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ABSTRACT 

The differential scattering cross section for elastic collisions of 345 

Mev protons with 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 ms.ss system) at 90° is remarkably independent of energy. The cross sec­

tion at 345 Mev i~ very independent of angle, being close to 3. 8 x lo-27 

cm2/steradian (center of mass system). The agreement with existing phenom-

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

the case of scattering at small angles at 345 Mev. 
-1.+·. 
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. . 0. Chamberlain, E •. Segre and C • .Wie;gand 
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February, 1951 

Intr.oduct ion . ·.: r. !' .::.1.:., _ 

The results of experimept~,l.,inv:estigatiqn,s 9! 1n,-p scattE;J_:r;-i,ng,,AS.Ve_ i, •>. 

previously .,l:J,een reported and we hav;e !~i"lr~n pr.e~imin,ar,y rei?or~s on ,~mr: s.~-qdy __ 

1,2 
of p-p scattering. ...... ' ' 

At the, .,end of one. I?rf1liminary r.eport, we indica;t,eO. ,some. possible, ~ffi'-: 

provements in technique which we have now t;tccomplished. In this paper, we. 

give our final results on the differential cross section of proton;:proton 

scattering as a function of the angle of scattering and of the ener.gy pf the 

protons. The results of our preliminary paper are confirmed, but the pres"7 

ent investigation extends the .data to lower energies. and increases::the 

precision .. of t.he determinations. While these exper1iments were :in ;progress:, 

3 
Oxley, Schamberger, and Towler have investigate.d the p-p scatt~ririg, .at

1 
,24(); 

Mev, and Birge 
4 

has done the .. same at: ,19Q lVJ~v: •.. T~eir, results over1ap in., . ·'· 

part· our own and agree with us. in the common part.· 
• • ' • •. · ' ~' · .< ' ~ , · t ',: , I ·-. . , • , • 

A summary of the r,esults;is pr,e~e11~ed in. ;J.'.ables I, II, n;:r apd :1-!l.:~ig~: 

10 . 

1 Hadley, Kelly, Leith, Segri3, wiegand,\mdYork, P!iys. Rev. '12.) 351'(1949); 
Kelly, Leith, Segr~.' and Wieglind, Pp;rs. Re;v. 7.!1, 96,,(1950) .. f .c.:.· ~.,,:,.:• ._y; 

2 0. Chamberlain and C. Wiegand, Phys. Rev. 7.!1, 81 (1950);. Chamberlain,. 
·segr~, and Wiegand, Phys. Rev., in press. ., ',').: ··' 

3 Oxley, Schamberger, and Towler, Bull. Amer. Phys. $op. 26, -8 (195:1::). ··' 

4 R. W. Birge, Phys. Rev. 80, 490 (1950). \' 
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Exper i.mental 

Our source of high energy protons is the·external beam of the·l$4-inch 

Berkeley cyclotron. In this beam is placed a hydrogenous target; either 

polyethylene (CH2) or liquid hydrogen. The protons scattered out of the 

beam (and out of the target) are counted either singly (method I) or else 

both the scattered and struck protons are detected simultaneously by two 

counters in coincidence (method II). In the latter case the two protons 

emerge from the target at about 90° from each other~ a characteristic which 

.helps very greatly ·in 'the separation of p•p scattering from other'scattering 

processes. Both methods are aided by two developments~ the invention by 

Leith cif a method for obtaining a fairly long (25 mic~osecond) beam pulse 

time using deflection by multiple scattering within the cyclotr'on vacuum 

5 
tank; and the development of trans-stilbene crystal counters and associ-

6,7 - 8 
ated equipment with a resqlving time for coincidences of about 4 x 10~ 

sec. 

A. sche.matic diagram of the apparatus (method II) is presented in Fig. 1. 

The beam deflected from the cyclotron and collimated through the shielding 

wS:lls impinges on the target T (a foil of polyethylene). The protons, 

scattered and recoil, are detected in the stilbene crystals A and B1 each· 

viewed by a lP21 photomultiplier tube. A subtends 'the smaller solid angle 

n, and B is such that every proton through A sends its count-erpart through B; 

as a matter of fact, E subtends a larger solid angle than would be necessary 

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

coincidences due to multiple scattering effects and defects in' alignment. 

