same meaning as in paragreph AZuof this section, (B1) is the count per

- integrator unit when there is no target in place. Thémextra correction comes
~ bout from the fact that the same no-target effect is being counted for both

the CH, and C targets.

3o - The cross section calculation

- ‘The effect, H, for single counts at a given angle, D, gives the dif-

‘ferential cross section at that angle by the same formula used in paragraph

A3, nemely

7H | | | S
dG’/d.Q— = —DNT(A_Q_S (6)

' The integral of do/dfL taken over the sphere, ZT’Jf d0/dSL sin § af ,

o .
is the cross section for charged particles scattered into the sphereo Since
any collision, elastic or inelastic, will scatter two charged particles, this

cross section is Just twice the actual total cross section for d-p scattering.

We have, therefore

o = JfZGVHSL sin‘@ d@ o \ ) | (8)

In the laberatory systém of coordinates dcfailv is theoretically zero for

«§ > Tyéo, The integration is done by one of the usual numerical methods.

The details of the integration will be discussed in Section V=B, For

compearison with tctel cross section obtained in this way we have the total

cross section for 90 Mev neutrons on deui:erons9 obtained experimentally from

1,12

' R . A 1 : -
beem sttenuation measurements. We expect our result to be similare
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Vo Results

Ao Inelastic Cross Sections o

fhe»inelastic cross secti9n§_at“v9ri§us ya}uesrdf Q are listed in
chronological order in Table I3 the weightqd méan averages are shown in
Table II and Fig, 11, The meen’ errors listed in Table I are estimates
.baséd on‘ﬁhe possible vériations in H* one can obtain while remaining with-
in the statistical ;ccuracies of the individual values of He The statisti-
cal.uncertaintias in H, examples of which can be seen in Fig. iQ,are COm=
pounded of the Statistical~uncertaintiesmof the CHy and Cmcounting rates,
with a small additional uncertainty in the carbon sﬂbtraction‘factor.' Sys—
tematic errors in beam integration, target thioknessqs, etc., are nqt ine
cluded but are believed to be small-oompa:ed'tq other sources of error.

At § = 30° it will be noticed that the cross se'otion‘ obtamea with a
CHp target 0,283 g/bm thlok is distinetly smeller than that obtained with
" & thinner target. The mean energy of the 1nelastic partlcles scattered to
® = 55° - is about 25 Mev, with & range of about 0,7 g/bm of oarbon.9
Since the pavtioles must pass through approxlmately the equivalent of 0.45
g/&m of carbon before reaching the crystal it is evident that there will
be a fair number of particles with insufficient range to ppoduce a countable
pulse in the orystale For this reason we;hgve decided not %o include the
thick target date in Taﬁle IT. A£ @ = 25°xthe mean energy of the ® par=
ticles is about 20 Mev, with a ranggvdf about 0,45 g/ém? of carbon, and
wewthérefore assume that we did not count all the low‘enefgy particles, 
éven‘though_thin ta;gets>were used. We believe ﬁhe true cross section at
25° may be between 7.5 and 8 millibarns per unit solid angles |

The largeSt sources of systeﬁatic error, apaft from loss of low energy

particles, is uncertainty as to the exact zero height position of the
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Table I, Chronological List of Inelastic Cross Sebtions

Date @0 do/agl 5 Derisity of’CszTéfgéf

: millibarns grems/cm
3-9=51 45 503 % 0.8 0,283
|4-16-51 45 63 £ 0,7 0,283

15=17-51 45 5.3 £ 0.5 00283
L|5=17-51 30 5.4 £ 0,5 0,283
6-13~51 30 . 7o4 £ 0,7 0,072
|6=31=51 45 6.1 £ 0.6 0,283
|6=31-51 37 6.0 £ 0,9% 0.283
|6=-31-51 30 5.7 £ 0,8% 0,283
6-31-51 30 7,0 % 1,0" 0,072
6=31=51 25 6,3 & 1,2% 0,072

% assumes the theoretically predicted vertical distribution

Weighted Average Values of the Inelastic Cross Sections .

