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ABSTRACT

The differentisl scattering cross secticn for elastic collisions of 345
Mev prétohs with protons has been measured in the angular range 11° to 90°
(cenﬁer of mass system). The same cross section has been measured over more
limited ranges of angles at lower energies. The cross section (in the center
of mass system) at 90° is remarkably independent of energy. The cross sec-
tion at 345 Mev is very independent of angle, being close to 3.8 x 10727
em?/stersdian (center of mass system). The agreemént with existing rhenom-
enological theories based on static potentials is rather poor, especially in

the case of scattering at small angles at 345 Mev.
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The results of experimentsl, investigetions of m-p scattering have . ...
.previously?peen‘reporﬁed:aqdrwe heﬁeggiveq,prellmi?@@y,repqrte,op#puqhs&u@x
of p-p scettering.l’z I :e St o ‘;n_E‘fg phe A A

4t the end of one,greliminery report, we indige@pdﬁeomedpoeeible,lmf
provements in technique which we have now eeeomplished. ln.thislpeper;we.
give our final results on.the differential:cross section of proton?proﬁon:j
scattering as a function of,the,anglelof ecattering»and of the energy .of the
protons. The‘results of our preliminery paper are confirmed, but the pres-
~ent investigation extends the data to lower energies and increases .the
precision of the determinetions.. Whlleﬂxhese_expeniments‘were¢in&prqgrees;f
Oxley,‘Scbamberger, and Towler% have investigated the p-p scatxeringﬁétﬂz4gi
Mev, and Birge4 has.done the, same etnlbo Mevewﬁmheir,results;overleplin@ﬁjw
part our :own and agree with us in the common part e kr PRl el hmasiy

A summary of the results is presented in. Tebles I, 1L, I11 gnd in Fig.

lo . . . . . A ; fivi ,..(».‘1.; ; . - ', o] ) Yo j ) 4 ‘ ' ? ’”1

1 Hadley, Kelly, Lelth Segre, Wlegand “and York Phys Rev. _Q, 351 (1949),
Kelly, Leith, Segre, and Wiegand, FPhys. Rev.. 79, % (1950)., b o

2 0. Chamberlain and C. Wiegand, Fhys. Rev. 79, 81 (1950) ~ Chamberlain,. -
Segre, and Wiegand, Phys. Rev., in press. - R ST B T R

3 Oxley, Schamberger, and Towler, Bull. Amer. Phys. Sog. 20,. 8, (1951).,. =

“ R. W. Birge, Phys. Rev. 80, 490 (1950). . i eaer oV
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Experimental

Our source'of high energy protons is the external beam of the 184-inch
.Berkeley cyclotron. In this beam is pleced a hydrogenous target; either
polyethylene (CHp) or liquid hydrogen. The protons scattered out of the
beam (and out of the fafget) ére couﬁted either singly (method I) or!else
both the scattered and struck protons are detected simultanecusly by two
counters in coincidence {method II). In the latter case the two protons
eﬁerge‘from the target at ahout 90° from each other, a cheracteristic which
helps very greatiy'in'the separation of p-p scattering from other scattering
processes. Eoth methods are aided by two developments; the inventicn by
Leith of a method for’obtaining a fairly long (25 microsecond) beam pulse
time using deflection by multiple scattering within the cyclotron vacuum
tank;5 and the development of trans-stilbene crystal counters and associ-
ated equipment6’7 with a resolving time fbr coincidences of about 4 x 1078
sec.

A‘Schematic‘diagram of the apparatus (method II) is presented in Fig. 1.
The beéﬁ deflected from the cyclotron and collimated through the shielding
walls impinges on the target T (a foil of polyethylene). The protons,
scattered and recoil, are cetected in the stilbene crystals 4 and B, each
viewed by a 1P21 photomultiplief tube. A’;ﬁbtendslthe smaller solid angle
Q, and B is such that every proton through A sends its counterpsrt through B;
as a matter of fact, E subtends & larger solid angle than would be necessary

to satisfy the condition stated above in order to be safe from losses of

coineidences due to multiple scattering effects and defects in alignment.

5 ¢. E. Leith, Phys. Kev. 78, 89 (1950).
® Ginston, Hewlett, Jasberg, and Noe, Proc. I. R. E. 36, 956 (1948).

7¢. ¥Wiegand, Rev. Sci. Inst. 21, 975 (1950).
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Thé-beém ié:monitbréd'by*measﬁfiﬁé%ﬁhe‘idniZatibh broduééd in & shallow =
ionization chamber full ‘of argon ﬁhicﬁ*has“(in‘fﬁfn)ibéeﬁ”céiibfétedfégainst
a Faradéy’cﬁﬁ.ll . |
" Let us call N the number of hydrogen atoms per cm? in theftafgef meas-
ured in the direction of the incident beam, n the nﬁmber“bf\pfotéhé that
crossed the target and H fhennﬁﬁbértéf cd1ﬁcidéﬁcéicouﬁté betweer A and B
due to hydrogen in the target. Let § be the angle between the line from the
target to counter A and the direction of the priméfyvﬁeam;»xWé.haQelc(Q),

the differential scattering cross section (laboratory systéﬁf}givén'ﬁy:' '

