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Experiments on n-p Scattering with 90 and 40 Mev Neutrons* 

J. Hadley, E. Kelly, c. Leith, E. Segre, c. Wiegand and H. York 
Radiation Le.boratory, Department of Physics 

University of California, Berkeley, California 

Abstract 

In this paper we describe some measurements of the neutron-proton 

scattering cross section at neutron energies of approximately 40 and 90 Mev. 

Both the total scattering cross section and the differential cross section as 

a function of the angle of scattering were measured. 

The results are condensed in Fig. 10. 

Introduction 

One of the important experiments that bedeme feasible s.s soon as 

the 184-inch cyclotron started to operate wus s.n investigation of the n-p 

scattering at a neutron energy around 90 Mev. lo.s is well known, n-p scatter-

ing ~t high energy may yield interesting clues to the nuclear forces and data 

on it constitute important experimental material against which any future 

theory must be checked. 1'he investigation acquires particular importance 

if the De Broglie wave length of the neutron in the center of gravity system 

(e.g. system) is comparable with the range of nuclear forces. The De Broglie 

wave length is given by .)\_;::a~ = 9 ·~_10-13 em (E in Mev in laboratory system) 

and in the region of E = ;1.00 Mev has e. value favorable for investigating n-p 

scattering • 

The deuterons of the cyclotron are stripped in collision with nuclei 

of the target and produce a beam of neutrons of small angular aperture and of 

*A short preliminary report of this work has been given in Phys • Rev.].!, 

1114 (1948). 
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fairly narraw energy distribution1•2• This energy distribution has a maximum 

D~c at about 90 Mev ( J.._= 0.95 x w-13 em). I!; j 
1

1 IJ C\ ('\ 
7\ &.'1 04.)1f:'l£ 

In the investigation to be described we have studied J d lJ 
a), the angular dependence of the scattering cross section 

b). the total cross section3 

at neutron energies of 90 lviev and 40 Mev. The angular measurements were ex-

tended for a scattering engle in the e.g. system from 36 to 180 degrees. 

The main results of the investigations are contained in Tables II., 

III, and N, and Fig. 11. 

To avoid unnecessary repetitions we shall now define the angles used 

in this paper (see Fig. 1). We shall call the angle of scattering of tho neu

tron in the e.g. system .,Y.., the angle of scattering of the neutron in the 

laboratory system Q the angle between the direction of motion of the incom-

ing neutron and the recoil Eroton in the e.g. system and in the laboratory 

system y> and cp respectively. Between these angles we have the following 

relations; 

(1) 

(3) 

(5) 

- ~2 tg 6 
2 

d cos~ = 1 1 ( 1 - {32 
d co's '19 4 1 .132 cos <:\? 

(2) 

( 4) 

tg ~ = J1 - {32 cotg ~ 
2{32 

En :;; Me 2 1 - (3"2 

where En and Ep are the kinetic energies of neutron and proton in the labora

tory system, M is the rest mass of proton or neutron (considered equal), {3 

is the ratio of the velocity of the neutron in the e.g. system to the velocity 

of light. In our experiments (E = 88 Mev) ~ is equal to 0.2144. n 

1A.c. Holi!lholz, E.M. McMillan, D. Sewell, Phys. Rev. 72, 1003 (1947). 
2R. Serber, Phys. Rev. 72, 1007 (1947). ~ 
3

see also L.F. Cook, E.M. McMillan~ J.M. Peterson, and D.C. Sewell, Phys. Rev. 
2!· 1264 (1947). 
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The principle of our experiment is to measure the number of protons 

scattered by a hydrogenous target (polyethylene or paraffin) into a fixed solid 

anglo d A= d 'fd cos 4 at angle~; this number is proportional to the differ

ential cross section ... (~) and from this we find the differential cross so~ 

tion 0"(8) =a'(~) d cos~ in the e.g. system. 'l'he direct measurement 
d costf) 

of 0"' ( ~) is not on an absolute scale. but we can normalize it and pass to an 

absolute scale by requiring that 

(6) /<r(~)dn =total scattering cross section ="t 
This last quantity is obtained by measuring the attenuation of tho neutron 

beam in passing through suitable absorbers. 

Angular Distribution Experiments 

For angles ~ between 0° and about 60° we have used apparatus A and 

B whose general a.rrengoment is shown in Fig. 2. For angles~ > 55° we have 

used a different apparatus (C) to be described later. 

The neutron beam coming from the cyclotron was produced by stripping 

180 Mev deuterons on 1 ~25 em thickness of beryllium, It was collimated through 

a hole in the 10 feet thick concrete walls of the cyclotron shield and emerged 

through an aperture of a diameter that has boon vo.ried in the different experi-

ments from 7.5 em to 1 em. This aperture consisted of holes in ~ro 50 em 

long copper plugs. ono on each side of tho concrete shiold. The beam was 

accurately centered either by obtaining a photographic imago on an x-ray film 

in front of vmich wo hc.d put some paraffin or by looking with a ce.thotometor 

at tho beryllium probe in the cyclotron. 