~Table II,
§° do/a sy, millibarns
- oo per unit solid angle
45° 5.7 = 0.2
37° 6.0 £ 0,9
30° 703 £ 0,6 Thin targets oniy
25° 6.3 £ 1,2
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crystal, The effect of this uncertainty will be greatest at @ = 45",

where it may be as much as IO—percénto

‘Be .The Tdtal Scattering Cross Section

The total cross section for d-p scattering is, strictly speaking,
infinite because part of it is due to;Rutherford scattering. However, the
Coulomb forces affect the cross section markedly only at\ﬁery small angies
of deflection in the center-of-mass sysﬁeﬁ, and this effect is ohly.in:the.
elastic scattering, Therefore, if we agree to include in the total cross
section only those particles scattered by essentially nuclear effects, we
not only get a finite cross section but one that can ﬁe compared directly
with neutrbnsdeuteron cross sections. We therefore define our cross section
to ihclude-all inelastic scattering and all elastic scattering in which,the
7 angle of deflectlon in the centermofdmass :system is greater than 10 degrees.
To obtaln thls Cross sectlon we calculated 75.JW/2W'—;Z sin d§ using the
follow1ng function for do/dsx ¢ »

1, From § > 3,3° (10° in the center-of-mass system), to $ = 70°
da/aSL is the value obtained from the total cross section ekperimenta
described previo@sl&, (Table I1I)° 7 ”

2, From @ =i?0 to é = 85° do/ajl._ is the cross section fﬁr elastic
Séattering of protons. (Table III) The experiméﬁtﬁl points were obtained
by observing the—correspénding high energy deuterons at small angles, with
lower energy pérticles screened out‘by’absorbersa6

3, From § = 856 to 90° the only particles expected in significant
nﬁmbers are protons scattered elastically at'less than 10° in the:center=
of-mass system. In view of the cﬁtoff mentioned above, we take do/dS to

be zero in this region.
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, , ' . ¢ do
: Table III, Values of 27 sin @ 35?

mbe, for Charged Particles

L Date Date - Blastic Value used in
o° 41651 5=28=51 Scattering integration
5 262 * 60 | 285
8 '300 £ 50 374 £ 35 300
10 o 296 £ 13 . 296
15 228 % 20 224 £ 16 230
20 ; 142 180
25 ‘125 142 klsz
30 91 106
35 98 90
40 69 84
45 87 80 -~
50 76 74
| 55 &7 70
60 66 62
65 48 " 55 51
70 53 . 45 46
| 75 5 3 50 = 4 52
80 3 | 67
82 ‘T 71 %6
85 70
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4, At é = 3.3 , the cutoff angle for high eﬁergy deuterons in the

laboratoryvsys%emg we must subtraét the conﬁributidn»from'the elastic cross
sectiono The vaéue.of‘the elastic cross séction at this point is taken fram
, Sternoe. There is thus a‘discontinﬁiﬁy in the curve befﬁeen values of
do/d 2 at § less then and gredter thén 39500 ‘

.5., For 0° < @_ < 5,-309‘ do'/d_SL is not 'eicpected to vary grea‘ély and
sin Q*is.fﬂe governing term in théviﬁtegratidno :Wé_therefore fake»Zﬂ»sin §'%§i
to rise linearly from zero at 0° ts its value at § jusf less thah 3,50%

The eXperiménfal points and curve of iétegratioﬁ are_shqwn_in Fig;.l2

and Table IIT, The value of o obtained in this way is o= (92 & 7) x 1077

cm.z9 the ﬁndertainty being compoundedaof statisticél errors and unéertaintieg
in the ‘experimental arraﬁgemento |

There aré\tWo‘priﬁary SOufces"of error as a result of particles noé
being counted in the experimentg"Thej are, (1) protons between 0° and 5°
produced by “stripping® (n-p type]collisioﬁé);;and (2) low energy ine}astid
‘particles in theprégion 50° to 90°, The efféct»of»(lj can be estimated from
the observed stripped partiole distributionl® and the theoretical estimated
cross secticnifor'small=angle protons (Table VII)° We estimate that this
effect may increase the_érdss section by not more then one ﬁiilibarnQ' The
effect of (2) oén be estiﬁated bj smoothing the dip in the éxperimental‘
curve at Qis 70°; it is also aboutone millibarno' 4