5 C. E. Leith, Phys. Rev. 78, 89 (1950). 

6 Ginston, Hewlett, Jasberg, and Noe, Proc. I. R. E. 36, 956 (194.8). 

7 C. Wiegand, Rev. Sci. Inst. 21, '775 (1950). 

1.( 
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The be~ is monitored by measuring the ionization produced in a shallow 

ionization.chairiber full of argon which has (in turn) beeri calibrated against 

a Faraday· cup. 

Let us call N t~e number of hydrogen atoms per cm2 in the target meas­

ured in the direction of the incident beam, n the number of protons that 

crossed the target and H the number of coincidence counts between 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 primary beam. We have cr(~), 

the differential scattering cross section (laboratory system) given by 

C'(~) = H/(nON). (1) 

Passing to the center of mass system: 

'[1 + (E/21Vlc2) sin2 ~] 2 
= 

· 1 + (E/2Mc2) 
cr(9) (2). 

(3) 

where 0'(9) is the differential scattering CI,'qs.s section in the center of 

mass system, a,t angle.e from the beam in the center of mass system of c:oor­

dinates, E is ,the kinetic energy of the incident protons. (lab. system),. 1Vlc2 

is the proton rest energy. 

We shall now describe our. operations an~ the measurements :.of. the single 

factors enter,ing into Eq. (1). 

Proton Beam 

. Fig. 2 gives a general plan of the cyclotron sh9wing .the path of the 

protons in the external beam. At large radii (about 81 :i.:rJ.ches) the proton. 

orbits show large.v,ertical oscillations and much of the internal beam strikes 

either of two graphite 'Qlocks placed S:bove and belqw the normal beam plane. 

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

such a way as to e'nter ti:ie magnetic shielding tube .{,;magnetic defiedtor''Y 
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through Which the protOI}S are led away from the main fiel~i _of_, ;the, cyclotron. 

The c_o_llima:f:,or C is. shown ·in more detail in Fig. 3. _ I~so. aperture can 

be changed from two inches to l/4 inch; we used it in the range l/2 to 1 . 

inch .. The axis of .. the. collimator hole was adjusted to be par,allel to the 
~, 

beam to within 0.001 radian. The central hole of the collimator could be 

preceded by cylindrical boxes full of lithium metal in order to reduce the 

energy of the emerging protons. 

The homogeneity in energy of the emerging beam is very satisf~ct?ry as 
8 

shown by the Bragg cury~ given in another article. This is obtainable by 

putting 2 shallow ionization chambers in :the beam between which is a vari-

able copper absorber. The ratio of the current in the second chamber to 

that in the first chamber is plotted as a function of absorber thickness. 

The sharp peak at the end of the curve is an indication of the homogeneity 

in the energy of the beam. 

The bending magnet· in combination with the three collimating holes 

through which the beam must pass gives a momentum~selection to about one 

percent. Evidence· that few very ·low energy prot-ons are generated . i~ the 

collimator tube material is obtained from the coincidence counting method 

(as explained in connection with Fig. 8). 

The current in ·the beam was measured in an ionization chamber of the 

type shown in Fig. 4, which was calibrated against a Faraday cup at the 

highest energy used (345 Mev). The Faraday cup, which is our primary stand-

ard for determination of the beam intensity~ was built by Dr~ V. Z. Peterson. 

It consists of a·· 6-inch by 6-inch cylindrical brass block, as shown in Fig. 

4; Across- the face of the Faraday cup is a thi~ foil. (bias foil) which can 

be biased to test for 'the e'ffect of secondary electron emission from the 
', ;· '·. i,. /. 

8 R. Mather: and E. Se .. gr~, Phys. Rev., in press; (UCRL-:-10$9) .. 

'!.' 
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electrodes. The whole Faraday cup structure is in an evacuated enclosure 

into which the beam passes through 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 

emission was sufficiently small. 

