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ABSTRACT
The differential scattering cross section for elastic collisions of 345
Mev protoﬁs~ﬁith protons has been measured in the angular range 11° to 90°

(center 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 maés,syStem) at 90° is remarkably independent of energy. The cross sec-
tion at 345 Nev is very independent of angle, being close to 3.8 x 10°%7
cm2/steradian (center of mess system). The agreement with existing phenom-

enclogicgl theories based on static potentials is rather poor, especially in

the case of scattering at small angles at 345 Mev.
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Experiments on Proton-Proton Scattering from 120.to 345 lev
. 0. Chamberlain, E. Segre and C. Wiegand s Eﬁlwqwli

Radiation Laboratory, Department of Fhysics:
University of California, Berkeley, Callfornla

February, 1951 '
Introduction v A A YT L S WS EE TSP TR AP L PRI BUSE s

The results of experimentgl,lnyestigetione.offgfpmecabteringhhavegJﬁ%ﬂ
.previouslywpeen reported and we ha@e,giﬁeo'prellminery renorﬁs-oﬁ.9u2~study4
of p-p scattering.l’2 B R T L ;3' R

At the end of one.preliminary report, we indicated some possible im-
provements in technique which we have now accomplished. In this paper we
give our final results on the differential,cross section of proton=-proton |
scattering as a function of the angle of ecattering end -of the energy of the
protons. The results of cur preliminary paper are confirmed, but the pres-
ent investigation extends the data to lower energies and increases.the
precision of the determinations. While these experiments were :in progress,
Oxley, Schamberger; and Tovvler3 have 1nvest1gateo the p-p scattering at 240
Mev, and Blrge4 has done the, same atHlQQ Mev. .Their results overlap in... .
part cur -own and agree with us in the common part. . = .. . o . . .o

A summary of the results.is presep;ed_in,ﬁebles_l, ll,‘lll_apd in Fig.

0. | - G L

1 Hadley, Kelly, Leith, Segre, Wlegand “and York Phys Rev. 75, 351 (1949),
Kelly, Leith, Segre, and Wiegand, Fhys. Rev. _2, % .(1950) ., oiinreon

2 0. Chamberlaln and C, Wiegand, Phys Rev 79, 81 (1950) . Chamberlain,. -
Segre, and Wiegand, Phys. Rev., in press. - - N ST T

3 Oxley, Schamberger, and Towler, Bull. Amer. Phys. Soc. gé,w8¥(195l)yj'f

4 R. W. Birge, Phys. Rev. 80, 490 (1950). . . - pee o atawer
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Experimental

vOur source of high energy ﬁrotons is the external beam of the 184-inch
.Berkeley cyclotron., In this beam is placed a hydrogenous target; either
polyethylene (CHp) or liquid hydrogen. The protons scattered out of the
beam (and out of the ﬁﬁrget) éré countea either singly (method I) or:else A
both the scattered and struck protons afe detected simultanecusly by two A
counters in coincidence (method 1I). 1In the latter case.the two protons
eﬁerge from the target at‘égout 90° from each other, a characteriétic‘which
“helps very greatiy'in'the separation of p-p scattering from other scattering
processes. Both-methods are aided by twovdevelopments; the inventicn by
Leith of & method for‘obtaining a fairly long (25 micfosecond)'béam pulse
time using deflection by multiple scattering within the cyclotron vacuum
tank;5 and the development of trans-stilbene crystal countefs and assoCi-
ated equipment6’7 with a resolving time for coincidences of about 4 x 108
sec.

L schematic diagram of the apperatus (method II) is presented in Fig. 1.
The beam deflected from the cyclotron and collimated through the shielding
walls impinges on the target T (a foil of pblyethylene)nr The protohs,
scattered and recéil, are cetected in the stilbene cfystals A and B, each '
viewed by a 1P21 photomultiplier tube. A‘suﬁtenas"thé 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 a larger solid angle than would be necessary
to satisfy the condition stated_abové in ordér to be safe from losses of

coincidences due to multiple scattering effects and defects in alignment.