U(@)‘¥ H/(ndN);°'_ SRR ‘ B RS

Passing to the center of nass sysiem{ . -
o e e s 1N e

S VT ¢ cos § o@®, .. 2

where c(@)-isxthe differential scattering cross section in the center of
mass system, at angle © from the bggmyin‘the_genter qf‘mass‘system of coor-
dinates, E is the kinetic‘energy‘of,the’iqgident‘protongi(}ab,»system),ch?
is the proton rest energy.
We»éhall now déégribe»ou: oper@tignsianq.tbeumeasurements;of,£he‘single

factors entering into Eq. (1).
Proton Beam

., Fig. 2 gives a general plan of the cyclotron;shqwipg\thé_pqthuof the
protons in the external beam. At 1arge_radii,(about_8llincges) the-proton:
orbits show large vertical oscillations and much of the internal beam strikes .
either of two grarhite blocks placed sbove and below the normal beam plane.

A few of the protons are deflected by multiple scattering in the graphite in

such & way as to eénter the magnetic shielding tube ("magnetic deflector®)
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through which the protons are ledjawayifrpm the main field of the eyclotron.
_ ,,_T§g>99}limgto:ﬁclisjshown;;qvmorg_detail,in Fig. 3. .Its, aperture can
be changed from two inches to 1/4 inch; we usedvit in the range 1/2 to 1.
inch. _Tpe axis of\tbg\collimgtp;»holeiwaé adjuspgd;fgfbe;papgllel to the
beam‘tp withip OfOOl rgdian, The qentral hole of the éql}imapor could be.
: preceded by_cylindrical‘bcxe§ fgl1 of lithium metal in order to reduce the
energy of Fhe emerging.protpps.

,The homogeneity in energy pf the emergingibgam is very satisfgctqry as
shown‘by thg Bragg_curveﬂgivgn;in ancther artiqle,? This is‘obtainable by
putting 2 shallow ionization chambers ip theEbeam between which is a vari-
able copper abgorber. The ratio of thescupfgnt in the second chamber to
that in the first chambér is plotted as a function of abscrber thickness.
The sharp peak at ihe‘en@ of the cufvewis~an ihéicatioﬁ of{thé homogeneity
in the energy of the beam. | |

The bending magnet in combination with the thfee.céllimating holes
thréﬁgh"which the beam must pass gives a momeﬁtumﬂéeleéfioﬂ to'éboug one
pércent; Evidénce that few'Véfy'low;energy ﬁrotbns ére'genefated.iﬁ the
collimator tube material is obtained from thé coineidsnce cbﬁnting method
(as explained in connection with fﬁg. 8). k

The current in the beam was messured in an ionization chamber of the
type shown in Fig. 4, which was calibrated agaiﬁst a Faraday cup at the
highest energy used (345 Mev). The Faraday cup, which is our priméry stand-
erd for determinition of the beam intensity, was built by Dr. V. Z. Peterson.
It consists of‘é’6;iﬁ¢h.Byjé-inch*cylindridal brass block, as sﬁown in Fig.
4. ‘Across the Tace of the Féfaday cup is a thin fbiiw(ﬁias fdil) which can
be biaséd'tobteét”féfjthé;éfféct 6fféécondéry éléctfoh‘éﬁiSSion"from the

e

8

R. Mather snd E. Segre, Phys. Rev., in press; (UCRL-1089).
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electrodes. The whole Faraday cup structure is in an evacuated enclecsure

into which the beam passes thréugh a thin window. A magnetic field of 100
gauss across the face of the Faraday cup serves to reduce drastically the

secondary electron emission. In operation, change of the bias foil poten-
tial from -500 v to +500 v caused only 1/2 percent. change in the apparent

calibration of the ionization chamber, indicating that secondary electron

emiggion waé sufficiently small.

We call the mﬁltiplication factor M of the ionization chamber the ratio
between the saturation current collected in the chamber and the ‘eurrent in
the Fareday cup. .We can write

M= (t/w)(-dE/dx) | (4)
where t is the thickness of the‘chamber in gr/cm2 of argon, dE/dx is the
specific~enérgy loss in ev gr'l cm® and w is the energy in ev spent for
producing one ion pair. Assuming at the maximum energy ~-dE/dx = 3.08 x 106
for grgongywe find that fhé energy w spent per ion pair produced is 25.5 ev.
Assuming this quantity to be independent of energy, and éhe range eﬁergy
relations of reference 9 to be correct, we can calculate the multiplication
factor of the chamber at the other energies.- »