The primary neutron beam was monitored either by protons scattered 

from an auxiliary paraffin target or by a bismuth fission chamber4 • 

. 4c. Wiegand, R.s.r. in press. 
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The scattered protons were detected with a telescope of three pro-

portional counters pointin~ at the scatterer. The counters were brass oylind-

ers 5 em in diameter about 13 om long with a 5 mil wire on the axis, filled 

at atmospheric pressure with a mixture of argon ru1d carbon dioxide in the 

ratio 25 to 1 by volume. The front windows were 45 mg cm-2 copper or 7 mg crrr2 

aluminum. The telescope was made insensitive to protons generated by primary 

neutrons having an energy smaller than 66 Mov by interposing between the last 

tvro counters an aluminum absorber (absorber A of Fig. 2) of a thickness such 

that it would stop all protons of an energy smaller than 66 Mev cos2 cP • 
The energy distribution of the neutrons to be expected in tho pri-

mary beam is g:i,ven by Serber's theory. It is desirable however to have o. 

direct experimento.l confirmation of the distribution because although the 

excellent agreement with the angular distribution of neutrons as measured in 

ref. 2 is good proof of the soundness of the picture, we want to know also if 

there are many neutrons of lower energy aris ine; from other effects. We have, 

for this reason, taken a curve of coincidence counting rate, keeping 1 constant 

at 15°, as a function of the thickness of the absorber A. From this curve 

it is possible to calculate by differentiation the energy distribution of 

the neutrons in the primary beam. The same distribution has been investi-

gated. also by lmvering the voltage in the counter behind absorber A in the 

telescope in such a way that it was sensitive only to protons near the end 

of their range. 'l'he results are shown in Fig. 3 together vdth Serber's 

theoretical curve. Agreement with Serber's dio.grmn is good for the high 

energy region, but we have some indications of an appreciable number of neutrons 

of lower energy. This subject has not been further investtgated because all 

our detectors were operated in such a way as to be insensitive to protons 

generated by primary neutrons of energy lower than 66 Mev. 
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For this reason, us we have snid above, the absorber A placed in 

the coincidence telescope was chosen so that the minimum energy a neutron 

must ha.ve in order to give a detectable scattered proton was 66 Mev. This 

condition was exactly fulfilled only for on infini tisimal layer at half the 

depth of the scatterer. Tho energy loss of the protons in the sco.tterer make 

this condition for a thick scatterer· only approximate and since the thickness 

of tho soo.tterer in terms of energy loss becomes groo.tor as ~ increases the 

error increases with~ • However even in the case of thG widest angles 

measured a neutron must have (66 + 7) Mev in order to give a detectable proton 

from the side of tho scatterer farther from tho detector 1 and ( 66 - 7) Mov 

in the case of the side nearer to tho detector. Tho neutron enorg;'/ distri

A 
bution as measured by us, when multiplied by Q"(E)I.::."E , show§ that tho correct-

ion nocossitatod by tho effect of tho thickness of tho sco.ttoror is nogligible 

(:!: 2~~), boco.uso tho numbor of protons originating o.t the far side of tho 

scattorer and lost due to absorption, is almost exactly compensated for by 

tho oxcc1ss of low energy protons originD.ti.ng nt tho noar side of tho soatterer. 

The apparatus schematically drawn in Fig. 2 wo.s used for angles '£ 
bet-Neon 0 and 60°. ll.t lo.rger angles tho thickness of thG scattoror itself, 

the air, windovvs etc., moko this typo of D.ppo.ro.tus ino.dequate. i• nov; apparatus 

shown in Fig. 4 vro.s built in on evacuated box and the scattering cross section 

for 35°:5<!> ·~ 71.6° wns measured vd~h it. I.~.t ane;les larger than 71° all the 

diff~oultios introduced by matter in the path of the scattered beam und by 

the thickness of tho scattoror bocqmo critical and tho rapidly increasing 

difficulty of tho experiment made it impro.ctical to or.cood tho c.nglo of 

71.6° by our methods. 

Tho appD.r~ttus shown in Fig. 4 roliovod somo of tho difficulties 

montionod ctbovo b;f providing for tho ovacuD.tion of a spc.co surrounding tho 

scattoror ond extending almost to tho counter tube. Two benefits were r obtained 
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from this: First~ the direct replacement of a 33 em air column (equivalent 

to about 50 mg cm-2 Al) by an 11 mg cm-2 Al window; and second, the removal 

of the air from the beam path, which greatly decreased the background radia

tion. This fact in turn made it possible to use thinner scatterers (25 mg 

cm-2 CH2). thus decreasing absorption within the scatterer. 

The apparatus was made in the form of an aluminum. alloy box~ with 

38 mg cm-2 rect~~gular stainless steel windows on opposite sides to allow 

passage of the beam. The arrangement provided for minimum. production of 

protons by interaction of the beam with the box walls. On a third side was 

fixed an ll mg/cm2 aluminum. window, through which the protons scattered by 

the target pass to reach the counting tubes • The carbon and polyethylene 

soatterers ins ide of the box were mounted on a re.ck which could be rotated 

from the outside to place either scatterer at a point within the beam and 

perpendicular to the axis of the counting tubes, or to place both out of the 

beam. A scale calibrated in degrees was attached to the rack, and a trans

parent windm~ placed in the top of the box, so that the scatterers could be 

accuratsly placed for a run. The telescope of counting tubes was fixed per

manently to the vacuum box, and e.d.justment to various scattering angles was 

made by rotating the entire apparatus on a pivot directly under the point 

occupied by the scatterer when in place for a :run. The beam windows v.rere 

made long enough to allow for this shifting of beam position with respect to 

the box. A removable cover was placed over the scattere:rs to provide access 

to them. Since there was no need to attain a very high degr~e of vacuum, no 

special precaut~ons were nec!;lssary in making the box vacuum tight. It was 

evacuated by a small mechanical pump, which ran continuously during the 

course of an experiment. 