Wg conclude that the total cross section for d-p scattering at 190 Mev
is (92 £ 7)Ix lOaZY'szo The cbrrésponding value fb? n-d scattering is

2

: S - + o
given in references 11 and 12 as (117 ¥ 5) x 10 27 em® and (105 - 4) x 10 27

, , * S :
respectivelyo. ’

* o , ' J
In reference 11 the author believes the figure of 117 millibarns was for
neutrons whose average energy was 83 Meve The figure of 105 millibarns

was for 95 Mev neutrons.
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Ao Kiﬁéﬁéti§é of Inelastic Scattgring

In this section Wevwish to predict whére fhe particles scattered in a
collision will go; in‘bther words, we e;pect to get 211 the information
about the scatteriné except the actual magnitude of its croés sections
e ﬁill ass;ume»,o to simplify ¢alculation, thaf the mechanics of the collision
can -be ¢ompletély accounted fof’by.the;coilision of the target particle with
one particle in the deuteron, with the absorption of the deuteron binding
. eﬁergy between these pwo pafticlesgﬁthe‘third particle is supposed to leave
the collision with the same momentum\it_haa Just prior to the collisione.

1, Simplified case

Let us assume a collision in which thé particles in thé deutqroh have
2ero internalfmamentumo Let the deutgron have a kinetic energy 2E, so
tﬁat the coliiding partioie has a momentum, P , corresponding’ to a free
particle with energy E. Let B be the bihding energy of the deuteron.
Consider the ceétarmof#maés system of the two colliding particles Qniyo
In this system each particle before collis;on_has momentum p corres-
ponding %o free.partieles of energy &@m After collision the parﬁicles |
actually are free . and each particle has ené?gy (g/@ m B/@)”with corres=
ponding momenbum which we will call p'. Let X be the angle df“défléction
in the como. system (Fig. 13) and Q gPdA @ the angles in the laboratory

systemo Then, non-relativistically,

ctn @ ctnX + (p/bf) csec X ' (10)
ctn ) = =otnX +i(p/§§) qsé X : A (11)
We can eliminate X by solving explicitl&ifor ctnX and cscX and using

)
csc?X = ctn“X = 1, The result is

v- % I:l +'(p0/p)zj ctn @ ctn® ﬂ%‘ EL = (p“/p)zj (‘ctn?‘@ + otn’ ® )=1 .'(’12'?



2B

To simplify'this'relatibnship let us take the factor which perturbs the

scattering from free-particle scatterlng as a small quantlty. " We define

£ = ; 1 - (p“/b) }- = B/E - (13)

and expand (12) as a power series in € . The result is

ctn.C) = tan @ 1+ € +-— (ctn Q + ctn? GD) + 0(62) (14)

‘We neglect terms of order Ez and-higher because & is sbout 0,02, For

calcﬁlation it is convenient to use a trial wdluel of ctn%()ﬁbn the right hand

'side-of.(l4), say~ctﬁ2 =@ ten® @ (free particle scattering). Successive

improveménté can be made by substituting #he value of ctn C) " thus ob-

tained into the right hand side.ofvthe pexf approximation, -
The'relativistic correcti§n.is made by using relativistic addition

of velocities to derive equa%ions-éinﬁlar'%o (10) and (11). The effect

on (14) is that ctn @ and ctﬁ @ must be replaced by (1 ;‘ﬁ).étn @

and (1 = B} ctn@® , respectively, wherever~they occuro. cf is the véloqity

befq:g collisione .In this experiment ﬁ is about 0.3 and the cdrréction is

small, _ | '

Table IV shows tﬂe>value$ of C) and‘é + ® - obtained in.fhis way

- for repreéentative-values of @oﬂ Note the very slow variatioﬁ of'C) + @

with § E = 95 Mev, B. = 2.2 Vev.