The intensity of the beam'uséa varied from 5 x 10% to 5°x 107 protons/
sec., The pulses during which the particleélcomerout occupied about one-
‘thousandth of the "beam on" time. The diameter of the beam was usually
1.25 cm.  The integrated current in the ionization chamber was measured by
passing it into a condenser and measuring the potential across the condenser
with an electrometer circuit similar to that of Vance.10 The leakage resis-

tance of the system was about 1013 ohms. When necessary the energy of the

2 Aron, Hoffman, and Williéms, AECU-663.

10 4. w. Vance, Rev. Sci. Inst. 7, 489 (1936).
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beam was, reduced by inserting lithium absorbers. before the collimating. -
channe%.i‘Lithiumﬂwas chosen iﬁ“erder,to minimize multiple;scattering which
lowers the beam.inténsity. The. energy of the protons emerging was.then. -
deduced from their range in copper and the tables of Aron, Hoffman, and ..
Williamsguwhich were also checked by & direct experiment.-
Targets.
The targets used were foils of polyethylene (CHp)p which weighed 283
. mg em™2, The composition of this. substance was kindly checked by the late
Dr. Otto Beeck of the Shell Development.Company; it was found to contain
14 .44 percent hydrogen by weight (theoretical for CHp is 14.37).  In-spite
of the coincideqce system the coincidence. counting rate did not vanish if we
replaced CHp by carbon of equal. stopping power. These residual coincidences
were mainly. aceidentals-and their rate»cbuldlbe,keptrlow‘(l/lO)-with respect
to the main effect by controlling the:intensity of the primary beam. - In
order to subtract them we used a carbon. target. containing 1.43 times as many
carbon-atoms per cngas the CHy target. This target has approximately the
same stopping power for protons as the CHy target. Since the way in which
the background should be subtfacted_iS1not»eompletely unambiguous it is - -
important to keep it small with:rgspect to the main effect.
We calcﬁlate_H,gthe,effect due- to hydfégen,,by the formula
H=CHy - 0.60,~ 0:4B . e )
where QH23,C, anng~arewthe~number.of;counts‘obtéined if . the' same number. of
.protons. crossed .the polyethylene target, C target, or no target (blank run).
The .justification offthis.formula is as follows: - Data from preliminary work
show that for 1 .single count due:to hydrogen there are-about 5 single counts
due to carbon. On this assumption, taking into account the solid angles

subtended by the & and B crystals, wé'havé for one céunt due to h&drogen in
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crystal 4 when using a CHp target.

Crystal A ... Crystal B
Counts due to H 1 g
Counts due to C 5. 45

Accidental coincidences arise from 5 counts in crystal A and 45 + 8 =53
counts in crystal B.. If we use a carbon.target having the same stopping
" power as the CH, target, it must céntain,l.43 as much C' as the CHp target.
We have thus '
Crystal A Crystal B
- Gounts due to C 5 x Lid3 =7 45 x 1.43 = 64
The accidental coincidences in the case of the carbon target are then
7 x 64 x @ = 448 q where a depends on the instruments used and on the beam
intensity. With fhe CHy target we have an accidental coincidence rate given
by 5x 53 xa =265 a; 265 a/(448 a) = 0.6. We thus subtract the carbon
background. by subtracting the carbon effect multiplied by 0.6. It is impor-
tant that not only the total number of protons.be the same but-also the
current, because C and B are approximately proportional.to the current for a
constant total number of protons as is to be expected for accidental coinci-
dences. Experimental verification that thig procedure is adequate-has come
from thétagreement of cross sections measufed over a considerable range of
beam intengities,
Geometry
The angle between the protons emerging from the terget, which would be

90° in a non-relativistic case is given by:

ten (@) + 0) = [(2Me2/E) + 1] ten B + (McP/E) cot B.  (6)
The deviation of (<:> + @) from 90° may conveniently be approximated by:
(w/2) <(B) - § = (B/4Uc?) sin (20) Q)

where E is the kinetic energy of the incident proton in the lab. system.
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The defining crystal A and the larger ‘crystal B are.located as ' in Fig. 1.
Given'ﬁhe.dimensions and-distahce of erystal A, which define Q, the dimen-
sions and distance of B 'must be so chosen that all p-p'scattering processes
which register in A register also in B. The condition ‘on the‘height of
crystal B is indicated in Fig. 5 WEichrisAafpréjeétionfin'afdiréctionfp&fal— -
lel to the beam direction. The analogous condition on the width:of ‘crystal
B involves the width' of crystel A as well as the thickness of the target
‘measured in the directlon of crystal A. The size of erystal B must be fur-
ther :increased to allow for the effect of multiple scattering of both emerg-
ing protons in the target meterial. In a typical case the dimensions of A
are 1.8 cm high x:3.80 cm wide; of B 3:.80 em:high'x 2.51 cm'wide; the
distances TA and TB in projection are 64 cm and 16 ‘cmi - The actual distances
.-between the target and the fronts of A ‘and B are 80 cm:'and 30 cm respectively.
In the cage described § = 52.5° and <:>==182;8°;-.-’ ‘