In order to decrease the amount of material in the path of the 

scattered protons, all four tubes of the counting telescope were built into 
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one envelope, with resultant elimination of the windows between the individual 

units as indicated in Fig. 4a. With this arrangement, of course, it was 

impossible to place absorbers between the last two tubes of the counting 

telescope. Consequently they had to be put in front of the·whole telescope 

and the effect of Rutherford scattering by the absorber was somewhat more 

serious than in the other apparatus. This effect will be discussed later. 

The angular resolution of our apparatus was approximately given 

by the diameter d of the counter farthest from the scatterer divided by its 

distance D from the scatterer, i.e., 2/50 radians. Since the target itself 

was extended, the resolution was perhaps 3°. If one wishes to take into 

account the resolution, it is easily shown that the finite resolving power 

introduces a negligible correction unless the curve has very sharp irregulari

ties. Only near ~ = 0° may this correction be of any significance; at that 

point we estimate that it will raise the true cross section above the observed 

one by at least 10-27 cm2 for the 90 Mev case. 

The value of the cross section at ~ = 0° i.e., in the direction 

of the primary neutron beam was obtained with apparatus A using the same pro

cedure as that used in measuring at ~ f 0° but with some added precautions 

due to the fact that the primary neutron beam passed directly through the 

counters. The beam was stopped down to an aperture 1.25 em in diameter at 

the concrete shield and the intensity was reduced to about 3 percent of the 

usual operating intensity. The loss in intensity was partially compensated 

by using a thicker scattering target. The results obtained at 0° are also 

gi van in Table II. 

The amplifiers used were conventional ones with times of rise 

varying from 0.2 microsecond in some of the sets to 0.5 microsecond in others. 

The scaling circuits were also quite conventional and allowed the recording ar 

individual counts in each of the counter tubes. The coincidence circuits 
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were of two types: in one model, delay lines were used to obtain the 

gate-open times; in the other model, multivibrators were used to form 

the gates. Gate times ran from about 0.5 to 12 microseconds and will 

be discussed later on. 

The scattering target which was of different thickness in different 

runs, was always kept perpendicular to the directj,on of the scattered 

protons. The neutrons thus traversed an effective target thickness equal 

tot/cos~ where tis the true target thickness. At constant beam, the 

number of neutrons crossing the target per unit time multiplied by the 

effective target thickness was independent of ~ if the beam always filled 

the whole scatterer, because on varying ~ the change of effective area 

was exactly compensated by the change of effective thickness. On the 

other hand, if the beam was smaller than the target area the number of 

neutrons crossing the target per unit time multiplied by the effective 

target thickness was proportional to t/cos ~ • Both modes of operation 

were used. 

In an actual run we measured the relative number of protons 

scattered by a polyethylene target per impinging neutron by re~s-

tering the ratio R between the coincidence counts obtained in the 
1 . 

telescope and the counts of the monitor. Subsequently, the polyeth· 

ylene target was replaced by a graphite target having the same stopping 

power for protons as the polyethylene target and the ratio R similar to 
. 2 

R was measured. Finally r,'i thout any target we obtained the ratio R
3
• 

1 . 
The effect H due to the hydrogen is obtained by 

(7) H = (Rl - R
3

) ~ 0.713 (R
2 

- R
3 

) 

: ~ - 0.713 R2 • 0•287 R3 
Where the coefficient 0.713 is the ratio between the number of atoms 

per cm2 of carbon in the polyethylene target and the graphite target 
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H having the same stopping power for protons. ~ is proportional to the 

cross section for n-p scattering. The statistical standard deviation 

of H, drH, is given by 

(8) @R
1

) 2 + (0.713.,fR
2

)
2 + (0.287oR3) 2]·~: d"H 

where ~R is the standard deviation of R etc. ~ 1 . 1 

We describe now the tests that we have performed on the apparatus. 

The first point is to ascertain that we count all the protons of energy 

larger than 66 Mev cos2 ~coming from the target and nothing else. For 

this purpose we first studied the counter response versus voltage. With 

the telescope set at 10°, in order to be dealing \7ith protons of practi-

cally maximum energy and hence minimum specific ionization, the coinci-

dence counting rate versus the collection voltage of the counters was 

studied. Plateaus extending over about 300 volts were quite readily ob-

tainable as shown in Fig~ 5. When the counters v~·ere adjusted to detect 

protons the energy of wr.J.ch was about 100 Mev we found that the counters 

were also sensitive to the recoil electrons produced when a source of 

radium was brought near the counter. This VJas to be expected on the 

basis of the ionization produced by high energy protons and the ioni-

zation made by electrons. The sensitivity to these electrons provided 

a means.of rough preliminary adjustment of the counters. Although the 

voltage plateau would indicate that all of the protons were being coun-

ted, more certainty can be obtained from the folloning experiment: With 

the counters in operation at a fixed angle, e. g. 10°, the triple coin-

cidence counting ratio R], ;.-,as obtained. Then the middle counter was dis

connected (this procedure leaves the geometry unchanged) and a double 

coincidence count was obtained v;i th the first and third counters in 

coincidence. If the number of protons recorded from the scatterer is 

the same as v!i th the triple coincidence _set-up we feel justified in 
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assuming that the efficiency is practically 100 percent~because if it 
~ 

