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I. INTRODUCTION
" 'X the past ten years a considerable amount of in-

- formation has been published on nucleon-nucleon
cross sections at high energies (taken here to mean
above 10 Mev).

Different experimenters have used diferent tech-
niques lIl collecting thc dRtR Rnd dcduclng absolute
cross sections. As time progressed, the methods of
obtaining the absolute cross section have become more
re6ned and have yielded more accurate values. The
I-P differential cl'oss scctloll 1S 11S11ally obtained, by
normalizing an observed angular distribution of np-
events to the separately determined n pelastic cr-oss

section. If an erroneous value is used for o-„„elastic,
the absolute cross-section scale for the differential cross
scctlon ls lIl error. Corrcctlons of such errols shouM be
made to several of the earlier works on o „(8).

Similarly, several experiments on the p-p differential
cross section have used the reaction C"(p,pe)C" as a
monitor for the proton beam, and improved values of
the cross section for this reaction have recently been
published. This new cross section for the carbon re-
action changes the values of o»(8) reported earlier.

This %'Grk %'as done under the auspices of the U. . S. Atomic
Energy Commission.

This paper gathers together all the data and all the
corrections to the data, and is an attempt to show that
thc r'csults form R conslstcnt plctulc.

Some confusion exists in the literature about the
definitions of the diferent types of cross sections and
the nomenclature used to describe them. %'e use the
following system,

For the differential cross section —commonly de-
noted by dtr/dQ(8) —we use the abbreviation o (8). In
the experiments summarized in this report the. diBer-
ential cross sections studied in nucleon-nucleon scatter-
ing are essentially elastic cross sections. In several
cases in which the energy is only a little above the
meson threshoM the inelastic contribution has been
neglected.

Three types of integral cross sections (integrated
over the angle t)) are discussed.

The notation 0 total is used in referring to the re-
moval of incident particles from the beam by all
ploccsscs, clRstlc ol inelastic, cxccpt Coulomb SCRttcl'lng
111 p-p events.

The notation 0- elastic is used in referring to the
scattering of incident particles from the beam by
elastic processes only. This cross section refers to
nuclear scattering only; Coulomb scattering is not
included. In a nucleon-nucleon collision, the lntcr-
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action must be a two-body reaction throughout. Meson
production or bremsstrahlung must be excluded for the
event to be elastic. Actually (experimentally) for a
100-Mev incident particles a few Mev could be lost
and the event probably would still be considered elastic,
For example, when a deuterium-hydrogen subtraction
is used to provide a "neutron" target, the 2.2 Mev
needed to break up the deuteron mould normally be
ignored.

The notation o inelastic is used in referring to the
removal of particles from the beam by inelastic proc-
esses only. Meson production is thc most important
inelastic process in nucleon-nucleon scattering up to
several Bev. Since threshold for +-meson production is
290 Mev, no distinction is usually made below this
energy between o. elastic and o total.

The three integral cross sections are related by

a total=o elastic+0 inelastic.

Also included in this report are data on the nucleon
polarization as determined in double-scattering ex-
periments.

IL e p(TOTAL) AND e g (ELASTIC)

The e-p total cross section is usually measured by a
good-geometry attenuation experiment. Only a relative
beam monitor is needed, since only the ratio of before-
scatterer to behind-scatterer counting rates is- involved.
The e@ciency of counters need not be known unless
this shows a strong energy dependence. Above 300 Mev
a distinction must be made between elastic and total
cross sections. Table I summarizes the experiments to
mcasulc o „„totRl Rnd o.„„clRstlc.FIgurc j. Shows meas-
ured values of o „„total and o „~elastic and several va1ues
for o „total.

DL e,„YOV@L

Here the proton is now the high-energy incident
particle. Several values have been given for o„„total.

400

i W~~ TOTAL

e a~~ FLASTSC

V~A TOTAL = ~~y- ~A,~

M

6)

X g0
TOTA

FiASTlC

l0-
0 200

Mev

400 600

These are obtained by measuring the total cross section
for protons on hydrogen and for protons on deuterium,
and subtracting. At these energies the deuteron can
roughly be considered to be a proton and a neutron
acting independently, so subtraction should give the
CGect from the neutron in the deuteron. There is un-
doubtedly an interference term in the scattering from
deuterium so that the subtraction is not really justified,
but it is expected that the interference term will be
small enough to make the subtraction give nearly the
correct value for ~„„total. Also there probably is an
cGcct similar to eclipsing that reduces the cross section
for the proton and neutron in the deutero'n (G3). This
eclipsing effect has been suggested as a reason why o ~
sometimes is lower than 0.„„(51,C4). Ke take

Fn. 2. Experimental values of the total and elastic proton-
proton cross sections and of the total neutron-neutron cross sec-'
tion below 600 Mev.

x'

«E
IXI lOO-

+ O~p TOTAI.