.. The distance between the target and the crystal whichvdefineSrthe solid
angle has been:arbitrarily measured from 4 mm insidérof the crystal: We'do
not. know exactly how far a particle must penetrate the crystal in order to
be counted, ‘but since the total distance between A and T'is moré than 80 cm,
this uncertainty of 2 or' 3 mm can not make more than an error of about'0,8
percent gn fhe‘measurementwa the:solid:anéle;"A more serious problem is to
meke sure that the whole front of the crystal is sensitive.” ' The best evi-
dence on the subject is giveniby the plateaus of the counting rate versus -
VOltage-on the photomultiplier, which we have repeatedly’ checked, and by the
fact that several different pairs of: erystals in different geometries gave
the same cross section within statistics. ‘Ina previous péper we reported
crogs sections obtained with .gas counters. They were systematically'some;‘
what higher than the ones obtained with crystal cc”;untersr.2 The ofigin of

this-discrepancy has been traced to the fact that:the  brass walls of the
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counters were thick (0.3 em). Protons hitting'the brass cbﬁld,»byimultiple"
scattering, be deviated into the gas and thus counted. The order of magni-
tude of this effect calculated in a crude way was cémpéfable with the dis-
agreement between the gas counter cross sections and ‘the present crystal
crﬁss sections. To make certain that our explanation is correct, we put in
front of our crystal a brass tube to similate the geometry of the gas count-
ers. Measurement of the cross sections with this contraption gaVé.again
high velues in agreement with the gas counter results.

The angle between the target and the bean was choésen in such a way that
the plane of the target was tangent to a circle’'defined by the two crystals
and the point where the beam intersects the target. ' This minimizes the
deviations from the optimum“geoﬁetry‘for the various points of the target
and is essential if crystal A and crystal B are to have approximately the
same dimensiona.

We checked many times that upon'éhanéiﬁgvthé‘distandé”béfwéen Aand T
or B and T or both, within the limits ﬁresdribéd;bYVthe géometrical criteria,
the cross sections remained unchanged. =

Experimental Procedure

A typical run’proceeded as follows: The ‘deflected’ bear of “the ‘¢yclo-
tron was aligned'photographically‘by*réplaéing the‘targeﬁ?Tfaﬁa iénization
chamber M of Fig. 1 'with x-ray films which'had fiducial merks dccurately
1ocated‘€ith'respect to the scattering 'table. :

After this the plateaus of the coincidence counting rate H veérsus *
voltage in the photOmultipiierftubés wéré taken. Results are shown in Fig.
6.

Following this the height of the Wh01e~scattering»apparatus;waéidhangedw
in small steps and the coincidence counting rate maximized. (Fig. 7.) This

guaranteed that the beam, crystal A and crystal B were in a plane. Finally,
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‘keeping constant, § was varied to maximize the H count.. This lagt check
showé very clearly that the eﬁé;gy,of,the:impinging proton is about 345,M9Y
(and that ‘the relativistic elastic collision laws are .obeyed). (Fig. 8.)
The effecf vanishes‘At,90°, indicating that there were few,yery‘lqugnergy
protons in the beam.

After these tests a measuring run started and we report‘the,nﬁmbers
obtained in a typical case.

We give as an example the detalled calculation,of;the‘eleventh‘line,of
-Table I. The angle. {, measured directly, is,»52.5¢. Knowledge of the inci-
dent proton energy allows calculation of the center of mass angle, € = 70.6°
using Eq. (3). (Here we always use whichever angle is less than 90°.) The
target thickness ifﬁ0.28}?gr~cm'2 of CHp, and. the .surface iof the target . :
makes an -angle of 54.1° with the beam.  The number of target atoms‘per cmg
along the beam direction is N = 0.283 x 2 x 6.023 x 1023/(14,03;xfsin 54.1%)
= 3,000 x 10°? target protons/cm?. The defining crystal (A) has a face of
1.81 cm x 3.80 cm = 6,88 cm2,~and_is located at the effective distance 80.2
cm from thé target. The solid angle subtended by the counter, 0o, is then. |
6.88/(80.2)2 = 1,070 x 10™2 sterad. Crystal B is 3.80 cm high by 2.51 cm
wide and isf1ocated BOrcm;from,théztarget. The,ionization‘chémber,for beaﬁ
monitoring is.5.10 cm deep, and is filled;ﬁith argon gasito‘a;pressurezof‘
89.6 cm Hg at 229 (82.9 cm Hg 'at 0°C). The total capacity in the integra-
tion circuit is 1.007 x 1077 fd.; the integrator circuit is oEservedvto _
"read full scale with: 0.993 volts at the. input.. From these figures.and the
. data obtained in the calibration with the Faraday cup we cglculate that .
n=6.8 x 108 protons for full scale integrator reading ("integrator volt").

The -number of  counts per integrator volt registered was as follows:
 CHp : 228 + 6 '
6 2 5214
Blaﬁkv:' 26 + 7;
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the time required for one integratoffﬁblé ﬁas about lop‘seconds. From this
accord?gg to Eq. (5) we obtgin- B

" N L E=187
and Eﬁiksééndard dé?iafidn)‘= 8. - ‘

We can now calculate tﬁe differential scattering cross section in the
center of mass system using Eqns. (1) and. (2), of€ = 70.6°) = (3.67 + 0.16)
x 1027 cm? sterad™l. Table I and Fig. 10 show all the results obtained at
full Beam energy with this method.