Table IVo @ as a Function of q

§ ®° (4 +©&°

11.3 71,6 , 82,9
20 6508 8548
30 57.0 | 87.0
37 5002 87.2

45 42,5 : 87,5
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2o Maximum angle and energy of particles
Accofdihg to Figo 13 there must be a maximum angle in the laboratory

system, @

maxgdbeyondrwhich particles cannot be scattered. At this angle

§ + (W= X) = 90°, so, obviously,

cos Q.. = —f—gz——f—f = -35 =,, - (15)

For the constants used above @max is about_?So.
The energy of the (high energy component) particles at small angles of
’ @ is approximately

E@ z E cos? @ - B/2 (16}

Atrémax #hg energy is

Bjex = Mm(o® +p'?) = B/ | ()

3. Effect of internal momentun

Let us define the coordinate system, x, y, 2z, as follows: =z is the
direction of the incident beam, x is perpendicular %o the beam, and in
the plane defined by the beam and -the defining crystal, y is perpendiculér
to this plane. We will consider the effect of the internal momentum
components p,s Py Py in tbat ordgr.

(a) Effect of p,. The effect of this component, since it is in the
direction of the incidenﬁ motion, is to change the‘apparent energy of the
colliding particles, Wé.will consider B a #ariable, B = (Zp +Apx)2/§m
instead of 2p2/?m as before, as p, is a variable. TWe are.inﬁeresﬁed in

d® /dE for a fixed § .

4@ . d® de& @ dE B
- 3E de " dE *  dE i
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By'differentiating (14) we get _
- | d 11 ’
=csc2 ® Ti%? tan (ﬁ [7 + % (ctnz b+ c:‘tn2 ® )+ O(E)] . (18)

so that, for @ in degrees,
d®/dE = (180/7) (B/Ez) tan (iz 31n2@ -—-:-—(ctnz @ + ctnz@ )] : (19)

For energies in the region of 100 Mev the variation of @ vnth energy
is small, To see within what limits we can expect @ to vary,A let us
consider the momentum distribution inside the deuteron. According to Serberl3

the probability per unit kinetic energy range P (E) dE is, _,,ir; our notation,,
P(E)aE = I/ZBE‘/'[T[(E‘ -E)% 4 z:éEJ dE (20}
p p P .

where E_ is 1/2 the energy of the deuﬁeron, 98 Mev;. As a t.empbz"ary cri-

p .
terion let us take E(i?g) as /Ep & ﬁ )25 the probability at these

points is about l/lO the peak probabllltyo : "With these values we design
Table Vo -

Table V., Effect of Internal Momentum

r | d-er
Em:i.n | . : " Ep v | Emé.x
45 §7.3 .  8T.5 87,6
30 8606 - 87,0 . 87,2
20 85,5 85,8 86,0

W.e;A cono'ludefhat the'pz component of'internal momentum spreads @ inte
a very small region. In the event there are sigriif’icantv probabilities
for large internal mopénta., (about \/ 2'm’Ep ) the 1/E2 dependgnce of _
] d®/dE provides that there will be a sharp cutoff for increasing @ but

. a long tail at smaller values of ® ,
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(b)r.Effect of px;_ The effect of internal momentum perpendiculaf
to the beam dirécﬁion is effectively to change the direction of the
incoming particle at the moment of collision.e >This>direction ﬁakés an’

* , angle a with the beam such that tan a's»px/V§;§; » and the angle § of

the defining erystgl'is really, from the point of view of this collision,

@ + ao To see what effect this has on ® » we again consider Serber'’s
momentum distribution of the deuteron, in terms of probability per uﬁit

\

- momentum rénggo
Blodp, = | 5B /s + o e, (21)
As a femporary indicatibn of the spread in a, lét us take p, at p4 JEE% o
At these points the curve is 1/5 the peak value and the probability of
finding p, within these limits is about 0.6. The corresponding value

of tan~t JFE;ETS is 8,7° We now look again aﬁ Table IV, keeping in

mind that fer a defining crystal at angle @ we mﬁst look for values of

(@ + Q) o&rresponding to % £ a instead of @ alone, It is obvious that

for § = 30° and 45° the spread in @ + é is %eryvsmallg of the order

of one degree for»the_entire momentum distribution. For Q = 20° the'v

spread is lafgerg about 5° fcr the main body of the curve with a siéen

able = tail extending to smaller values of @ + O, _Unfortunately this
tail will be Qiff;cuit to\determine experimentally beéause elastic scat-

tering alsc occurs near this combinétion of i and ® .