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

7 ¢. wiegand, Rev. Sci. Inst. 21, 975 (1950).
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The'beém ig monitored by measuridgtfhe ionization ﬁro&uoed in aiéhalloW'“ﬁj
iOhizaﬁionhoﬁambor full of érgon which has’(invtufn)'béeﬁ.céiibréted‘against
a fafadoj'cﬁﬁ. |

" Let us call N the number of hydrogen atoms per cm® in the”tafgef meas-
ured in the direction of the incident beam, n the number of protons that
crossed the target and H the number‘of coincidéooé:couhté between A and B
due to hydrogen in the target. Let ® be the engle between the”liho from the
target to counter A and the direction of the prlmary beam. We have c(@), '
the dlfferentlal scatterlng cross section (1aboratory system) giﬁén'Ey

| o(@) = B/ (o). W

Passing‘to the center of mass systemﬁ

e gme ey g
3 G(g) = = 1 +(E/2M02) : \Q P y @ PR | L (2)
ten (6/2) = [1vf_(E/2M°2)]1/2 ten ® . o 06)

where c(@)ais tho differential scattering:cro§§ section in the center of

mass system, qt,anglezg from the beam in the center of mass system of coor-

dinates, E isﬂthe kinetic energy of the incident,protono:(lab, system),‘Mc?

is the proton rest energy. |
We shall now déécribe our operations on@ the&measurements;of,ohe”single

factors entering into Eq. (1).

Proton Beam | _ ‘

Fig. 2 gives a generol plan of the cyclotron showing .the path of the
protons in the external besm. At large radii. (about 81 inches) thevpfotoni
orbits show large vertical oscillatiohs and much of the internal beam strikes
either .of two grarhite blocks placed above and below the normal beam. plane.

A few of the protons are deflected by multiple scatterlng in the graphlte 1n

such a way as to enter the magnetlc shielding tubev("magnetlc deflector")
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through wh;qh‘tﬁe protops are led‘away>from the.main‘fielq_of,theacyglotron.

... The collimator C is, shown.in more detail in Fig. 3. 1I;s€apérture can
be changed from two inches to 1/4 inch; we usea.it in the range 1/2 to 1.
inch. ,The axis ofitthcollimator hole,ﬁas adjusted fp_be pa;allel to the
beam to within OfOOl :adian. The central hole of the éollimapor could be.
- preCedgd:by.cylindrical boxes'fpll Qf lithigm metgl in order to reduce the
energy of ﬁhe emergingvprotons.

,Tbe homogeneity in energy pf the emerging beam is very satisfactory as
shown by thg Bragg curve given in another article,s This is obtainable by.
putting 2 shallow ionization chambers in ﬁhevbeam between which is a_vari-
able copper absorber. The ratio of the curfent in the second chamber to
that in the first chamber is plotted as a function of abscrber thickness.
The sharp peak at ﬁhe end of the curve is an indication of the homogeneity
in the energy of the beam. |

. The bending magnet in cﬁmbination'with the thfeé.cdllimating holes
thrdﬁgh which the beam must pass gives a momeﬁtum”selécﬁion to about one
percent. Evidence that few very low energy ﬁrotbns are géﬁefated.iﬁ the
Eéllimator tube material is obtained from thé‘coincidence cbﬁnting method
(as explained in connection with Fig. 8).

The current in ‘the beam was medsured in an ionization chamﬁer of the
type shown in Fig. 4, which was calibrated agaiﬁst é Faraday cup at the
highest energy used (345 Mev). The Faraday cup, which is our priméfy stand-
ard for determinition of thé beam intensity, was built by Dr. V. Z. Peterson.
It consists of & 6-inch Byﬂé-inch'cylindridal brass block, as sﬂqﬁn in Fig.
" 4. Across the face of the Faraddy cuplis a thin fbii'(bias fdil) which can

be biased to test for the effect of“éecondéry electron emissicn from the

8 R. Mather and E. Sggfé,,fhys.,Rev.,kin~presq; (UCRL-1089) .
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electrodes. The whole Faradéj cup structure is in an. evacuated enclcsure
into which the beam passes through a thin window. A magnetic field of 100

gauss across the face of the Faradey cup serves to reduce drastically the

"secondary electron emission. 1In operation, change of the bias foil poten-

tial from -500 v to +500 v caused cnly,l/z percent- change in the apparent
calibration of the ionization chamber, indicating that secondary electrbn
emission was sufficiently-small.

We call the‘mﬁltiplication factor M of the ionization chamter the ratio
between the saturation current ccllected in the chamber and the current in
the Faraday cup. We can write
| M= (t/w)(-dE/ax) | - (4)
where t is the thickness of tbe chamber in gr/cm2 of argon, dE/dx is the

1 ¢m? and w is the energy in ev spent for

specific -energy loss in ev gr”
producing one ion pair. Assuming at the maximum energy -dE/dx = 3.08 x 106
for argongkwe find that ﬁhe energy w spent per ion pair produced is 25.5 ev.
Assuming this quantity to be independent of eneréy; and the range energy
relations of reference 9 to be COrréct,‘we can_calculafe'the multiplication
factor of the chamber at the other energies.