Small Angles

At small scattering éngles the use of polyethylene targets becomes -
impractical because a coincidence system is hampered by the difficulty of
- measuring the proton escaping,‘at low energy, and if one abandons the coin-
cidence procedure the scatter;ng by carbon becomes prohibitive. For this;
reagon we decided ﬁo use Meﬁpod I with a liquid hydrogen target and do away
with the coincidence method. |

The experimental setup is schematically shown in Fig. 9. The liquid
hydrogen'target was built by Dr. L. J. Cook and will be described by him in
another article.ll The hydrogen containing part of ‘it is a stainless steél
tube 34.92 cm long and 5.08 em diameter closed by two hemispherical foils of
stainlesé steel 0.1 gr/cm2 tpick. Also two identical hemispherical foilsf
form pert of the vacuum jacket. The beam, 1,3 cm in diameter, passes through
thig target hitting only the four terminal hemispheres and the hydrogen but
not the side walls. The crystal counters A and B were connected in coinci-
dence and could detect particles from the whole length of the hydrogen tar-
get. The measurements proceeded as follows: first, the coincidence counting
rate was determined with T full of air, next with T full of liquid hydrogen

boiling at atmospheric pressure, and finally the liquid hydrogen was evapor-

11 To appear soon, probably in the Rev. Sci. Inst.
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Table‘I
' Differential | o e
Angle © cross section Error E
c.m. system _2'7(9% . _1-276(8) lab. system
in degrees in 10"</cm</sterad. in 107<7em</sterad. in Mev
35.6 431 oz 345
36.4 3.3 o5 o
B34 3.79 .- o015
4.0 4.17 : 0.13 o
45.8 3.64 0.07 i e
46.1 3.99 0.11 o
52.4 3.7 o010 "
60.8 3.83 o1 !
64.0 3550 . oa1 | "
64.0 3 o n
70.6 , 3.67 0016 o S
72.2 ' 3.67 0.11° w
80.2 | 3.95 2
87.6 | 3.86 ~ 0.10 "
88.2 3.9 S 0.08 o
88.2 . 3.70 o o.08 o
g8.6 3.8 . 0lo6 | "
88.6 3.54 | 0.09 R

89.2 A 45 e 0.36 | "
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ated and the background redete;minéd;j Thié'cycle was repeated twice. The
angle { was varied from 5 to 25 degrees in;pfder_tofb#érlap with measure-
ments obtained by the coincidence system. The regults are contained in

Table II. It will be noted thét ﬁhe consistenéy of the data is good, but
there is a deviation of about 10 percent between these data and those ob-
tained with the coincidence system. More work on this point would clearly

be desireble, because the discrepancy is not yetkacbounted for,

Table II

Liquid Hp Run

. Differential
Angle © erogs section Error E
c.m. system - o(8) in_o(9) lab, system
in degrees in 10-27¢m?/stersad. in 10~27em?/sterad., in Mev
11.3 5.1 0.36 345
11.3 5.38 0.49
15.2 3.71 0.22
15,2 3.21 - 0.17
21.1 3.51 0.10
21.7 , 3.06 0.15
32,5 3.52 . 0.09
33.1 3,51 7 om
42.8 , " 3.48 | 0.10
42.8 - 3,40 o8
53;2 , . 3.40 | ~ 0.08
53.2 3.28 010

Lower Energies

‘Regults at reduced energies sre reported in Table III, and the. differen-

tail cross sections at 90° (c.m.) are shown in Fig. 11, Only the coincidence
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Table III
Differential v
Angle 6 cross section Error B
c.m. system , c(e; ‘ 1 in ‘cée) : . lab. system
in degrees in 10-27cme/sterad.  in 10727cm</sterad. "~ in Mev
47 .4 3.97 - 0.51 250
4.4 3.23 0.29 250.
62.0 4.38 0.27 247
64 .6 3.84 0.20 250
78.4 3.69 0.15 250
78 .4 3.53 0.18 250
87.2 3.67 0.21 250
87 .4 3.69 0.10 249
87.6 3.95 0,22 250
87.6 3.59 0.21 250
89.6 3.56 0.27 247
89.6 3.28 0.16 247
59.9 3.38 0,23 164
60.8 ‘ 4.08 - , S 0045 - 163
88.6 3.88 0.26 163
88.8 3.54 0.35 , 164
90.0 3.60 0.17 | 164
63.0 3.67 0.56 120
63.0 4.40 0.50 : 120
77.8 4.25 . 0.33 . 120
85.2 - 3.85 0.25 ‘ 120

89.2 13.95 0.12 118

method (method II) has been used at reduceq_energies. The beam is greatly
attenusted (to 1/100 normal intensity) by multipie scattering in the iithium
and the beam loses its parallelism go the only effective collimation is by
the 48-inch long collimating tube shown in Fig.‘3. The effect of previous
collimating slits is reduced drastically by thevmultiple scattering.  Therse-
fore, the beam is more spreéd and more divergent than the full energy beam
and larger crystals of stilbene have been necessary to obtaih‘satisfgctory
geometry. Relative to the proton beam intensity the background is consid-

erably increased, presumably due to neutrons formed. in the lithium and in



- o wmiog

Preqision'qfhtuuiﬁgsults,n:, |
The errors quoted in Teble I are standard deviations due to statistios