‘ : (c) The effect of py is again to chanée the direction of the in-
coming particle, this time to tilt the plane of soatferingo The situa=-
tion is illustratéd iﬁ Figo 14. Here the target is O, the’defining
cfyétal at A, the besam direction is Oz, and the "original plane“ of/thé

i scatteripg'table (as used for elastic écatteringg'for example} is QAz.

We now assume an incident particle in the direction Oz', making an angle
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K (=_tanf1 pz/v ngp) with Oz, The partner of the particle scattered to

7

‘A goes to BY, whose projectibn on the plane OAz is B. We define our

‘angles as followss

h
n

< z0z* = <BOB® §
<‘ ZBO.A _ @: <ZOB o @9 v

@v

Let ) be the angle of inclination between planes OAz and OAz', Since

< z04

. < 108!

[}
]

the.line of intersection of these planes is OA we can write
“tan K = tan ¥ sin @ o ' (22)

-1 sin (§ + C)) ' | (2?5
sin (§ + @ 5/§in & : " ‘(24)

LS

tan Q

~ therefore ‘tan p/tan K

R

or, approximately,
tan b = ten K/sin @ _ . (25)
The relations between @‘9 ®?* and @9 ® are given by . .

cos §* = cos § cos K : (26)

cos (§“+ ®*) ’cosj(@ + @) cos b (27)

- - - - - /
In the experiment § is fixed, (¢ + @) must satisfy (14), p may be

]

varied by changing the height Qf the nondefining crystal, and (@'+ C))
is the ahgle between the arms of the seat‘t;ering'tableo Table'VI giveé
the relations between these enigles for Py = JE;@ ,,(K 3:8070301 h is
the height above normal in inches, of the nondefininghcrystal‘when the
crystal is 50 cm from the targeto These peculiar units are used becausé
it is conveﬁient[to measure fhe lenéths this way during an experiment.
, . Table VI, Vertical Effect |
.- 90 ~§go (@g +65»o ‘(Q + C))o po ' h“.

45 | 45.8 87.5 - 87.3 S 123 | 4.3

37 38,0 87,2 87.0 14,3 5,0
| 30 31.2 87,0 868 17,1 6.0

20 21,8 | 86,0 85,7 24,2 8.9
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“In summary, we can see from Tables V and VI that the distributions
will be wide vertically and narfow-horizontaliy; The sharp cutoff on
the wide angle side of the distribution will, in thefexperiment, be
* . - spread out owing to.the finite size of the crystals. It should be pointed
_ out that the unsymmetrical character of the horizontalidistribution shifts

the centroid of the curve to the small angle side of the peak, so a large

‘erystal set at the "center" of the curve will asctually have to be set

- several degrees less than the peak values given in Table IV,

Bo Comparison of Experimental Results with Theory
Theitheory of high energy nucleon-deuteron scattering has been studied,
] . Y 14,15,16
by means cf the Born and impulse approximations, by Chew, '
Gluckstern and Betheg17 and others. At this date quantitative predictions
are available for the differential cross section for elastic scattering,6’l4
.- for the total cross sections of various types of inelastic.scattering, and .
for the over-all total cross sectionol7' We shall attempt to compare our
results with whatever is available in the way of quantitative theoretical
i s # . . .
predictions.
In Fig. 15 the differential cross sections for four types of scat-