were not, the use of only tv1o counters would increase the number of 

coincidences obtained. This experiment was done also using 4 counters 

in coincidence and j.n any case only the supression of the counter far-

thest from the target, whlch obviously changes the geometry, had any 

effect on R • The reason for using triple coincidence rather than 
1 

double coincidence is that a better ratio of R
1 

to R
3 

is obtained, 

and that accidental coincidences are practically zero. 

Another test is to determine the accidental coincidences. This 

\7as done by again setting the telescope at 10°, and obta1ning the triple 

coincidence ratio R
1

• Then the middle counter was removed physically from 

the telescope and placed just adjacent to its regular position. In this 

position the coincidence counts were reduced by a factor of about 1000, 

which makes them negligil;>le. This is what one should expect if the appa-

ratus were working properly. The latter test is also important because 

it is easy to overload the counters due to the fact that the neutrons 

are emitted by the cyclotron in short bursts. The last test described 

shows conclusively that this is not the case1because spurious coinci-

dences which are unaffected if we put the counters out of line vdth 

the target, rrere not present. This point t7as further confirmed by show

ing that JJ. was independent of the target tMckness t and of the l;>eam 
t 

intensity in the region of operation, as sho~m in Fig. 6. 

Experiments on the counting of protons with various gate times 

of the coincidence circuits shovred that approximately the same counting 

efficiency v1as obtained t:li th gate nidths from about 2 to 10 microseconds. 

Appropriate settings for the gate times amounted to 2 to 3 microseconds, 

as sh01im in Fig. 7. 
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At the neutron energies used in this experiment, the absorbers A, 

which fix the minimum energy a proton must have in order to be counted, 

are so thick (several grams/cm2) that some protons wh:i.ch would othernise 

pass through are removed either by Rutherford scattering or nuclear ab-

sorption. 

In the case of apparatus A, uhere the absorber 11as placed immediat-,?ly 

in front of the last counter~ Rutherford scattering was negligible, and only 

the nuclear absorption produced any effect. 

In the case of apparatus c, ;-rhich was used principally for ~arge T, 
it v;as necessary to place the absorber in front of all three counters • 

In the experimental arrangement used, about one-half of the protons 

sc;:attered by more than 3° vJould not be counted by the coincidence counter 

telescope. The fraction of protons lost due to t):Us scattering is propor

tional to N ()"' , v1here N is the number of atoms per cm2 in the absorber, 
a 

of atomic number z, and a" is the cross section for Rutherford scattering 
q 

of the absorber through an angle greater than a. • ~ is proportional to 
~ a 

Z/ -a2 Ep and since at each angle 'I' , N is varied approximately ~ropor-
tionatoly to E t;, the fraction of protons lost is independent of P . To 

check this point, and to find out vrhat fraction vvas lost, we counted the 

number of protons going through various absorbers -rd th the same stopping 

poHer but with differing z. For this purpose C, Al, Cu, and Pb r;ere used. 
2 

By plotting counting rate versus N j2 , and extrapolating to Z = 0 , we 

found that at ~ = 10°, 45° {lnd 65° fhe fraction lost was about constant 

and equal to 4% for carbon, w):Uch 17as the absorber actually used viTi th 

apparatus c. At the largest ru1gle used, there was no carbon absorber 

in front of the counters, the principal part of 'the absorber being the 

gas in the counters themselves. Any Rutherford scc.ttoring iirhich occurred 

would have taken place in the counters, and essentially no protons would 
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have been lost due to this effect. Therefore• a correction of .,.4% has 

been applied to the value ofb~)at 71,6° ih order to bring it in line 

with the rest of the data. 

An estimate of nuclear sco.ttering and absorption, originating 

from nuclear interaction, by the absorber A shov1s that it will not ex

ceed about 4% in the worst conditions. Moreover the difference betrJeen 

the magnitude of these effects at various angles is about half this ab-

solute value. For this reason this effect has been neglected. 

An actual run started by a c~eck of the gain of the amplifying 

systems effected by placing a radium source in a standard position uith 

respect to the counter tubes and observing v:ith an oscillograph the max-

imum height of the pulses produced by recoj.l electrons from the v:alls of 

the counters. This ;·fas done v1i th a collection voltage on the counter tubes 

uhich uas found to be on the plateau of the coincidence counting rate ver-

sus voltage curve, at the time of the previous run, The observed pulses 

r:ere synchronized one on top of thG other so that the pulse shape nas 

sholiln, Pulses from the three proportional counter tubes wore checked to 

make sure that the rise and decay times respectively were approximately 

equal in the three counterso These 1iiere rather qualitative checks but 

v:ere capable of shm;Ii.ng immediately any la:rge ch::mges in the character ... 

istics of the counting system. 