The intensity of the beam used varied from 5 x 10° to 5 x 107 protons/

sec. The pulses during which the particles come out occupied about one-

thousandth of the "beam on" time. The diameter of the beam was usually

1.25 ¢m. - The integrated current in the ionization chamber was measured by

passing it into a condenser and measuring the potential across the condenser
: 10

with an electrometer circuit similar to that of Vance. The leakage resis-

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

2 iron, Hoffman, and Williams, 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 eollimating - .
channel. _Lithium was chosen in order 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 tébles of Aron, Hoffman, and
Williamsguwhich were also checked by a direct experiment. ., = . - .
Targets.
The targets used were foils of polyethylene (CHp)p which weighed 283
. mg em™2, The composition of this substance wes kindly‘dhecked by the late
Dr. Otto Beeck: of  the Shell.Development Company; it was found to contain
14 .44 percent hydrogen by weight (theoretical for CH2 is 14.37). In spite
of-the'coincidence system the coincidence counting rate did not vanish if we
replaced CHp by carbon of equal stopping power. These residual coincidences
were‘mainly accidentals and their rate could be kept 1owv(l/10)»with-respect
to the main effect by controlling the: intensity of the primary beam. . In -
"Vorder 1o subtract them we used a carbon target.containing 1.43 times as many
carbon.atoms per cmz,as the CHy target. This target haStapproximateiy'the
same stopping power for protons és the CH, target. Since:the way in which
the background should be subtfacted;is not.:completely unambiguous it is -
important to keep it small with respect.to the main effect.
We calculate_H,:the,effect due- to hydrogen, by the formula
H=CHyp - 0.6C - 0.4B = o (8)
where CHp, C, and B are the number: of counts obtéined‘if_the same number of "
@protons,crossed«ﬁhe polyethylene target, C target, or no target (blank run).
The justification ofithis formula is as follows: : Data from . preliminary: work
show thatﬁfor 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 4 and B crystals, we havé for éne count due fo hydrogén in
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. crystal A when using a CHp target

Crystal A Crystal B
Counts due to H | 1 o 9
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 CHy target, it must contain 1.43 as much C as the CHp target.
We have thus |
. Crystel 4 Crystal B
.Counts due to C : 5x 1.43 =17 .45 x 1.43 = 64

The accidental coincidences in the case of the carbon target‘afe then

7 x 64 x @ = 448 a where a depends on the instruments used and on the beam

intensity. With the CH> target we have an accidental coincidence rate giVen‘

by 5x 53 xa = 265a; 265a/(448 a) = 0.6. We thus subtra&t 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
constantAtotal number of protons as is to be expected for accidental coinci-
dences. Experiméntal_verification that this procedure is adequate has come
from the agreement of cross sections measured over a considerable range of -

beam intensities.

Geometry

The angle between the protons emerging from the target, which would be
90° in a non-relativistic case is given by:

tan i(:) +0) = B2M02/E) + l] tan § + (2Mc?/E) cot {. o (6)

| The deviation of (<:>'+ ®) from 90° may conveniently be approximated by

(n/2) -(H) - D = (B/4Hc?) sin (20) S

where E is the kinetic énergy of the incident proton-in the lab. system.
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The defining ecrystal A and the larger crystal B are:located as in Fig. 1.
Given the dimensions and distance of crystal A, which define Q, the dimen-
sions and»distance of B must be so chosen thaﬁ all p-p séattering processés
which register in A register also in B. The condition on the height of
crystal B is indicated in Fig. 5 which is & projection:in afdirectionfpafal-'
lel to the beam direction. The énalogous condition on the width:of crystal
B involves the width of“crystal A as well as the ‘thickness of the target’ .
measuréd in the direction of crystal A. The size of crystel B must be fur-
ther increased to allow for the effect of multiple scattering of both emerg-
ing protons in the target material. 1In = typical.case_the-dimenSions of A
are 1.8 cm high x 3.80 cm wide; of B 3.80 cm high x 2.51 cm wide; the
distances TA and TB in projection are 64 cm and 16 cm. - The actual distances
. between the target and the fronts of A and B are 80 cm and 30 cm respectively.
In the case described § = 52.5° and (H) = 32.8°%.