tering are shown in the laboratory system of coordinates. The curves

represent, (1) the crcss sections for free n-p scattering with incident

3

90 Mev neutrons.- The total cross section for this process is about 73
’ R - ' .

111:1113".ba1°3:1.30""2 (2) The cross section for free p-p scattering at about

90 Mev, based cn a uniform differentidl ércss section of 5.5 millibarns

per unit solid ahgle in the ceﬂtereof@mass systemo2 The total cross

? As a working hypothesis we shall .assume that n-n forces are: the same
as p-=p forces, so that predictions for n-d scattering can be carried
over to d-=p scatbering unchanged except for the substitution of the
myd “proton™ for ™neutron,”™ and vice versa,
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section obtained on'the basis of this assumption (excluding Rutherford
scattering, of course} is 38 millibarns. (3) The cross section for

the inelastic p-p typé éollisions, with points from 25° to,4$° extra=
poiated to the complementary points beyond 45°, .(4) A curve obtained by
subtracting, from the differential cross section for charged particles,
the differential cross éection for p=p type scattering and elasbtic scat-
-teringo6 Tﬁis curve should. in principle give thg differential cross sec-
tion for nm§ type inelastic scattering, since other types of scattering
have been accounted for,

An examinatién of these cufxrr’es'shows'that9 in thé region of angles
co:rééponding to %he largégt'momentum transfers, the inelastic'pnp and
n=p curves have approximately'the same éhape as the corresponding free-
particie cuf;ésp but whereas the pep scaftering is_suppressed to one~third

its free-particle values the n=p cﬁrve apparently shows no such suppres-

-~
-

sion. This result is suprising for two reasons; first, because there is

no reason in theory to expect only the pmp type of scattering to be sup-

17

.pressedg and secondly becauéeg as Gluckstern and Bethe pgihted out,

“the n=p type of scattering is expectéd to be supp}essed because there is
interferenée between the exchanée scattering of’the direct and antisym-
metrigzed prctbns by fﬁe.neutrono We are inclined to believe that the
discrepancy between theory and experiment here is the result of an incom=
plefe integration of the p=p type particles.rather than a defect in the
theory. An incompleteAihtegration could be explained by the possibiiity
'that many particles have iﬁsufficient energy to régiste} in the counters;
or that some particles, coming from éollisions in whiph'the deuteron had .

é high internal momentums fell outside the main groups examined by the

" crystalse.
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The other peints at which the inelastic curves depart from the free-

article curves are fairly easily explained. The inelastic n=p curve,
N _ . s

at large angles, and the inelastic pwp-éufve; ét small and large angles,

are both'expécted to be low because they‘cdrfespbndfto colliéions in which

the neutron and one proton go-off with nearly the same momentum, and such
collisions are most easily "robbed” by.elastio scattering, At engles of

20° and less the curve obtained by subtracting p=p type and elastic scat="

. tering no longer represents n=-p type scattering because it includes many

Stfipped protons.

In Table VII are shown the principal conclusions reached by Gluckstern

- and Betha,’ll’7 listed in their system (90 Mev neutrons incident on deuterons}

and in our system (190 Mev deuterons incident on protons). The values for

S of 1, 0, and <1 correspond to ordinary, Serber and exchaﬁge forces
respeo’cively;‘previous;expérimentss’4 indicate that the Serber force most

nearly agrees with experimental results. We shall consider here the com=

parison between the total cross section for p-p type collisions (in our

‘system} and free émp cellisions. According to the theory the cross secs

tions should be sbout 19 and 30 millibarns respectivelyo* From experiment
they are sstimated to be about 15 and 38 millibarns respectivelyo Since
the 15‘millibarn figure is a lower limit the agreement between theory and

experiment may be considered faire

This number was cbtained on the basis of total n-d and n-p cross.
sections of 117 and 83'm%1libqrns respectivelyo. * In the light of
more recent experimentsl the numerical conclusions of Gluckstern and
Bethe probably need revision.
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Teble VII. Calculated Total Cross Sections® = Gluckstern and Bethe

G and B's- System &=1 o -1 Our System
N-N' force 1 1/2(1+P) P p-p force
Totel elastic 80 60 30 Total slastic
“Elastic givihg 65 50 30 Elastic at small
low energy ; ' angles
* ‘deuterons ' : ' .
Low enérgy 1 19 50 ~ Smell angle neubrons|
protons ' _ (~10°) or p=-p type
’ collisions
N-N crosé section 20 - - 30 62 . - Free p=p cross
' section ’
High energy approximately 20 Smell angle
protons - » ~ protons (v10°)