We call the multiplication factor M of the ionization cham't:er the ratio 

between the saturation current collected in the chamber and the current in 

the Faraday 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 energy loss in ev gr-1 cm2 and w is the energy in ev spent for 

producing one ion pair. As~uming at the maximum energy -dE/dx : 3.08 x 106 

9· 
for argon we find that the energy w spent per ion pair produced is 25.5 ev. 

Assuming this quantity to be independent of energy, and the range energy 

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 used varied from 5 x 105 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 em. 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 

9 Aron, Hoffman, and Williams, AECU-663. 

lOA. W. Vance, Rev. Sci. Inst. 1,.489 (1936). 
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beam was, reduced by inserting lithium· absor-bers before. the colli:mating · 

channel. Lithium was chosen i~ order to minimize. multiple scatte.ring which 

lowers the beam intensity. The energy of the protons emerging wa,s. then· . 

deduced from their range in copper and the tables of, Aron, .. Hoffman, and 

Williams
9

.which were also checked by a direct experiment.
8 

Targ~ts. 

The targets used were foils of polyethylene (CH2)n which weighed 283 · 

. mg cm:-2. The. composition of this. substance was kindly checked by the late 

Dr;. Otto Beeck of, the Shell Development Company; it wa·s found to contain 

14.44 percent hydrogen by weight (theoretical for CH2 is. 14 . .J7). In spite 

of the coincidence system the coinc~dence counting rate did not vanish if we 

replaced CH2 by carbon of equal stopping power. These residual coincidences 

were mainly accidentals and their rate could be kept low (1/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 cm2 as the CH2 target. 
-

This target has·approximately the 

same stopping po~er for protons as the CH2 target. Since the way in which 

the background should be subtracted is not.completely unambiguous it is 

~po~tant ·to keep it small with respect to the main effect. 

We calculate H,. the effect due to hydrogen; by the formula 

~ = CH2 - 0.6C - 0.4B (5) 

where GH2, .c, and Bare the number of.counts obtained if the same number of 

,protons. CI~ossed the polyethylene targe.t, C target, or no target (blank run). 

The .justification of this formula is as follows: · Data from. preliminary work 

show that,for l.sing4-e count due to J:!ydrogen there are about 5 single cpunts 

due to carbon. ·On this assumption, taking into account the solid angles 

subtended by the A and B crystals, we have for one count due to hydrogen in 
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crystal A when using a CH2 target 

Crystal A Crystal B 

Counts due to H 

Counts due to C 

1 

5 

9 

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 CH2 target, it must contain 1.43 as much C as the CH2 target. 

We have thus 

Crystal A Crystal B 

.Counts due to C 5 X 1.43 = 7 45 X 1.43 = 64 

The accidental coincidences in the case of the carbon target are then 

7 x 64 x q = 448 ll where a. depends on the instruments used and on the beam 

intensity. With the CH2 target we have an accidental coincidence rate given 

by 5 x 53 x a. = 265 a.; 265 cx./(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 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 (~ + ~) = ~ZMc2/E) + 1] tan ~ + (2Mc2/E) cot ID. (6) 

The deviation of(~+ ID) from 90° may conveniently be approximated by· 

(TT/2) -~ - ~ -:: (E/4Mc:2) sin (2~) (7) 

where E is the kinetic energy of the incident protonin the lab. system. 
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The defining crystal A and the larger crystal B are -located.' as :Ln Fig. 1. 

Given the dimensions and distance of crystal 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 which is a· .proje'ction· in a direction par'a1-

lel to the beam direct>ion. The analogous condition on the width' of· crystal 

B involves the wid·th of· crystal Ji. as well as the thickness of the target' 

measured in the direction of crystal A. The size of crystal B must be fur-

ther increased to allow for the effect of multiple scattering of both emerg-

ing protons in the target material. In a typical case the dimensions of A 

are 1.8 em high x 3. 80 em wide; of B 3.80 em high x 2. 51 em wide; · the 

distances TA and TB in projection are 64 em and 16 erne. The actual distances 

between the.target and the fronts of. A and Bare 80 em and 30 em respectively. 

In the case described !li = 52.5° and@= 32.8°. 