. The distance between the target andythe crystal which defines the solid
angle hsas been arbitrarily measured from 4 mm insidé of the crystal; We:'do
- not: know exactly how far a particlevmust penetrate the crystal in order to
‘be counted,. but since the total distance between A and T is more than 80 cm,
this uncertainty of 2 or 3 mm can not make more than an error of about 0.8
percent in the measurement. of thelsolid angle.” 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 givenvby 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 crystals in different geometries gave
the same cross section within statistics. In~é previous péper we reported
cross sections obtained with gas counters. They were systematically some-
what higher than the ones obtained with crystal coun-tersi.2 ‘The origin of

this'discrepancy has been traced to-the fact that the brass walls of the
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‘counters were thick (0.3 cm). Protons hitting the brass could, by multiple
scattering, be deviated intd the gas and thus counted. The order of magni-
tude of this effect calculated in a crude way was comparable with the dis-
agreement between the gas counter cross sections and the present crystal
créss sections. To make certain that our explanatioh is correct, we put in
front of our crystal a brass tube tp simulate the geometry of the gas count-
ers. Measurement of the cross sections with this contfaption gavé.again
highvvalueé in agreement with the gas counter results,

The angle between tﬁe target and the beam was chosen in such a way that
the plane of the target was tangent to a circle defined by the two'cfyéta}s
and the point where the beam intersects the target.: This3minimizes the
deviations from the optimum geometry for fhe varidus -points of the target
and is essential if crystal A and crystsl B ére to have apprékimately the
same dimensions.

We checked many times that upon changing the distance between 4 and T
or B and T or both, within the limits prescribéd by the geometrical criteria,
the cross sections remained unchanged.

Experimental Procedure

4 typical run proceeded ‘as follows: * The 'deflectéd: beam of “the cyelo-
tron was aligned photographicélly by replacing the target T ‘ahd ionization
chamber M of Fig. 1 with x-ray films which had fiducial marks accurately -
located Qith!respeét to the scattering table. = . cei.

After this the platesus of the coincidence counting rate H versus
voltage in the photomultiplier tubes were teken. Results are -shown “in Fig.
6.

Following this the height of the whole scattering apparsatus waéAdhangedn
in small éteps and the coincidence counting rate maximized. (Fig. 7.) This

guaranteed that the beam, c¢rystal 4 and crystal B were in a plane. Finally,
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keeping (:> constanf, ® was varied to maximize the H count.. This last check
showé very clearly that the energy of the impinging proton is about 345 Mev
(and that ‘the relativistic elastic collision laws are .obeyed). (Fig. 8.)
The effect vanishes‘ét 90°, indicating that there were feW;yeryAlow,energy
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 detailed_calculation of the eleventh line of
Table I. The angle §, measured directly is; 52,59, Knowledge of the inci-
dent proton energy allows calculation of the center of mass angle, 6 = 70.6°
using Eq. (3). (Here we always usé whichever angle is less than 90°.) The
target thickness if 0.283 gr cm“2 of CHp, and the surface of the target
makes an angle of 54.1° with the beam. The number of target atoms per em?
along the beam direction is N = 0.283 x 2 x 6.023 x 1023 /(14.03 x .sin 54.10)
= 3,000 x 1022'target_protons/cﬁ2. The defining. crystal (A) has .a face of
1.81 cm x 3:80 cm = 6.88 cm2, and 1is loc#ted at the effective distance 80.2
em from thé target. The solid angle subtended by the counter,lz,.is_then~' |
6.88/(80.2)2 = 1.070 x 1072 sterad. Crystal B is 3.80 cm high by 2.51 cm
‘wide and is located 30 cm from the target. The ionization chamber for be;m
monitoring is 5.10 cm deep, and is filled witﬁ ergon gas to a pressure.of
89.6 cm Hg at 22% (82.9'ch Hg 'at 0°C). The total capacity in-the integra-
tion circuit is 1.007 x 10'7 fd.; the.integrator circuit is obsefved to
read full écale with 0.993 volts at the input. From these figures and the
data obtained in the calibration with the Faraday cup we calculate that

n=6.86 x 108 protons for full scale integrator reading ("integrator volt").

The number of counts per integrator volt registered was as follows:
. CHp : 228 +6
c i 5214
Blaﬁk :' 26 + 7;

-
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the time required for one integrator;vol%'Was about 100 seconds. From this
according to Eq. (5) we obtain .
" | o H=187

and Eﬁi¥sfendard deﬁiaﬁien)ve.é.‘ H

We‘ean now calculate_tﬁe differential scattering cross section in ihe
center of mass system using Eqns. (1) and (2), of@ = 70.6°) = (3.67 + 0.16)
x 10727 cn? sterad™l. Table I and Fig. 10 show all the results obtained at
‘full Eeam energy with this method.