- ”

/

* in millibarns
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VII. Conclusions

lo. .The differential cross section for inelastic p=p type.scattering
has begn measured at certain angles of deflection and found to be about
one-third the corresponding crosé section for free p-p scattering. This

value :ig lower than that expected from'theofy; however, since the cross |
section determined in this experiment is a lower limit, the disagreement
between theory and experiment maynot be astedas it appears at first sight.
‘~The angular distribution of these inelastically scattered particles is
~adequately predicted by a kinematiéal theory which assumes that one of
.the three nucleons involved in the collision escapes with no change in
energy and momentume
| 2. The total scattering cross section for d-p scattering has been
measured aﬁd found to be 92 t 7 millibarns, when a suitable cutoff is
used for elastic scattering to eiiminate divergences produced by Coulomb
forces., This figure is again a lower limit, but the upper limit, aside
from statistical considerations and dependence on the cutoff angle, is
probably not mere than 2 millibarns above the lower limit. This cross
section is coumparable to the cérresponding neutron=deuteron £o§a1 cross
sections’

3o By subtracting the elastic and p-p typé scattering from the totall
scatbering we have obtained an upper limit for the inelastic ne-p t&pé
scattering over a limited range of ahgleso The ubper limit differential
cross section thus obtained is-approximatelj the same as for freeﬁn=p
scettering. - |

4, Wé beiieve»that the resulté of these experiments are not inconsis=
tent with the assumption of charge=independence of nuclear forces; how=-
ever, much m§re gxperimental work has to be done before ény_definite con=

clusions on the nsture of nuclear forces can be reached,.
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'APPENDIX

Derivation of the Carbon Subtraction Equation’fof Section IV-A

) lo"Definition of symbols used.

aj .82

1

e e

V1272

=

(mass of carbon in CH, target) / (mass of carb&ntin C target)
single counting rates (coﬁnts per sécond) for the singlé
counters for C targefs;exciuding ail sinéie ;ouﬁts Whicﬁ

are the result of true coincidencess

sigglg counting'rateé from hydrogen in the CHy tgrget,

~ excluding those which are the result of true coincidences.

[}

beam strength for C target in terms of integrator units
per second.
beam strength for CH, target.

coincidence rate (counts per second) with C target.

"coincidence rate Qith CHs target,

In/Is o

- actual Single counting rates for the two counters for C after.

correction for counting losses in the scalers themselves.
actual single cdﬁnting rate for CH2~targeto

true coincidence rate for C target,

true coinéidence réte from hydrogen in the CH, target,
carbon subtraction ratio. |

carbon subtraction ratio from simplified derivationo

effective resolving time of coincidence circuit in seconds,
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2, Simplified derivation, assuming constant beam intensity.

(I =1)

The experimental data are ul,,uzgvl;,vz,,mgn; ‘and t o. The unknowns
_dre al,,a-z,,}?lgbz »x and y» The relations between unknown v'and data are

(1) wu; =8y +x (31) vy = A(ag # %) +by +y

1]

(iii) -

x +2Taja, - O(Tz)

y + Ax + Z'C’(blb + Azalag + A a1b2 + Aa Axy) = 0(’1: )

(iv) - n
Now it is found experimentally that

(v) x5y < algazﬂjlgb2

(vi) 2 Axy <other terms of order [ o
Aloog since La and Tb << 1, all terms of order ’],” are very smallo

Thus by nng,ect:Lng small terms we can s:mel:Lfy the relations to the

following@:
(vii) u s‘ai (viii) vi = fa, #b;  (ix) m=x +2Ta8,
(x) n=y+Ax + ZT(b b, + A‘?’ala.2 + Aabot+ Aagby) o

We can immediately rewrite (ix) as (xi} x =mo Zif(\fulug

and, substituting '(vii),, (viiijé and (xi)} into (x) we obtain

i

(Xii) y n e AmAm Zi’r(vlv‘z“" A uluz)