only., 1In addition to these we have tO;CQQQidQF errors inlﬁh%~Vﬂ?i°uS;qpan-
tities H, N, n, O, and @:which enter in the expregsionﬁfpr‘d(elr For the
target; area, mass, unlformity,bcompositlon. Theée all‘together may. make 1
percent ., The effectlve thlckness of ‘the target depends on the angle é of
Fig. 1, The 1mpreclslon of the adJustment of this angle may. make another 1
percent error.
| The measurement of H is affected by statistical errors and by the un-
certainty inherent in the background subtractlon method.‘ The measurement of
;the solld angle of the crystals 1s affected by the precision of the geomet-
rical measurements which is good (1.5 percent) but is subject to the assump=-
tion that all the crystal is sensitive, Thig ;u turp;}s*pmoved by the p}at-
eaus Qﬁ,the coincideuce-counting rate versus uo}taggr The erroriintrodueed
hére/is(hard.tg estimutgvand~is probgbly one of the weakest points of this
investigatiou..1We_git§‘as an[estimate };perqent error. Some reassurance on
this point was obtained by using various setu of crystals«and distances. The
cross section obtained were identicaliwithinfthefstatistical‘accuracy of the
meagureéments. | | t‘ j. ; “’ ‘. \ 7

| , Multlple‘scatterlng in the target and in the crystals is negllglble,‘
sinca crystal B was in all cases suffictently lerger than dicteted by goo-
metical considerations ?31.01?95, . R B

The muasuremeut‘of the current in.the primary beam is subject to the

uncertalnty of the electrical apparatus, saturation of the current in the
1oqizatlou,chambgrinand.calibratlon.with ‘the Feradsy uup._ Two percent error
u@y;bg‘g;fair’astimate‘fon'tﬁis partiufituéimégguremént; ' '

A togéth?r‘the‘;mbracisionrméylbg~¢sﬁimdtéd”ﬁb be tﬁ&’ChﬂPting_e?rors
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shown in Table I superimposed on a 5 percent error due to other raétors.
The points obtained are each independent of the othérsféﬁd;feprQSént~ébs6;
1ute m;aéuremehts. 'The agreement between them ‘gives a fair idea of the
overall consistency of the expérimént;

Analysis of the 1iqqid'hydrogen results of TaEle“II‘indicate’that'they
too should be given a 5-percent error superimpéééé‘dn the counting error
shown in the table. Reduced énefgj'rééults'(TéBié III)Téfélsﬁbject‘to
greater undeftaintiés,'amouﬁting‘to'abbut 7+percent éffofféﬁberimposéd"on
those of the table.

Interpretation

A meximum program for the ihterprétatidn of n-p and p-p scattering
experiments would be to deduce the cross section from meson théor&. At the
"preSént‘sfage4of the theory tﬁis'is cleérlj impossible and we must be con-
tent with more modest procedures.. | | |

The attémpt has been made by many people to interpret the scattering
experiments with velocity independent foféeéflz""AcCepting the usual sym-
metry restrictions one is‘1eft,“for-parﬁiéles’bf'Spin'l/é, with a féirlj”
broad class of potentisls:

VeV GV SpY (8)
where Vi, 72 and V3 are functions of the séparation distance and maj b
different for even and odd quantum numbers of the dfﬁifél;éhgdiar”momentum.
91 and 0, are the sPin'operétoré and”Siznis‘fhé‘ﬁensbr force opéfatbr: These
attempts have been reasonably successful in seﬁefal‘césééain explaining high

energy scattéring with po£éntid1s which also show pfbﬁer‘aéfééméﬁt'ﬁith the

12 A partial list includes M. Camac and H. A, Bethe, Phys, Rev. 73, 191
(1948); T. Wu, Phys. Rev. 73, 934 (1948); J. 4shkin and T. Wu, Fhys.
Rev. 73, 973 (1948);  Massey, Burhop, and Hu, Phys. Rev. 73, 1403 (1948);
Burhop and Yadav, Proc. Roy. Soc. A197, 505 (1949); R. S. Christian and
E. W. Hart, Phys. Rev. 77, 441 (1950); R..S. Christian and H. P. Noyes,
Phys. Rev. 79, 85 (1950); Robert Jastrow, Phys. Rev. 79, 389 (1950).
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lOWaenergywpropertieszof;the_nrp or.-p-p system: respectively.. 4s an example
"of'the§eyattemptsvwe report~thé;resu1ts of ‘calculations by Christian and.
. Hart. for-the n-p scattering in Fig.. 12. -

o1t . wdll be noticed that whefeas the form: of the‘curves;fitswreasonably
well,: the calculated cross sections are in: all cases higher than:the ob- '
served cross sections.l’ 3'uThe theoretical curves are tovbe:consideredathe
beét‘fits in this case,vfoerheuangularAdistributions are: thought to be
better known than the total cross sections.  For instance, at 90 Mev the
angular distribution is probably known to about ‘5 percent while the total
cross-secﬁion-is=known only to 15 percent. »(Thefuncértaihties»in'the'total
cross sections stem not from the cross section measurements themselves, but
Vfrom.the‘uncertainties‘in‘the«effective:energies at which the observed cross
.sections: should be coﬁsidered‘to;apply,) Nevertheless there-ig a fairly
- ¢clear diecrepancy between calculated and observed.crosé'Sectionsvfor.n-pf
scattering at 90 Mev, for the eXperiments_indicaﬁg‘that~the product E6y is
definitely less than & x 10724 Mev-cm?, while the calculated value of
Christian and Hart is 9,3 x.10724 Nev-cm?,