A standard size pulse 11as applied in turn to the inputs of each 

of the scaling circuits to check that the minimum pulse height to trip 

the discriminators had not changed. 

The coincidence circuit gate length Ylas checked on a calibrated 

sr.reep. After these ch~:,;cks the measurements started e.nd 17e report in tho 

follouing some typical examples. The datq in Table I HGro taken vd. tb the 

follmJing set-up: 
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Diameter of neutron beam exit hole nas 2.22 em. 

Distance from exit hole to scatterer ·was approxi.mately 350 em • 

Distance from scatterer to first counter was 85 em. 

Distance from scatterer to monitor ·was 140 em. 

Triple coincidence ~as used. 

The scatterers measured 11 by 11 em and were~ade of polyethylene 

and gre.phi te. 

The tluckness of the scatterers and absorbers is indicated in 

the table. 

The measurement for different ~ in a single run were made in such 

an order that the various values of~ alternated in order to minimize 

possible trends in systematic errors, e. g., the follov1ing order was used 
1:; o o o o. ,o ·0 o o o o 

in a run; t';:: 10, 45, 30°, 20, 50;L'; /+0 ,25, 35, 5, 55 (February 

4, 1948). (See Table I) 

To fit the data obtained in different runs we proceeded as follows: 

Runs no. 1, 2, 12 (see Table II) have 8 values of ~ in common. For these 

values the geometrical mean of the H values was calc1uated and a curve 

drawn. The other runs have one or more points in common vvi th runs 1, 2, 

12. These points were used to normalize the run in such a way that for 

the values of T, common to the run in question and to the curve obtained 
.!.. 

from runs 1, 2, 12 the value of H would be the same, or, in case of more 

points in common, make a best fit. In doing this we added to the statis-

tical error of the measurement of H a fitting error equal to H x 

where ,j F' is the error in the normalization factor F • ';r'his can be 

estimated from the variation of ,, for various values of .for from the r· ' .. 
statistical errors of the single measurements. The statistical error 

of the single measurements and H :·r· add by the usual rule • 
. - l -· .1.. 

c 9) 1 cor H) 2 ~- c H 6. o ) 2 
12 

•.. I __ , 
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Having thus obtained H/t as a function of !5 we have at once 

on a relative scale the n-p1scattering cross section as a function 

of~. To show the results obtained we report in Table II the values 

of H obtained in all runs and treated as described above to bring 

them all to the same scale. The errors listed are the standard de-

viations calculated from statistics on the single measurements. No 

account has been taken of the effect ofd-P• 

lg_tal Cross Section Experiments 

In ardor to place the measured cross sections on an absolute 

scale it is necessary to determine the total scattering cross section. 

This can be accomplished by an attenuation measurement of the neutron 

beam using good geometry. Actually in the experiments we measured 

(10) t.rN(E) D(E) dE 
and I' (11) \1 N(E) D(E) 

where N(E) dE is the number of neutrons between energies E and E t dE 

impinging on the absorber, D(E) is the probability that one of these 

neutrons is counted by the special detector used, .-:: (E) is the total .,.•'t 

cross section of the attenuator nuclei~ and s is the number of nuclei 
2 

per em of the attenuator. If the neutrons employed were monochromatic 

(N(E) a delta function) or if D(E) vrere a d~l, ta function, the ratio of 

(11,) to (10) would immediately give :~ (E). Unfortunately this is not . t 

the case and there is appreciable incertitude in the. interpretation of 

the attenuation measurements • 
.. 

The experiments were performed using as attenuator a column of 

hydrocarbon (pentane, polyethylene, etc.) and also a column of graphite 

containing approximately the same amount of carbon as the hydrocarbon. 

The attenuation produced by each absoroer under good geometry conditions 

was measured ru1d from it the hydrogen cross section was deduced. 



Typical geometrical conditions were: 

Diameter of neutron beam, 1.9 em. 
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Length of absorber, 58 em, cross section)5 x 5 em. 

Distance between closest end of absorber and detector, 
50 em. 

Diameter of detector, 4.4 em. 

See Fig. 8 

In Table III we report the main results thus far obtained. 

We can estimate an effective average energy for the neutrons 

used and calculate also Eeff crt (Eeff); we may expect the last quan

tity to be nearly constant. This is roughly the case if we assume a 

primary neutron distribution similar to that predicted by Serber 

plus a low energy tail of an amplitude of about 20% of the maximum 

extending down to 20 Mev~ reasonable functions D(E), and £.:rt(E) 

inversely proportional to E • The E f of Table III have been calcu-
n e f 

lated under these hypotheses. 

In conclusion we can assume eft:¥ (E in l!lev, (Tt in lo-24 

cm2) with about 10% incertitudeo This value does not match too well 

11i th the approximate values of C1 t : 9;_8 reported by Sleator 5 on 

the basis of measurements in the 20-24 Mev energy interval; there is 

however no reason why E '--t (E) should be constant over such large 

energy intervals. 

Louer Energies Experiments 

By reducing the radius ~t which the beryllium probe is hit by 

the deuteron beam it is possible to obtain, by the stripping process, 

neutrons of lovJer E,m,ergy. Unfortunately the width of the energy dis

tribution in the forward direction does not decrease as much as the 

(5) W. Sleator Jr., Phys. Rev. J.2., 207 (1947). Soe there also for further 
biplt ography • 



UCRL-166 
-18-

most probable energy, so that poorer energy resolution is obtained. 