]

If we write y = n = z'm, it follows that

&

(xiii) 27" = A + (2 T/m) (vlvza.Auluz) o

3o Derivation for the case where Io and Iy differ by 2 small factor
(es vsuslly happens during an experimént)o

If the beam strength varies the counting retes will also varys however

we expéct the counts per integrator unit ai/Ic,, bi/IHg x/Ic= and y/IH

to be constant because they depend only on 8 cross éectioﬁ in the f‘arget
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materials. Let us first divide (xi)»by‘Ic and (xii) by IH° Wb get
(xiv) x/Io = m/T_ = 2T u/I,
vy y/1 = 0/ =\AI§”/IH = (T/1) (vyve- Aul'}xz')

where m',.ui?‘are the vélues of m and uy which would have been obtainedr-

[l

had the beam strength at that time been equal to Ipo However, from the
above discussion and this definition we have ‘ | |
xvi)  x' = x/1 o
Govi) ='/Ty = #/1 0
Also, since we take u, = 8yo We have
. .
- (xvii) u, /&H ui/To,
Then from (x1) »
(xv;11) m'/IH = x'/iH + 27:u1'u2'/iHo
Substituting (xﬁi); (xvii) end (xiv) into (xviii) we get
(x1x) m'/i m/T + (I - I ) 2Tu uz/i
To get y/i entlrely in terms of data we substltute (x1x) and (xvii) 1nto
(xv)e The result is
(xx) y/lH = n/1, - (/1)) [am + 2 b(vlvz/R - Auluz)]
We went the effect y/i in the form - . : : '
'(XXl) -y/iH = n/IH ==lzm/Ic ‘s
By this definition and (xx) we have

. = A+ (zﬂi/h)(vlvz/h - Auiuz)-_o - : (4)
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FIGURE CAPTIONS

Figo lo | ?ﬁg g?gge?gy of the p=p type scaftgring gxperiments?lshOWing

@@e aggles @ and.Cj'relatiyg to the beam and the contours
- of equal coincidence counting rate.

»iFigo 2o Blogk diagram of the eléctronic dpparatus.

F%gé.3° ' _East Qﬁisq shgping circuit§ Resistances areAin”ohms, 1/2
wett unless specifiedo Capacitances are in micromicrofarads,
400 Wove Bypa&é:and filter capacitors on the 150-volt line

‘ are nof showhn,

Fige 4o Coincidence counts as a functidn of éhe voltage on one photo-

.muitiplier when the other photomultiplier was set.at 750

volts, This photomultiplier was later operated at 800 voltso

(w2}

Figo Qoincidehce counts as a function of the height of the scate

tering apparatuss The height units are approximétely 10 to

the inch. The apparatus was 1ater set af height 35.5 o

Figo 6 Hydrogen effect as a function of the angle between counterse
‘The large peak is from elastic scatbering: tﬁe smaller one
.from.pfp type scattering.v The angle subtended horizontally
by each crystal was approkiﬁately 4 degrees,

Fige 7 quncidencevraté due to inelastic scattéring as a function of
the angle between crystals; §-= 45°, The angle subtended
horizontally by the ® ngstal is apprbximately lOoo A

Fige 8 Resolving time of scalers.for cyclotron beam pulses.

Fig. © Coincidences as a function of beam intensity. The dashed line

gives T = 1.0 x 107% with an uncertainty of about 0ol x 10'7'5 °
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.

Hydrogen effect as & function of the height of (@ crystals

. v _ o
§ = 45°, ho = 4.4 ‘emy,: . 50 cm from target. C) + § = 86 »

' Shmmary'of‘inélastic scattering results.
' Diffqrential cross section for scattering of charged particles
.and curve used in obtaining the total cross section.

.@iagrém'illﬁstrating the simplified kinématics for p-p type

ggatteriqg, Tﬁe.ratio p/b}'has been exaggerated for the sake
of clarity. | - S |
Geometry fof scatfering out of £h§ plane of the scattering
apparatus, |

Expianatioﬁ in text. (page 31}
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