For the p-p scattering we show in Fig. 13 the results of Christian and
bees. The parameters have been éhgnged\for-uS«by Swanson, to give the best
fit togﬁﬁe ﬁresent;results;~ The forces Used here differ from those used in
the n-p calculations of Fig. 12 mainly in the addition of a strong odd-~wave
tensor: force with'a singularity at the origin. “Within this framework no way
has been:found to remove the large diSCrepancy:betwgen‘obServed and calcu~
lated cross sections near 159, 345 Mev. Omission of ‘the tensor part of the
force would create an ingurmountable difficultyvinasmuch as it would produée

a vanishingly small cross section at 90°.

13 Gook, McMillen, Peterson, and Sewell, Phys. Rev. 75, 7 (1949); J.
-DeJuren and N, .Knable, Phys. Rev. 77, 606:(1950). R R .



< In view: of. the strong!argumentSffromﬁlOW%energyrphenomenaffaVOring‘thé
identity of the n-n and*p—pbfbfces it is very tempting to ‘extend this result
and try the hypothesis of the identity of:the n-p,. p-p, ‘and n-n-ihteractions.
Qualitative support for this hypothesis has' recently been given by Jastrow.
The low energy n-p and p-p scattering experiments do not conflict with this
viewpoint. The large apparent differences betwééh high: energy n-p and p=p
scatteringtcross-sections,dO‘not,rule_outrthis’ﬁossibility because the Pauli
principle eliminates half of the states (triplet s, singlet. p, etc,) from
p-p or n-n scattering. - The absence of:half. of the states in the case of -
systems with identical particles gives a large leeway in the choice of po-
tentials to fit both problems.

Actually the most that we can hope to' do with:the semiempirieal line of
approach followed: is to exhibit a special potential compatible with'all the
experimental material available including high.energy p-p and n-p ‘scattering.

It might be possible, however; to do the opposite, namely to' prove that
the potentials are different. The only simple theorem now known to us is
the following: If the n-p and p-p potentials are the ‘same and if there are
no:tensor: forces, then

) Gpup (@ IOV Sk @a0). o 9)
Unfortunately, we know of no such limitation for casges in which: tensor’
forces. are-allowed. Furthermore even;thiS?relationship,isfnot“violated ag’
far-as it is now lknmown. The case which comes:closest to: viclation of the
above rule:is that at 260' Méev, where the p-p differential cross section is
(3.6
(1.3

I+

0.2) x 10'27-cm2/sterada, and the ‘corresponding n-p cross section is

0.2) x 10727 em?/sterad. The ratio is 2.8 + 0.5, so the rule (limited

1+

as it is) is not broken.
It remeins, then, to try to show at least one potential which corres-<.

ponds to both p~p and n-p scattering;[,We”mentién three cases .of interest
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with which we have the greatest familiarity.  First, the Christian and Hert
potent?al for the nup~scatteriﬁg.usediianig.*lz gives for the p-p scatter-
ing negligible intensity in the range of ‘angles 50° to0 90° and so disagrees
with the p-p expérimehts. _

Secondly, the Christian and Noyes potential developed for p-p scatter-
ing may be apflied to the n-p scattering. Fig. 14 shows the cross sections
for n-p scattering, as calculated for us by SwansonvwithﬂeXperimentairpoints,
using the same potential as in the p-p caseé of Fig. 13. The agreement is
not excellent,  but the qualitativé«féatureS”are‘reaSOnabiy‘well'represéntedi
The calculations have been made usiné Born approximation-in odd states, but
a more exact method has been used‘in-evén states. 'The unexpected behavior
near 30° may be the result of the approximation used. The calculated total
cross section is as usual too high.  ‘These curves are included here because
they giﬁe a better fit to the n-p experiments than»Wés'at.firstfsupposed,
and for comparison with the calculations of Jastrow.

The third case of “interest is that of Jastrow,}2~who¥chooses a poten-
tial with a strong repulsion at short distances. - The same potential has
been used to calcuiate both n-p and p-p scattering. His results; along with
experimentsl points, are shown inuFigs. 15 and 16. He has kindly extended
his calc;ulétions for us to include in the angular distribution ‘the effect of
tengor forces in odd states. The ‘calculations were made using Born approxi-
mation except in the case of the s-wave; where a more exact method has been
used. The n-p cufve‘of*Fig. 16 shows unexpected'maxima near 30°: and 130°
which are thought to be peculiar to the approximation used.: .

In Jastrow's results, as in those'of Christian and Noyes, a large dis-
crepancy appears in the p-p sqattering at 159, 345 Mev. Coulcmb effects
have not been included iﬁ tﬁe éalcﬁlati&n. Howevéf the Eéulomﬁ effect,

even in‘the form of interference with the specifically nuclear sgattering;
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"1ndependent indleatlons | ‘”;f g ] eenqaéne

"by Case and Palslé and they also

the order of

: allew a sure answer to th ques fonﬁélearv
ﬂforces,ﬂ_11.z-.uu_
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Figure Captions

Fig. 1.
Fig. 2.