This is borne out in F'ig. 9 where the theoretical neutron energy dis-

tribution is plotted for E 
D 
-- 98 Mev and a target of 1 em beryllium. 

Be this as it may, we have repeated the experiments vlith the same ap-

parat:us at a loi·:er energy. The results are reported in Table IV and 

in Fig. 10. 

Conclusion 

In Tables III and IV we give (1' ( f) . In order to find the 

corresponding 0 (~) we have to 

this value of e:-· at the angle 

r d cos 4: multiply (j ( · ) by ------::::-- and put 
(\ d cos;-t 

') correspond:i.ng to the ':[ considered. 

• ·CJ d 
Table III g1ves also v and 

d 
cos :S 
cos ~ .• 

.... 88 as a function of {. for ·. Mev. 

For 40 

\',. - '/j 
I' "! 

having 

'fie have used the non relativistic formulae 

2 f; d cos II - 1 .. - -d cos I" 4 cosJ ·' 

The normalization of the curves is done as explained 

(> ( ,~J) dw: 6':': 0.076 X 10:24 cm
2 

for 90 Mev 
i,.l i.:') t o.l70 X 10 24 cm2 for 40 Mev. 

before by 

Since, however, G (J) is known only in a limited !lange, we have 

arbitrarily e:ttrapolated 6 ( ::l.) in the unknmm part. The contribution 

of this part of the curve to the total cross section is 15% of the to-

tal for the 90 Hev curve and ue have assumed tho 40 Mev curve to be 

symmetrical around 90°. The extrapolated part of the curv® is consis~ 

tent nith data obtained in the cloud chamber investigatlon of n..;p 

scattering by w. Powell, Bruckner, etc. 6 

The values of e: ( :3') obtained in . .§1..1 runs are reproduced in Fig. 

10. The stars arc, in our judgment, the best average of the measurements 

ue havo at the present date; in dr;3:uing them we have 'iJeighted the 

. 6'. We thank Dr. Po1;:rell and his associates for cc;>mmunicating their 
data to us. 
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experimental runs& For clarity it has been impossible to give the 

statistical errors ~hich can be easily read out of Table II and IV. 

The spread of the points gives a fair overall impression of tho accu-

racy of the measurements. 

Messrs. R. Christian and E. Hart of the theoretice,.l group of 

the Radiation Laboratory he,.ve calculated the n-p cross sections un

der various assumptions. i One of the simplest u.sed, which agrees 

fairly well with the experimental r0sul ts.: is the following: 

The n.,-p scattering depends on a potential 

V (r) = l ~ -Kz 
r 

( 1.±.1 ) 
2 . 

where the constant l has ti10 values: One for scattering i"Ji th parallel 

and the other \7i th antiparallol spins. These values iln~ c : 0.405 and 

0.280 respectively, are chosen so as to fit the scattering cross section 

for oprl.thermo.l neutrons and tho binding enorgy of the deuteron. The con

stant J/K is 1. 2 10-l.3 em. If rre interpret it as the "Compton 11ave length" 

of a particle, this particle has the mass of .326 electronic messes, not 

far from the u meson mass; moreover it is al13o the value used by Breit 

in interpreting p-p scattering and fits the coherent scattering observed 

in neutron scqttering by ortho and para hydrogen. P is an exchange operator. 

The above potential gives an angvlar distribution as shovm in Fig. 

11 and a t0tal cross section at 90 Hov of 0.090 x lo .. 24 en?. The agree-

mont is fairly good and the simplicity of the h~potheses make this result 

attra.cti vc;. 

7 A revier; of the subject is given in Rosenfeld - Nuclear Forces -
Amsterdam (1948) 

Other calculations on n-··P high energy scatteri.ng: 
N. Conpac, H. A. Bothe, Phys. Rev. ].J, 191 (1948) 
J. Ashkin anq Ta-Yon Wu, Phys. R~v. ]], 973 (1948) 
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On the other hand tensor forces must be present to account for 

the electric quadrupole moment of the deuteron and they are introduced 

by 

whore .r: ~.-:: are the spin o~crutors, i is a constant fixing the ~mount '-·lJ -' 2 II 
o..J 

of tensor force and 12- is the range of the tensor forces. Choosing:;( =o.l6 

and ~ about 1/3 Kit is possible to account also for the electric quadru-

pole moment of tho deuteron ~7i thout completely destroying the agreement 

\:i th the other expc.rimental data. HovJever the total cross section becomes 

0.104 x lo-~4, a value which seems to be in disagreement rdth the expori-

mental results. But it must be remembered that in all this, relativistic 

effects have been nsglected and they may be of the ord0r of 20%. 

Fore detD,ilod theoretical studies to bring out the separate in-

fluence of the single factors involved in the n-p cross section are in 

progress. 

Tho av.thors Ylish to thank Professor E. o. Laurence for his interest 

in this V{ork, the cyclotron operating crew for their valuable assistance 

in malting the runs. 

This pap0r is based on uork performed under the auspices of the 

Atomic Energy Commission. 
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Fig. 1. Definitions of angles referred to in the text. 