Small Angles

At small scattering angles the use of polyethylene targets becomes
impractical because a eoincidence system is hampered by the difficulty of
" measuring the protonvescapinéi at low énergy, and if one abandoné the coin-
cidence procedufe the scattefing by carbon becomes prohibitive. For this
reason we decided ﬁo use Method I with a liquid hydrogen target ana do. away
with the coincidence method.

TheAexperimenﬁal setup 1s schematically shown in Fig. 9. The liquid
hydrogen'target was built by Df, 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 cm diameter closed by two hemispherical fciis of
stainless steel O,lhgr/cm2 thick. Also two identical hemispherieel foils
form part of the vacuum jacket. The beam, 1.3 cm in diameter, passes through
this target hitting only the feur 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 deﬁermined with T full of air, next with T full of liquid hydrogen

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

1 To appear soon, probably in the Rev. Sci. Inst.
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Table I
' Differential ‘
Angle 8 cross section Error E
- e.m. system : -2'?'(9% - 327 d('g) lal.). system
in degrees in 107%/cm*/sterad. in 10~?7em</sterad. in Mev

35.6 431 0.21 34
36.4 3,93 ©0.15 "
43 .4 3.79 0.15 K
4.0 4.17 0.13 "
45.8 - 3.64 0.07 v
46.1 3.99 0.11 "
52.4 3.7 0.10 n
60.8 3.83 - 0.13 "
64.0 - 3.55. 0.11 n
64.0 3.4 0.14 "
70.6 3.67 0.16 "
72.2 3.67 0.11 :
80.2 3.95 0.12 "
87.6 3.86 10.10 "
88.2 3.91 0.08 "
88.2 3.70 0.08 "
88.6 3.85 0.06 "
8.6 3.54 0.09 m
89.2 4 0.36 "
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‘ated and the background rédetermine&;j This<cyclevwas repeated twice. The
angle § was varied from 5 to 25 degrees in ofder.tq gverlap with measure-
ments obtgihed by the coincidehce system. The.résults are contained,in »
Tablé II. It will be noted_that the consistency of the data is gocd, buf
there is a deviation of about 10 percent between these data and thoég ob-
tained with the coincidence system. More work on.this point would clearly

be desirable, because the discrepancy is not yet accounted for.

Table II
Liquid Hp Run

Differential

Ahgle e _ cross section Error ’ E
¢.m. system : o(8) in o(9) lab. system
in degrees in 10-27cm?/sterad. in 10"?7cm?/sterad. in Mev

11.3 5.1 | 10.36 345
11.3 | 5.38 \ 0.49 |
15.2 3.71 0.22.
15.2 3.21 10.17
21.1 3.51 - 0.10
217 3,06 0.15
32,5 | 3.52 0.09
B1 3,51 ol
428 3.48 | 0?10:.
2.8 3.0 oo
5.2 340 __o,ds B

53.2 3.28 0.0

Lower Energies

‘Results at reduced energies are reported in Tsble III, and the differen-

tail cross sections at 90° (c.m.) are shown in Fig. 11. Onhly the coincidence
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Table 111
Differential .
Angle © cross section Error ~E
c.m. system 6(9% _ in o(0) lab. system
in degrees in 10-27cme/sterad. in 10-?7cm?/sterad. in Mev w T

47 .4 ' 3.97 0.51 250
47.4 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 _ Y 0.45 - 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.
7.8 A 4:25 0.33 | 120
85.2 : ,\3085 . 0.25 » 120
89.2

3.95 0.12 118

method (methodvII) has been used at reduced epergies, The beam is greatly
attenuated (to 1/100 normal intensity) by multiﬁle scattering in the lithium .
and the beam loses its parallelism so the only effective collimétion'is by |

the 48-inch long collimating tube shown in Fig. 3. The efféct of previous
collimating slits is reduced drastically by the multiple scattering. There-

fore, the beam 1s more spréad énd more divergent thanvthe full energy beam

~and larger crystals of stilbene have been necessary to obtain satisfactory

geometry. Relative to the proton beam intensity the background is consid-

erably increased,'presumably due to neutrons formed in the lithium and in.
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the brass of tﬁe collimator._