The distance .between the target and the crystal which defines the solid 

angle has been arbitrarily measured from 4 mm inside of 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 more than 80 em, 

this uncertainty of 2 or 3 mm can not make more than an error of about 0.8 

percent in the measurement of the solid angle.· A more serious problem is to 

make sure that the whole front of the crystal is sensitive. The best evi-

dence on the subject is given by 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 a previous paper we reported 

cross sections obtained with gas counters. They were systematically·some-
2 

what higher than the ones obte.ined .with crystal. counters. 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 em). Protons hitting the brass could, by multiple 

scattering, be deviated into 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 

cross sections. To make certain that our explanation is correct, we put in 

front of our crystal a brass tube to simulate the geometry of the gas count­

ers. Measurement of the cross sections with this contraption gave again 

high values in agreement with the gas counter results. 

The angle between the 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 crystals 

and the point where the beam intersects the target.' This minimizes the 

deviations from the optimUm geometry·for the various-points of the target 

and is essential if crystal A and crystal B are to have approximately the 

same dimensions. 

We checked many times that upon changing the distance between A and T 

or B and T or both, within the limits prescribed by the geometrical criteria, 

the cross sections remained unchanged. 

Experimental Procedure 

A typical run proceeded 'as follows: · The 'deflected· beam· of'~the cyclo­

tron was aligned photographically by replacing the target T ;and ibnization 

chamber M of Fig. 1 with x-ray films which had fiducial marks accurately 

located with- respect to the scattering table. 

After this the plateaus of the coincidence counting rate H'versus 

voltage in the photomultiplier tubes were taken. Results are shown in (Fig. 

6~ ,, ',, 

Following this the height of the whole scattering apparatus was •changed 

in small steps an'd 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 la;.:;t ch~ck 

shows very clearly that the energy of the impinging proton is abo~t )45 Mev 

(and that 'the relativistic elastic collision laws are .obeyed) .. :(F.ig-. 8.) 

The effect vanishes at 90°, indicating that there were few very low energy 
~ . . ' 

protons in the beam. 

After these tests a measuring run started and we report the riumbers 

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, 52.5°. Knowledge of the_ inci­

dent proton energy allows calculation of the center of mass angle, Q = 70.6° 

using. Eq .. (3). (Here we always use whichever angle is less than 90°.) The 

target thickness if .0.283 gr cm-2 of CH2:, and the surface of the .target 

makes an angle of 54.1° with the beam. The number of target atoms per cm2 

along the beam direction is N = 0.283 x 2 x 6.023 x 1023/(14.03 x .sin 54.1°) 

= 3,000 x 1022 target.protons/cm2. The defining. crystal (A) has a face of 

1.81 em x 3 ~so em = 6 .• 88 cm2, and .is located at the effective distance 80.2 

em from the target. The solid angle subt!3nded by the counter, .n,. is then · 

6.88/(80.2)2 = 1.070 x lo-3 sterad. Crystal B is 3.80 em high by 2.51. em: 

wide and .is located 30 em from the target. The ionization chamber for beam 

monitoring is 5.10 em deep, and is filled with {3.rgon gas to a pressure of 

89.6 em Hg at 220C (82. 9 em Hg ·at 0°C). The total capacity in -the integra­

tion circuit is 1.007 x lo-7 fd •. ; the. integrator circuit is observed to 

read full sc~le with 0.993 volts at the input. Fromthese 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 ( 11 integrator volt"). 

The nUJilber of counts per integrator volt registered was as follows: 

CH2. 228,2: 6 

c 52 .:t 4 

Blank 26 2: 7; 
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the time required for one integrator volt was about 100 seconds. From this 
., 

according to Eq. (5) we obtain 

· H = 187 
'' " .. 

. , 

arid E..H · (standard deviation) 8. 

We can now calculate th~ differential scattering cross' section in the 

center of mass system using Eqns. (1) and (2), ~(G = 70.6°) = (3.67 i .0.16) 

x lo-27 cm2 sterad-1 . Table I and Fig. 10 show all the results obtained at 

·full beam energy with this. ~ethod. 