Fig. 2. General arrangement of apparatus A. 

Fig. 3. Energy distribution of the primary neutrons in the beam ob-

tained by stripping 190 Mev deuterons on 1.27 em thick boryl-

lium. The solid curve is from Serber's theory, The shaded rec-

tangles are the results obtained by desensitizing the co1mter 

bohind absorber A and varying the thickness of absorber A, The 

vertical lines are the resQlts obtained by variation of absor-

ber A and differentiation of the curve of absorber thickness 

versus number of coj.ncidences. 

Fig, 4. Drawing of apparqtus c. 

Fig. 4a, Detail of Fig. 4 counter telescope K. 

Fig, 5. Typj.cal voltage plateau of counters. 

Fig. 6. Coincidence counts versus thickness of scatterer. 

Fig, 7. Influence of tho length of the gate open time on the coincidence 

counting rate. 

Fig. 8. Typical arrangement for measurement of the total scattering 

cross section. 

Fig, 9. Theoretical neutron energy distrib~tion for stripping of 98 

Mev deuterons on 1 em thick beryllium, The neutrons are in 

the fo~7ard direction. 

Fig, 10. Differential neutron proton cross section in the center of 

·~ t . lo-27 2 I t d" All t grav~~>Y sys em ~n em s era ~ans, . measuremen s 

are included (See key to symbols in Tables II and III). The 

stars arc the final best available average corrected as de-

scr1bod in the text. 

Fig. 11. Theoretical n-p scattering curves drn.nn according to the hy-

potheses discussed in the "Conclusions" section. Curve I 

central forces~·~~: 0~09x1o-24 cm2; Curve I!): tensor forces 
6 t : o.loxlo-24" em • Stars are the experimental points. 



Table I 

SN.IPLE DATA 

. ' - -
Counter .Angle R* Time Counts in 08.Ch tube Co inc 
vol te.g;e ~deg sec fJOG r~'"r;o._ 2 No. 3 coun t 

• 
s 

- ·~--------t----

2200 volt~ 10 2 200 40200 •13COO 424C!() 995 

1700 10 2 200 27800 C:8600 28800 100'7 

1960 10 2 200 14400 1.2800 l~:iOG !"'""'"' -..,.l,l~ 

2120 10 
,, 
" 600 (~6400 ·16GOO 47600 1560 

2120 10 2 200 15600 17300 16800 232 

2120 10 ·" t;. ;:;oo l460G 1:3000 15900 114 

2120 45 2 600 45200 42600 41600 499 

2120 45 2 2GO 17900 16900 lGlOO H!6 

2120 ·45 ,f'l 110 10500 9720 8720 20 ,_:;, 

--···--·'-·"-· - - ... 

It i~ just ~ check on the operation of 

--
~,1or.ti tor 
counts 

1539 

1523 

1118 

. 

2309 

768 

?95 

2106 

1017 

636 

UCRL-166 

Cohw 
l..~ono 

.. 

O.G3B + 
"' 0 

Oo662 + 
~ 

.. 
0.613 + -· • . 

0.67'6 + - .. 
0.302 + .. 

0 .. 143 + - .. 

0.237 + - • 

0.124 + .. -
0.,031 + • -

-.~-----+------~-·' ' 
e 

03 

00 

03 

02 

02 

01 

01 

01 

Absorber Scatterer 
mg cm-2 mg crr.-2 
A1 

3857 CH2 150 

3857 CI12 150 

3857 CH 
2 

150 

3857 CH . 2 150 

3857 c 182 

3C57 blank 

900 CH 2 150 

900 c 182 

900 blank 

The firet three re~dings v:rere taken to c,l· .. :;-ck the ccunts;r voltar;r.;; ·;rs e ooincidence./:moni tor 

plo.teau .. 

The result&" o.r the e.bove tvm rt.ms t;irrs: HlOo = 0.420 + o .. o~~ -
H o "" 4;·b ~ 

0.139 "fio 0 .. 014 



Table II 90 Mev UCRL-166 

() (p) in lo-27 cm2 per steradian 

All runs have been fitted to the average of runs 1, 2 and 12 

Run Number 1 2 3 4 5 6 7 8 9 10 11 12 

Symbol in Fig. 0 • 6 X CJ \j t::l A .o v .~ ~ 

Date 2-l.t-48 2-9-48 2-19-48 3-18-48 _2-21-k8 6-17-48 7-29-48 3-23-48 -~-10-_lt-_8 4-21-.46· 5-10-48 6-2~48 