Precision of the Results

The errors quétéd_ié,Table.I are standard deviations due to statistics
only. ln additlon‘to these we have to consldem errors im_phe”variOUS:quan-
tities H, N, n, Q, and @:mhich enter in tme expresslondfor G(Q);_ For the
target: area, mass, unlformlty, composmtlon. These all‘together may make 1
percent ., Tbe effectlve thlckness of the target depends on the angle é of
Fig. l. The 1mpr901slon of the adJustment of this angle mey make another 1
percent error.
| The measurement of H is affected by statistical errors and by the un-
certainty 1nherent in the background subtractlon method The measurement of
,the solld angle of the crystals is affected by the prec1s1on of the geomet -
rical measurements whiech is good (1.5 percent) but is subject to the assump-
tion that all the crystal is sensitive. This im turn is;proved by the plat-

~eaus oﬁ‘the coineidenoe counting rate versus voltage. The error intfodueed
heme’is‘hardvte espimafevand'is pfobably one‘of the weakest points of this
investigation. . We give as an estimate 3.pemcen£ error. Somé reassurance on
 this point was obtained by using various sets of‘crystals and distanees. _The
cross section obtained were identical within the.statistical‘accuracy of the
measurements. » '. ’ - | . -

Multlple scatterlng in the target and in the crystals is negliglble,

' s1nce crystal B was in all cases sufficiently 1arger than dictated by geo—
metlcal consideratlons alone |

‘ _The_measurement of the current in‘the primary beam is subject to the
uncertainty of the eleeﬁrical appamatus, saturation of the cmrrent ln,the
' 1onizatlon chamber, and calnbratlon W1th the Faraday cup TWO percent erfor
may be a falr estlmate for this part of the measurement | |

uﬂ»All together the lmprecision may be‘estlmated t6 be the coﬁntingrefrors
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shown in Table I superimposed on a 5 percent error due‘ﬁo dﬁher'féétofsl
The points obtained are each independent of the othérsféﬁdvfepresént ébsd-
1ute measurements. The agreement between them gives a fair ides of the
overall consistency of the experiment.

Analysis of the 1i§gid hydrogen results of Table II indicate that they
" too should be given a 5-percent error superimpoéea on the countiﬁg error
shown in the table. Reduced energy results (Table iII)>afé'subject to
greater uncertainties, amounting to about 7—percénﬁ errofféupefimposéd on
those of the table.

Interpretation

A maximum program for the interpfetatidn of n-p and p-p'séattefing
experiments would be to deduce the cross section from meson théory.:wAt the
 present stage of the theory this is clearly impossible and we must be con-
tent with more modest procedures. |

The atfempt has been made by many péople to interpret the scattering
experiments'with velocity“independenf fofces;12 ‘hccepting the ﬁsual'sym-
metry restrictions one is 1eft;'for~partiéles of spin’'1l/2, with a fairly‘
broad class of potentials:

v =‘Vl.+ 01 - gy Vo + Sq1p V3' ' B (8)
where Vq, V2 and V3 are functions of the separation distance and may be
different for even and odd quantﬁm'numberé of the oféiﬁal"angular ﬁomentum.~
=21 and.gé are the spin operators and'Siz is the tensor force operatbr; These
attempts have been reasonably successful in several déséé'in explaining high

energy scattering with potentials which also show proﬁer agreémént‘with the

12 partial list includes M. Camac and H. 4. Bethe, Phys. Rev. 73, 191
(1948); T. Wu, Phys. Rev. 73, 934 (1948); J. Ashkin and T. Wu, Phys.
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 end
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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low energy properties of the n=-p or p-p system respegtively. 4s an example
“of these attempts we report the results of calculations by Christian:and. -
Hart. for- the n-p scattering in Fig. 12.
7:It.wili;bernoticed.that whefeas the form of the.curvesxfitsnreasonaﬁly
well, the calculated cross sections.afe“in all cases higher than'the‘ob-"’
sérved cross sections.l’ = The theoretical curves are to be:considered. the
"best fits in this case, for‘the angular distributions are thought to be
better known theh the total cross sections.  For instance, at 90 Mev the
angular distribution is probably known toiabout‘S percent while the total
cross-secfion'is:known only to 15 percent. (The uncértaihties in the total
cross sectioné stem not from the cross section measurements themselves, but
‘from the uncertainties in the effective energies at which the observed cross
sections should be coﬁsideredAﬁo apply.) Nevertheless there is a fairly
~clear discrepancy between calculated and observed cross sections for n-p
-scattering at 90 Mev, for the experiments indicate that the product Eoy is.
definitely less than 8 x 10724 Mev- cm2, while the calculated valuve of
Christian and Hart is 9.3 x 10'24Nkv cm2
For the p-p scattering we show in Fig. l% the results. of Christian and
ﬁbyes. The parametefs_havewbeen changed'for»us\by Swanson, to give the best
fit to the present.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
tensorffqrce with a singularity at the origin. Within this framework no way
has been found to remove the large discrepancy betwgenﬂobServed and calcu-~"
lhted.croés sections:near 159, 345 Mev. Omission of the tensor part of ‘the
force would create an insurmountable difficultyvinasmuch as it would produce

a vanishingly small cross section at 90°.