Small Angles 

At small scattering angles the use of polyethylene targets b.ecomes 

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 scattering by carbon becomes prohibitive. For this· 

reason we decided to use Method I with a liquid hydrogen target and do away 

with the coincidence methoq. 

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 
11 

another article. The hydrogen containing part of it is a stainless steel 

~ube 34.92 em long and 5.08 em diameter closed by two hemispherical foils of 

stainless steel 0.1 .gr/cm2 thick. Also two identical hemispherical foils : 

form part of the vacuum jacket. The beam, 1.3. em in diameter, passes through 

this target hitting only the four terminal hemisphere.s 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 
Angle 9 cross section Error E 

c.m. system ~g~ in <:1(9) lab. system 
" 

in degrees in lo-27cm /sterad. in lo-27cm2/sterad. in Mev '*.; . 

35.6 4.31 . 0.21 345 

.36.4 3.93 0.15 II 

43.4 3.79 0.15 If 

44.0 4.17 0.13 If ~ 

45.8 3.64 0.07 II 

46.1 3.99 0.11 II 

52.4 3.77 0.10 II 

60.8 3.83 0.13 II 

64.0 3.55. 0.11 II 

64.0 3.74 0.14 II 

70.6 3.67 0.16 II 

72.2 3.67 0.11 II 

80.2 3.95 0.12 II 

87.6 3.86 0.10 II 

88.2 3.91· 0.08 II 

88.2 3.70 0.08 II 

88.6 .3.85 0.06 tl 'I!' 

88.6 3.54 0.09 tl 

89.2 4.15 0.36 II 
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ated and the background redetermined.: This cycle was repeated twice. The 

angle ~ was vrlied frot_n 5 to 25 degrees ih order to overlap with measure­

ments obtained by the coincidence system. The results are contained in 

Table II. It will be noted that the consistency 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 desirable, because the discrepancy is not yet accounted for. 

Table II 

Liquid H2 Run 

Differential 
Angle Q cross section Error E 

c.m. system . cr(G) in 0'( Q) lab. system 
in degrees in lo-27cm2/sterad. in lo-27cm2/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 0.11 

. 42.8 3.48 0.10 

42.8 3.40 0.08 

53.2 3.40 0.08 

53.2 3.28 0.10 

Lower Energies 

Results at reduced energies are 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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Angle g 
c.m. system 
in degrees 

47.4 
47.4 
62.0 
64.6 
78.4 
78.4 
87.2 
87.4 
87.6 
87.6 
89.6 
89.6 

59.9 
60.8 
88.6 
88.8 
90.0 

63 .o 
63 .o 
77.8 
85.2 
89.2 

in 
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Table III 

Differential 
cross section 

cr(g~ 
lo-27cm /sterad. 

3.97 
3.23 
4.38 
3.84 
3.69 

•J. 53 
3.67 
3.69 
3.95 
3.59 
3.56 
3.28 

3.38 
4.08 
3.88 
3.54 
3.60 

.3.67 
4.40 
4~25 

.'\ 3.85 
13.95 

in 

Error 
in cr.£G) 

lo-27cm /sterad. 

0.51 
0.29 
0.27 
0.20 
0.15 
0.18 
0.21 
0.10 
0.22 
0.21 
0.27 
0.16 

0.23 
0.4.5 
0.26 
0.35 
0.17 

0.56 
0.50 
0.33 
0.25 
0.12 

E 
lab~ system 

in Mev 

250 
250 
247 
250 
250 
250 
250 
249 
250 
250 
247 
247 

164 
163 
163 
164 
164 

120 
120 
120 
120 
118 

method (method II) has been used at r.educed energies. The beam is ·greatly 

attenuated {to 1/100 normal intensity) by multiple scattering in the lithium 

and the beam loses its parallelism so 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 the multiple scattering. There-

fore, the beam is more spread and more divergent than the 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 the collilnator. 

Precision of the Results 

The errors quoted in Table I are standard deviations d:ue to statistics 
' . ' . ' ' . 

only. In addition to these we have to consider errors in the various q:uan­

tities H,' N, n, n, and ~ .. which enter in the express~on for o-(G). F.or the 

target: area, mass, uniformity, composition. These all together may.make 1 

percent., The effective thickness of the target depends on ~he angle ~. of 

Fig. 1. The imprecision of the adjustment of this angle may make another 1 

percent error. 