Apparatus A A A A A A A c c c c B f (degrees) -J- degrees d cos~ 
d cos~ 

0 68.6:t4.9 6l.Jt).6 130 0.239 
2 56.4±5.6 175.9 0.239 
3 55.5:!:4.0 53 .6:!:1. 2 173.9 0.239 
5 49.6!.3.8 50.8!5.6 58.2±4.0 50. 9±1.6 169.8 0.240 
7 46.4tl.8 i65.7 0.241 
10 42.8±.3.1 50.0±4.2 41.8±1.6 43. 5±1.2 47 .6±1.2 45.0;!:2.0 44. 9±1.1 159o5 0.24.3 
15 36.7.±2.1 )8.3±2.7 35.2:tl.l 149.3 0.249 
20 .32.2.:t2~2 29.5.:t2.9 29. 5:!:1. 5 .31.2.±1.0 139.1 0.256 
25 22. 5.:!:1.3 25.4:!:;2.5 25. 2--+-Q. 9 129.0 0.268 
30 22.l.tl. 5 20.7±2.2 21. 5±0. 7 118.8 0.282 
35 17. 5.!:1.1 17.0±2.0 17. 7f:.l.O 18.0!0o9 108.8 0 • .301 
40 14.8±1.1 1J .• Otl.9 1.3.8±0.6 98o7 0.324 
45 12.9±1.4 12~o2 12.0!0.6 11.8±0.9 12.5±1.0 12.2±1.1 11.2.±1.1 10. 7t-o:r: 12.2!Ll 12.0±0.4 88.7 0 • .354 
50 10.5±o.9 8. 1.3 78.7 0.393 
55 9.0±0o8 8.1±0.6 8.6±0.7 9.0_:1.2 9. 7!!J. < 68.8 0.443 
59 6 • .3±1.1 60.8 0.497 
60 9.o±l.l 10.0.!0. c ll.l±.O. 9 58.9 0.511 
65 8.3±0.9 l0.5:to.r: 49.0 0.610 
71.6 9 • .3±.0.9 8. 7-t.l.O 10. 5!:0.~ 8o)t.O. S 36.0 0.824 

' 

.. ··' 



Table III 40 Mev U( ~166 

~(~) in 10~27 cm2 per steradian 

All runs have been fitted to the average of runs 2, 3 and 5 

Run Number 1 2 3 4 5 6 7 8 
Symbol in Fig. v 0 
Date 4 20 48 4 29-48 6-23 48 8-5-48 8-5-48 4-30-48 6-26-48 8-4-48 

Apparatus ·A A A A A c c c 
~,(degrs .J. d cos_l 

d coss 
···~ - - ....... < ••• - • ., - -·· ••••• ~ ·T:···· --·· ... - ..... . ·- -.. --- -----· --~ - - - ~ 

.. . - "' -- . - . ~ --

0 76ol!2o8 180 0.,250 

5 68.1±2.2 170 0 .. 251 

10 63.2!3 .. 0 65~2±2.2 66 .• .5!1..7 69.,8±L6 66 ... ~±.2...:~. ~-· ' ~;£·:.._ ~-ti-~ . 160 0 .. 254 , 
t;:· '1 ~-.- ' Yl'l.-~-"'. ·~·. 

15 63.2±5.4 62.1±1..7 59.3:!::2 .. 2 150 0.258 

20 54.7±4.5 57 .8;t2.1 52.2±1..1 54o6±L9 140 Oo258 
,,. 

25 52.2!4 .. 7 55.0±L6 49.2!1.9 130 0.276 

30 44.2,tL1 45o3~2.1 43.9!1..5 42.5±1. 9 120 0.289 
-· ~ 

35 39.4:t2.9 40.8±1.6 39.8±L9 35.4±2.3 39.4±L6 38~9±1.,6· 110 0.306 

40 35.4±2.2 36o2±L3 43. 5±1. 9 100 0.327 

45 34.6±2.6 35.9±2 .. 2 30.2!0.9 36.2±1.9 36.5:tL 9 32.5±1..2 33.0±1.6 90 0.354 

50 22.7±4o5 29o 9±1. 5 80 0.389 
,. 

55 28o5:tL8 25.2!:1..2· "70 0 .. 435 
I 

59 27.0tl.9l24.8±l.O 19.6tL6 62 0.485 

i 
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Table IV 

-----
Absorber Pkmax Detector Eef'f cr- (JE 

[;1~ <~Inc=2 Mev 10-·24 om2 

--· ----- ;---"~·---·-------· 

_..,,, ______ 
( l) Polyethylene 35e3 Protons from cm2 40 Ool.7'7 + 0.,010 7 o08 

(2) Same 35.,3 Sr-..>ue 40 0 .. 154 + Oe0l5 6cl6 = 

(3) Paraffin c;l2(n~2n)cll 78 0"083 + Om004 6e47 (1) = 

(4) Pentane 67'!:2 H recoils 88 Oo075 ± OaOlO 6.,60 

(5) Polyt.:thylene 5304 H recoils from cn2 88 0.,0·36 + OoOlO 7o56 = 

153<'4 I (6) Same H from CH2 88 Oo066 + OoOltl 5o80 

I 
= 

I( 7) Per..tane 167 ('2 Fission of~ Bi 95 Oo0'74 ;jt 0,002 .'7.,03 (2) 
I I 
I( 8) Poly: t:.nylui~'"' 5:3.A I Scune 

I 
~15 Or.-062 +· 0~007 5o89 

' = 

I i I ' _l ~ -----t.... ..:-c-..J. 

In runs l~ 2 end 5 about 85/& r-f the detet}'LGd protons curr.e from hydrogen recoilas 

the rest from cn~~blln a...YJ.d background<; I!: run G only ;Jrotons com).ng from hydrogen recoils 

have been countsdo 

(2) D3J<U"Gll a:::-1u Knsble ~ private comnmn.: .. ~e.b. r.o 
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