13 Cook McM1llan, Peterson, and Sewell Phys, Rev. 75, 7 (1949) J.
. DedJuren and N. Knable, Phys. Rev. 77; 606.(1950). : :
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In view of the strong arguments from low energy phenomena'favoring'thé
identity of the n-n and p-p forces if is very tempting to extend this'result
and try the hypothesis of the identity of the n-p, p-p, aﬁd{n=n ihteractions.
Quélitative sﬁpport 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 betweén high energy n-p and p+p
scattering crosgs sectionsg do not rule out: this bossibility 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-
tentiels to fit both problems.

Actually the most that we can hope to do with the semiempiricalllinévof'
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, namély 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 .

| Opp (87 0N S b (82909, (9)
Unfortunately, we know of no such limitation for cases in which tensor’
forces are allowed. Furthermore even this relationship is not viclated as
fer-es it is now known. The case which comes closest to viclation of the .
above rule is that at 260 Mev; where the p-p differential cross section is
(3.6 + 0.2) x 10727 cm?/sterad., and the corresponding n-p cross section is

(1.3

i+

0.2) x 10-27 cm?/sterad. The ratic is 2.8 + 0.5, so the rule (limited
as it is) is not broken.
It remains, then, to try to show at least one potential which corres-

ponds to both p-p and n-p scattéring.'4We mentiéh'three cases .of interest
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with which we have the greatest familiarity. First, the Christian and Hart
potential for the n-p:-scattering used in Fig.' 12 gives for the p-p scatter-
ing negligible intensity in the range of -angles 50° to -90° and so disagrees
with the p-p expérimehts.

Secondly, the Christian and Noyes poteritial 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 Swanson with experimentai points,
using the same potential as in the p-p casé of Fig. 13. The agreement ‘is
not excellent, but the qualitatiVé féatures are reasonably well répresented:
The calculations have been made ﬁsiné 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 incliuded here because
they give a better fit to the n-p experimenfs than-Wés at first suppOSéd,
and for comparison with the calculations of JaStroW}‘

‘The third case of interest is that of'JastrOw,lZ'who‘chobses a poten-
tial with a strong repulsion at short distances.- The same potential has
been used tO'calcuiate'both'nsp and p-p scattering. Hié results, along with
experimental points, are shown in Figs. 15 and 16. He has kindly extended
his calculations for us to include in the angular distribution the effect of
tensor 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 béen
used.  The n-p cﬁrve 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 lafgé'dis-
crepancy appears in the p-p scattering at 159, 345 Mev. Coulomb effects -
have not been included iﬁ tﬁe éalculatién. waévéf.the coulomb effect,

even in-the form of interference with the specifically hucléar'SQaﬁtering,
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l.cannot account for more than a small part of the dlscrepancy at 159, " The

n-p results’ (Frg._lé) are remarkably good but the calculated tctal cross
'sectlon is:still slightly “too hlgh All together one can say that ‘thése -
attempts areronly moderatelylsuccessful -

If we abandon the restrlctlon to veloclty 1ndependent forces, then the
varlety of choices becomes practlcally Unllmlted One of the 51mple possi-
bllltles is to 1ntroduce a spin orblt coupllng for whlch there are also
1ndependent indications in the nuclear shell structure.r<Th1s has been done
by Case and Palsl4 and they also conclude that wmth thls generallzed form of g
1nteractlon 1t may be p0331ble.tolpreserve the 1dent1ty between n-p and p-p
forces, although we do not know the quantltatlve results of thelr calculaw
tlons. | - | ' ‘ i |

In all these calculatlons relat1V1t§ has not been taken lnto accoun+.
The changes brought about by relat1v1ty are gueSSed to be of the order .of

s O 2 of the cross sectlons. K | '

In conclu51on we must rather dlsappblntlngly admlt that all the evi-
fdence accumulated on n- p and p-p scatterlng at hlgh energy does not yet
allow. a sure answer to the questlon of the charge 1ndependence of nuclear

,forces.