The measurement of H is aff~cted by statistical errors and by the un­

certainty inherent in the background subtraction method. The measurement of 

.the solid angle of the crystals is affected by the precision of the geomet­

rical measurements which is good (1. 5 percent) but is subject to the as sump-

tion that all the crystal is sensitive. This in turn is proved by the plat-

eaus o.( the coincidence counting rate versus voltage. The error introduced 

here is hard to estimate and is probably one of the weakest points of this 

investigation. We give as an estimate 3 percent error. Some reassurance on 

this point was obtained.by using.various sets of crystals and distances. The 

cross section obtained were identical within the statistical accuracy of the 

measurements. 

Multiple scattering in the target and in the crystals is negligible, 

since crystal B was in all cases sufficiently larger than dictated by geo~ 

metical considerations alone. 

The measurement of the current in the primary beam is subject to the 

uncertainty of the electrical apparatus, saturation of the current in the 
.. . ~ 

ionization chamber, and calibration. with the Faraday cup. Two percent error 

may. be a .fair estimate fo:r this part of the measurement~. 

"All together the ,imprecision ·may be .estimated t6 be the counting errors 
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shown in Table I superimposed on a 5 percent error due to other fabtors~ 

The points obtained are each independent of the others.and represent abso-

lute measurements. The agreement between them gives a fair idea:'of the 

overall consistency of the experiment. 

Analysis of the liquid hydrogen results of Table II indicate that they 

too should be given a 5-percent error superimpo~ed on the counting error 

shown in the table. Reduced energy results (Table III) are subject to 

greater uncertainties, amounting to about ?-percent error superimposed on 

those of the table. 

In:terpretation 

A max'imurn program for the interpretation of n-p and p-p scattering 

experiments would be to deduce the cross section from meson theory. . At the 

present stage of the theory this is clearly impossible and ·we must be con-

tent with more modest 'procedures. 

The attempt has been made by many people to interpret the scattering 
12 

experiments with velocity independent forces. Accepting the usual sym-

metry restrictions one is left; for· particles of spin 1/2, with a fairly 

broad class of potentials: 

(8) 

where v1, v2 and v3 are functions of the separation distance arid may be 

different for even and odd quantum numbers of the orbital·angular momentum. 

~l and g:2 are the spin operators and s12 is the tensor force operator. These 

attempts have been reasonably successful in several cases in explaining high 

energy scattering with potentials which also show proper agreement with 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. Ashkin and T. Wu, Phys. 
Rev. 73, 9'73 (1948); Massey, Burhop, and.Hu, :phys. Rev. 73, 1403 (1948); 
Burhop and Yadav, Proc. Roy. Soc. A12Z, 505 (1949); R. S. Christian and 
E. W •. flart, Phys,. Rev. 77, 441 (1950); R. S. Christian and H. P. Noyes, 
Phys. Rev. TI., 85 (1950); Robert J'astrow, Phys. Rev. 7..2., 389 (1950). 
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low energy properties. of the. n\"'p or p-p system respectively. As a.n example 

·of these. attempts .we report the results of caiculations by Christian:.and . 

. Hart for· the n\"'p scattering in Fig. 12. 

:It.w.ill be ·noticed.that whereas the form of the curves. fits reasonabJ,y 

well, the calculated cross sections are in all cases higher than the ob­
. 1, ]3 

served cross sections. The theoretical curves are to be·considered the 

best fits in this case, for the angular distributions are thought to be 

better known than the total cross sections. For instance, ·at 90 Mev the 

angU.lar distribution is probably known to .. about '5 percent· while the total 

cross section is ·known only to 15· percent. (The uncertainties in the total 

cross sections stem not from the cross section measurements themselves, but 

· from the uncertainties in the effective energies at which the observed cross 

sections should be considered to 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 EO"t is 

definitely less than 8 x 10~24 Mev-cm2:, while the calculated value of 

G,hristian and Hart . is 9.3 x 1()24 Mev-cm2. 