TOTAL = W~~- M~I

+ 0~I, ELASTIC

: ' +:SiZE OF ERR'OR' O'NCf RTAIIIj'

-t fig~ I& ' S-

0 „qtotal= o»total+@~„total+A,

where E is the result of the interference term in the
deuterium scattering and the eclipsing effect. H we
have E=O, then

o „„total=o ~gtotal —o-~~total.

FigUrc 1 shows thRt thc values fox' o» total obtRined
in this way fall somewhat below the curve for o-„„total.
The value of E can be estimated from this, since theo-
retically we have

io
lo:

I I I I'III '
I 'I'- I I I I II'I

lOO, ' OOOO.

Mev

The value obtained in this manner, if E. is assumed
independent. of energy, is

Pro. l. Experimental -values of-, the, total and. elastic ~eutron-
proton cioss sections and of the .total proton-neutron cross
sections.

8=6&3 mb.

This means that the experimental value of o~g total is
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the curve has been extended to lower energies by in-
tegrating under the measured curves for the p-p dif-
ferential cross section.

All the experimental values in Fig. 2 have been
treated so that they do not include Coulomb scattering
but do include nuclear scattering all the way to 0=0'.
Also on this graph are values for o-„„ total. Figure 3
shows the a» total and o» elastic data extended to
the Bev energy range. There is apparently a drop in
the elastic cross section at high energy, which may be
related to the structure of the proton. Figure 4 shows
values for a» inelastic, which primarily represent
x-meson production.

I

100 1000
E (Mev)

10 000

~6 mb less than the sum of o.» total and o „„total be-
cause of the eclipsing and interference eGect E. This
analysis should be expected to break down for low
energies, where R may become large.

FIG, 3. Experimental values of the total and elastic proton-proton
cross sections up to Bev energy range.

V. e~~ TOTAL

Experiments have been performed to measure o.

total in a manner similar to those that give o.„„total.

l00 (

— /4.
'

/
/79
/8 I5'-

IV. ePII, TOTAL, e/, q ELASTIC, AND ega INELASTIC

The p-p total cross section is usually measured by an
attenuation experiment in which the geometry is such
that Coulomb-scattered protons are treated as part
of the unscattered transmitted proton beam. Therefore
the cross section determined is due to nuclear scattering
only. Above 300 Mev inelastic events become important.
The total cross section can be measured directly. The
elastic cross section can be determined either by meas-
uring the fraction of all events that are elastic and
multiplying this by the total cross section, or by inte-
grating under the elastic 0»(8) curve. Table II sum-
marizes the experiments on o-» total, and o» elastic,
and o.» inelastic. Figure 2 shows measured values of
o» total and 0» elastic below 600/Mev; in addition,

o IO

E

/SO:
/37—
/56'

/7Z
Z/5

900
980400-
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40 80 l20

NEUTRON CM

FIG. 5. Experimental values of the differential neutron-proton
cross section at various energies.

40-

30—

IO-

300 IOOO

Mev

3000

FIG. 4. Experimental values of the inelastic proton-proton
cross section.

In this case, o- „ total is determined by assigning a
value of zero to I, the interference+eclipsing term, in
the neutron scattering by deuterium; then the neutron
scattering from hydrogen is subtracted from that by
deuterium to give a„„.Thus,

0 a total=o „total+0„„ total+I.

If we have I=O, then

a ' total=a„~ total —o.„„total.

Values of o.„„total obtained in this way are plotted in
Fig. 2 with o» total. According to the charge-inde-
pendence hypothesis these cross sections should be
identical. The values of o„ total fall quite close to the
0» total curve. If the interference terms in p-(f and
e-d scattering are similar —that is, if I=E, as well
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Thax, E I. A summary of experiments on the neutron-proton total and elastic cross sections.
Also given are some data on the neutron-neutron total cross section.

Authors
Energy
(Mev)

Cross section
(mb) Remarks

Source of
quoted error Detector

S3 Sleator
(Michigan)

9.3
10.6
12.8
14.8
16,5
18.1
19.6
21.1

920 ~ 80
780 ~ 90
830 + 90
610 a 90
660 ~100
550 ~ 80
520 ~ 90
410 ~ 90

Counting
statistics

Ion chamber to count re-
coil protons

Ageno, Amaldi,
Bocciarelli, Trabacchi

(Rome)

E= 12 5
E= 13.5

Counting Proportional counter
statistics proton-recoil telescope

Lasday
(Carnegie Tech)

Poss, Salant,
Snorer, Yuan

(Brookhaven)

770 + 40

E= 14.10%0.05 689 ~ 5
T (d,n) He4 source

Counting
statistics

Counting
statistics

Proportional counter
telescope

Scintillator to count
neutrons

M2

S4

D3

Meyer, Nyer
(Los Alamos)

Salant, Ramsey
(Carnegie Inst. of
Washington)

Day, Mills,
Perry, Scherb

(Los Alarnos)

675 ~ 20

700 & 60
660 ~ 70

E= 19.655~0.035 495 ~ 3

Not given Cu" (e 2g) Cu'~

Not given Cu" (N, 2g}Cu",
13-Mev threshold

Not given Scintillator to count
neutrons

D2 Day, Henkel
(Los Alamos}

Repl o-
duclb11lty

Scintillator to count
neutrons

S5

-H2

Sherr
(Harvard)