Acknowledgments

: Through the Radlatlon Laboratory thls work has been supported by the
'Unlted States Atomic Energy Comm1551on R
The authors are grateful to the cyclotron operatlng crew for thelr
lastlng patlence and to Dr V Z. Peterson for hls helpfulness w1th both the _

llquld hydrogen target and the Faraday cup,

14 K. Mt;Caseland A. Pais, Phys; Rev. §Q,f2031(1950)r

'Informaulon D1v1sion

,5/22/51 md " B Y et



-23- : -UCRL-1109

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. Ibe‘angles
used in the test are shown on this figure.

Schematic diagram of the cyclotron, deflecting magnet, and coliima—
tor. '
Collimator for the proton beam. In this figure we also show the
lithium absorbers occasionally used to reduce the.encfgy of the‘
beam. The mechanism fcr moving the collimafor hole is.not.shcwn.

Detail of the monitoring ionization chamber and of the Faraday cup

as assembled for calibration of the lonization 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 phctcﬁultipliers 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 colncidence counting rate at the average beam
level used.)

Number of coincidences due to CHp for a fixed number of protons.
crosr'sing the target versus height of the plane .containing crystals
AB and the terget. This plane is initially parallel to the beam
and is adjusted to contain the beam‘by lifting the whole apparatus.
Coincidence counting rate as a functionvcf the angle ((:) + Q)»T
between the two crystals for <:> = 43°. According to Eq. (6) e

meximum at 84.7° corresponds to.E = 345 Mev.

. Vertical section of the‘liquid3hydrogen apparatus for measuringv

scattering at small angles to the beam. . The counter arm pivots
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Fig. 10.

Fig. 11.

Fig. 12.

‘Fig. 13.

around an axis through the center of the liquid hydfdgéﬁiéoﬁtéiﬁér.
Not shown is a thin heat ‘shield which surrounds the ¥iquid hydrogen
container and is maintained at liquid niﬁrogen'fémpefatﬁre.
Differential scattering cross section in center of mass coordinate
system, o(8). The errors shown are standard deviations from count-
ing statisticsroniy, Circles: CHp target, coincidéﬁée:method
(methbd.II)} Crosses: liquid hydrogen, single:cbuﬁteff(method I).
Square: CH, target, single counter (method I).

Differential scattering;cross section for © = 90° as 4 function of
energy, in 10-27 cmz/sterédian. Errors indicatéé are standard
deviations from countihg statistics only. |

The curves show the calcﬁléted differential cross sections of

Christian and Hert. The points are expérimental values, taken from

the papers of reference 1; except the large X which was obtained
from private communication from Dr. Robert'H;”Fox,-’Tﬁe experimen-
tal total cross sections mighf be in error By as much as 20 percent,
as would be.needéd to give good fit. 1In the calculations Christian
and Hart used the following potential: For singlet states V = (-35.3
Mev) Bl/z) + (1/2) PXJ (ro/r) exp (-r/ry); for triplet states V =
(-25,3 Mev) [(1/2) + (1/2) PX] (ro/T) exp (-r/ro) + (~48.2 Nev)
(0.37 + 0.63 Pyx) (ro/r) exp (-r/ry) Sio, whereislzlis the tensor
force 6perator"and fo = 1.35 x 10713 cm in all cases. Py is the
space exchangé operator.

Points represent experimental results, 345 Mev. Curves are those
calculated by Swanson using the method of Christian ahvaoyes. In
the calculations the following potentials were used: For singlet

states V = (213.273 Mev) (1/2 + (1/2) Py) for r <r] and V = O for

~ r> ry; for triplet states V ="(=25.3 Mev) (1/2 + (1/2) Py) (ro/T)
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Fig. 15.

Fig. 16.
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exp (-r/rp) + (-48.3 Mev) (1/2 + (1/2) PX)/(rz/r) exp (—r/rz)‘slz +
(-15.25 Mev) (1/2 - (1/2) Px) (r3/r)2 exp (-r/r3) S1p. r1 = 2.615
x 10713 em, rp = 1.35 x 10713 cm, and r3 = 1.6 x 10713 cm.

n-p scattering'calculaéed with the same potential used for p-p
scattering in Fig. 13.

Experimental points and curves as calculated by.Jastrow using the
following potential: In singlet states V,=l o when r <rg, V =
(=375 Mev)'[kl/Z) + (1/2) PX] exp [5(r - 1) /Ty ]when r> r, where
ro = 0.60 x 10713 cm, rg = 0.40 x 1013 cm; in triplet states V =
(69 Wev) [(1/2) + (1/2) Py + (0.3 + 0.7 Py) x 1.84 813 | exp (-r/ry)
where r{ = 0.75 x 1013 cm. \

Experimental points and curves as calculated by Jastrow using the

potential given in Fig. 15.
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