For the p-p scattering we show in Fig. 13 the results of Christian and 

Noyes. The parameters have been 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 

tense~ force with a singularity at the origin. Within this framework no way 

has been found to remove the large discrepancy between observed and calcu-

lated cross sections ·near 15°, 345 Mev. Omission of the tensor part of.the 

l3 Cook, McMillan, Peterson, and Sewell, Phys. Rev. 12, 7 (1949); J. 
PeJuren a~d N. Knable, Phys. Rev.77; 606 (1950). 
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In view of the strong arguments from low energy r;henomena favoring the 

identity of the n-n and p-p forces it is very tempting to ·extend this·result 

and try the hypothesis of the identity of the n-p, p-p, and n;..n interactions. 

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 between high energy n-p and p-p 

scattering cross sections do not.rule out this possibility 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 semiempirical.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 

(9 = 90°) ~- 4 cr (9 = 90°). 
~p-p n-p 

(9) 

Unfortunately, we know of no such limitation for cases in which tensor 

forces are allowed. Furthermore even this relationship is not violated as 

far·as it is now known. The cas~ which comes closest to violation of the 

above rule is that at 260 Mev, where the p-p differential cross section is 

(3.6.:!: 0.2) x lo-27 cm2/sterad., and the corresponding n-p cross section. is 

(1.3 .:!: 0.2) x lo-27 crn2/sterad. The ratio 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 scattering.· We mention three cases .of interest 

.. 
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with which we have the greatest familiarity. First, the Christian arid 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 experiments. 

Secondly, the Christian and Noyes potential developed for p.:p scatter-

ing may be applied to the n-p scattering. Fig. 14 shows the cross sectioils 

for n-p scattering, as calculated for us by Swanson with experimentai points, 

using the same potential as in the p-p ·case of Fig. 13. The agreement is 

not excellent, but the qualitative features are reasonably well represented~ 

The calculations have been ·made using Born approximation in odd states, but 

a more exact method has been used in even 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 give a better fit to the n-p experiments than was at first supposed, 

and for comparison with the calculations of Jastrow. 

f
' ' 12 . ' The third case of interest is that o Jastrow, who chooses a pot en-

tial with a strong repulsion at short distances. · The same potential has 

been used to calculate both n-p and p-p scattering. His 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 beeh 

used.· The n-p curve 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 scattering at 15°, 345 Mev. Coulomb effects 

have not been included in the calculation. However the coulomb effect, 

even in·the form of interference with the specifically nuclear scatt~ring, 
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cannot account for more than a smail part of' the .discrepancy at 15°. The 

n-p results (Fig .. 16). a:re remarkably good, but the calculated total. cross 

section is still slightly too high. All'.together one can say'that these · -~_,. 

attempts ar.eX>Only: Ip.Oderate:l}1'1:~uccessful. ', 

·tf we abandon the restriction to:velochy:independent forces, then the 

variety of choices becomes· practi6a1ly 'imlirnited_. : :One of the simple possi­

bilities is to introduce a spin .~or.bit, coupl;i~g fo~. v.;h,g,~h tnere are also 

iD.dependent indications in the ~ucle·a~, .. sl:_lell ·structure.· .. This·. has been done 
'. 14 

by. Case and Pais . . and they also cohc~ude that with this generalized fo!."m of 
. ' . • •. : I . . . . . ' ' •• 1 .•• ' ' • ' '\ ••• ' • • • • 

'. 
interaction ·it may be possible to presezye the identity.'~etween n-p and p-p . . . ; . . . 

forces, although we do not lmow the~ quantit~tive results of their calcula~ 

tions. · · . ;. 

j 

· In all . these calculations rela'tivity has not been taken .-into account . 
. •. 

The changes brought about by reiatiy~t;y.. are:· guessed to · .. be ~elf the order of 
. . .. ' - . 

0.2 of the. cross se.ctions. '.• \ ·. ,. . 

. derice accumulated on n-;p and p-p .~cattering .at high ene'i-gy dpes' .not yet 
. . . . 

allow ~ sure answer to the ques~i-orr of' the, .~harge ind~pertdence. of' nuclear 
,,.· 

forces. 
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Figure Captions 

Fig. 1. Arrangement of the coincidence apparatus, top view. The angles 

used in the test are shown on this figure. 