Fig. 3.

Fig, 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

Fig. 9..

Arrangement of the coincidence,apparatus, top view. The angles
used in the test are shown on this figure.

Schematic diagram of the cyclotronm, deflecting magnet, and collima—
tor. ’
Collimator for the proton beam.. In this figure we also show the
lithium absorbers oécasionally used to reduce‘theAenefgy of the.
beam. The mechanism for moving the collimator hole isvnot shown.
Detail of the monitoring ionization éhamber,and;of;thg‘Faraday cup
as assembled for calibration of the icnization chamber.

Relative size and position of defining and coincident crystal
viewed from the direction of the beam. The two crystals and the

beam are shown on scale. The separation distances of each crystal

from the beam are reduced to 1/2 that scale.

Voltage plateau. Abscissa: voltage on the phqtq@ultipliers con-
nected with crystals A and B. Ordinate: number of coincidences
due to hydrogen for a fixed number of protons crossing the target.
(The figure shows the coincidence counting rate at the average beam
level used.)

Number of coincidences due to CHy for a fixed}n@mber of protons
crossing the target versus height,of the plane éontaining crystals
AB end the target. This p}aﬁe.is initially pgrallel to the beam
and is adjusted to contain the beam by 1lifting the whole apparatus.
Coincidence counting rate‘as_a function‘of the angle ((:) + $) 5
between the two crystals for (:) = 43°. According to Eq. (6) a
maximum at'84,7°‘corresp9nds to.E = 345 Mev.

Vertigal section of the 1iquid»hydrogen apparatus for meésuring‘

scattering at small angles to the beam. The counter arm pivots
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around an axis through the center of the liguid hydfﬁééﬁﬁébﬁthinér.
Not shown is a thin heat ‘shield which strrounds the Tiquid hydrogen
container and is maiﬂtainedfat iiqﬁié'niﬁrdgenﬁﬁémpefatﬁre.

Fig. 10. Differential scatterirg cross section in éehtér‘df mass coordinate
system, o(8). The errors shown are standard deviations from count-
ing statistics only. Circles: }CHzfﬁafgét;‘coinciﬂéﬁée method
(methbd'li); Crossest 1iquid hydfogen, single counter (method I).
Square: CHy target, single counter (method I).

Fig., 11. Differential écaftéring;érosS‘seCtidn;fér 0 = 90° as a function of
energy, in 10727 em?/steradian. Errors indicatea are standard
deviations from counting statistics only.

Fig. 12. The curves show the calculated differential cross sections of

' Christian and Hart, The points afé”expérimental’Values; taken from
the papers of reference l,'eXéept’thellarge‘X which wds obtained
from private communication from Dr, Robert H. Fox. The experimen-

 tal total cross sections migﬁt'be in error by as much as 20 percent,
~ as would be needed to give good fit. In the calculations Christian
and Hart used the following potential: For singlet states V = -35.3

. Mev) [}1/2) + (1/2) PX] (ro/r) exp (-r/ry); for triplet states V =
(=25.3 Mev) [(1/2) + (1/2) Pg] (ro/r) exp (vx/ry) + (-48.2 Mev)
(0.37 + 0.63 Pi)‘(rOYr) exp (-r/ro)‘Sizﬁ‘ﬁhére?31égis the tensor

 force'6perator‘énd fo>=‘1035 x 10713 ¢ in all cases. Py is the
space exchangéyoperétﬁr.

Fig.'13..Points”repreéeﬁt experimental‘reéﬁlts, 345 Nev, Curves are those

| éalcﬁlatéd'by'SwahSOn‘using the method of Christian and Noyes. In
the calculations the fdllowihg potentials were used: For singlet

" states V = (:13.273 Mev) (1/2'+ (1/2) PX)“for r<ri and V = 0 for

" r> ry; for triplet states V = (525.3 Mev) (/2 + (1/2) Py) (ro/r)
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oxp (-r/r5) + (~48.3 Mev) (1/2 + (1/2) Py) (ro/r) exp (-v/rp) Sqp +
(-15.25 Mev) (1/2 - (1/2) Px) (r3/r)2 exp (-r/r3) Sip. ry = 2.615
x 1003 em, ry = 1.35 x 10733 om, and r3 = 1.6 x 1073 cm.

Fig. 14. n-p scattering calculafed with the same potential used for p-p
scattering in Fig. 13.

Fig. 15. Experimental points and curves as calculated by Jastrow using the
following potential: In singlet states V.= wwhenr <rg, V =
(-375 Mev) [}1/2) + (1/2) Px] exp [—(r - ro)/rs:]when r > r, where
ro = 0.60 x 10713 em, rg = 0.40 x 10713 em; in triplet states V =
(-69 Mev) [(l/é) + (1/2) Py + (0.3 + 0.7 Py) x‘1.84 Slé] exp (-rv/ry)
where r{ = 0.75 x 1013 cm.

Fig. 16. Experimental points and curves as calcuiated by Jastrow using the

potential given in Fig. 15.
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