Fig. 2. Schematic diagram of the cyclotron, deflecting magnet, and collima-

tor. 

Fig. 3. Collimator' for the proton beam. In this figure we also show the 

lithium absorbers occasionally used to reduce the energy of the 

beam. The mechanism for moving the collimator hole is not shown. 

Fig. 4. Detail of the monitoring ionization chamber and of the Faraday cup 

as assembled for calibration of the ionization chamber. 

Fig. 5. 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; 

Fig. 6. Voltage plateau. Abscissa: voltage on th13 photomultipliers 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. ) 

Fig. 7. Number of coincidences due to CH2 for a fixed number of protons 

crossing the target versus height of the plane containing crystals 

AB and the target. This plane is initially parallel to the beam 

and is adjusted to contain the beam by lifting the whole apparatus. 

Fig. 8. Coincidence counting rate as a function of the angle <® + ~) 

between the two crystals for@= 43°. According to Eq. (6) a 

maximum at 84.7° corresponds toE = 345 Mev. 

Fig. 9 •. Vertical section of the. liquid hydrogen apparatus for measuring 

scattering at small angles to the beam.. The counter arm pivots 
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around an axis through the center of the liquid hyd1'dgeh:· ;conti3.iner. 

Not shown is a thin ·heat 'shl.eld which surrounds the· liquid hydi:-og·en 

container and is maintained at liquid nitrogen tempei-ati.ire. 

Fig. 10. Differential scattering cross section in center of mass coordinate 

systemj cr(G). The errors shown are standard deviations from count­

ing statistics only. Circles: CH2 target, coincid~nce method 

(method II). Crosses~ liquid hydrogen, single counter (method I). 

Square~ CH2 target, single counter (method I). 

Fig. 11. Differential scattering cross section for 9 = 90° as a function of 

energy, in lo-27 cm2/ster~dian. Errors indicated are standard 

deviations from counting statistics only. 

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

Christian and Hart. The points are experimental values, taken from 

the papers of reference 1, except the large X which was obtained 

from private communication from Dr. Robert H. Fox.· The experimen­

tal total cross sections might 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] (r 0/r) exp (~r/r0 ); ·for triplet states V = 

(-25.3 Mev) [<1/2) + (1/2) Px] (r 0 /r) exp (-r/r 0 ) + (-48.2 Mev) 

(0.37 + 0.63 Px) (rc/r) exp (-r/r0 ) S12, VJhere S12. is the tensor 

force operator and r 0 = 1.35 x lo-13 em in all cases. Px is the 

space exchange operator. 

Fig. 13. Points represent experimental results, 345 Mev. Cmves are those 

calculated by Swanson using the method of Christian and Noyes. In 

the calculations the following potentialswere used: For singlet 

states V ~ ( ,;.13. 273 I\llev) (1/2 + (1/2) Px) for r < r1 and V == 0 for 

r> r'1; for triplet states V ='(-25.3 Mev) .(l/2 + (1/2) Px) (r2/r) 

-· 
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exp ( -r/r2) + ( -48.3 Mev) (1/2 + (1/2) Px)
1 

(r2/r) exp (-r/r2) S12 + 

(-15.25 Mev) (1/2 - (1/2) Px) (r3/r) 2 exp (-r/r3) Sl2· r1 = 2.615 

x lo-13 em, r 2 = 1.35 x lo-13 em, and r3 = 1.6 x lo-13 em. 

Fig. 14. n-p scattering calculated 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- = oo when r < r 0 , V = 

(-375 Mev) [(1/2) + (1/2) Px] exp [ -(r - r 0 )/rs J when r·> r 0 where 

r 0 = 0.60 x lo-13 em, rs = 0.40 x lo-13 em; in triplet states V = 

(-69 Mev)- [{1/2) + (1/2) Px + (0.3 + 0.7 Px) x 1.84 S12 J exp (-r/rt) 

where rt = 0.75 x 1013 em. 

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

potential given in Fig. 15. 
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