Hildebrand, Leith
(Berkeley}

Energy not
measured
Used in 0„„total

Not given C"(e,2e)C"

Counting C"(e,2') C"
statistics

H3 Hadley, Kelly, Leith,
Segrh, Wiegand, York

(Berkeley)

E= 90
E= 42

76 % 17
170 ~ 8.3 Energy not

measured

Counting Proportional counter
statistics telescope

Hillman, Stahl, Ramsey
(Harvard)

E= 88

E= 47.5

86.1+ 2
84.5~ 2

196 & 10

Liquid H target
CH2 —C target

Scintillator to count
neutrons

T3 Taylor, Wood

(Harebell)

223 + 7.6
126 ~ 3 .

73.9+ 3
56.9+ 1.8
46.4~ 1.2

Not given Proton-recoil propor-
tional counter telescope

Taylor, Pickavance,
Cassels, Randle

(Harsvell)

Cook, McMillan,
Peterson, Sewell

(Berkeley)

E,=45
Ep 1=39
Eeutoff =34
E =74
E~1,=64.5
Ecutof f
E = 10/
E~1,=97
Ecutoff =91
E = 169
E~1,= 156
Ecu~ff = 149

46.4~ 1.2

Data fit equation: Not given Proton-recoil propor-
10 342 tional counter telescope

&np=

—45.7+0.15/E
(E=Mev, 0 =mb)

Counting C"(e 2N) C"
Used in e total statistics.

+1Fo for
others
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TAsLE I.—(Continued).

Reference Authors
Energy
(Mev)

Cross section
(mb) Remarks

Source of
quoted error Detector

D4 DeJuren, Knable
(Berkeley)

73 ~ 15
0 D = 104+4 . Used in 0~~ total

Counting Bi 6ssion counter
statistics

C2 Cullar, Waniek
(Harvard)

E= 93.4
E 972
E= 101.1
E= 106.8

77 ~ 5
76 ~ 3
80 ~ 7
59 ~ 16

Counting
statistics

Proton-recoil scintillation
telescope

Mott, Guernsey, Nelson E= 220+10
(Rochester) E 180+ 7

E= 156~ 5E- 140+ 5
E= 117~ 5
E= 97~ 5

41.3& 3.5
44 ~ 12
50.5~ 8.3
48.5~ 5.6
61.5~ 8.6
74 ~ 10

Pulse-height
analysis allows
determination at
several energies
at the same time

Counting
statistics

Proton-recoil
scintillator telescope

A2 Alphonse, Johansson,
Taylor, Tibell

(Uppsala, Sweden)

E= 169
E= 149
E= 132
E= 117
E= 109

0-D a=23.1~2
o.D H ——24.8~2
0.D I=25,3~2.4
O'D H =27.2~2.4
o.D 8=29.1~3.6

Used in 0-„ total Not given Proton-recoil scintillation
counter telescope

T4 Taylor, Pickavance,
Cassels, Randle

(Harweu)

E= 153 46.4~ 1.2
0D 8=243W2 Used in 0„„total

Not given Proton-recoil propor-
tional counter telescope

T2

Di

Taylor
(Uppaala, Sweden)

DeJuren. , Moyer
(Berkeley)

E= 169

E= 220
E= 160

49.2~ 1.6
0.D H=23.1+2.0 Used in 0. total

41 ~ 4
51.2~ 2.6

Counting
statistics

Counting
statistics

Proton-recoil scintillation
telescope

Bi 6ssion counter

D5 DeJuren
(Berkeley)

E= 270 38 ~ 15
crD I= 19+2 Used in 0- total

Not given Bi 6ssion counter

Fox, Leith,
Waters, MacKenzie

(Berkeley)

Dzhelepov, Golovin,
Satarov,

(Moscow}

E= 280

E= 380

33 & 3
o-D =49~ 5

Counting Scintillator proton-
Used in O.„„total statistics recoil telescope

Mentioned in D9 Not given

Nedzel
(Chicago)

E= 410 33.7& 1.3
O.D 8=28.3+4.0 Used in a „total

Total Scintillators
+Cerenkov counter
counting recoil protons

D12 Dzhelepov, Satarov,
Golovin

(Moscow)

E= 380
E= 500
E= 590
E= 630
E= 380
E= 500
E= 590
E= 630

34 a 2
35 & 2
36 ~ 2
37 % 4

gD H ——23+1.5
~TD H=30+2
0'D I=36+2
crD I=40+3

Total cross Counting Scintillators
section includes statistics
inelastic events

Used in a. „total

C4 Coor, Hill, Hornyak,
Smith, Snow

(Brookhaven)

E= 1400 42.4~ 1.8
0.D I=42.2~1.8

Total cross
section includes
inelastic events

Counting Scintillator telescope
statistics with converter to

make protons

might be—then according to the preceding analysis one
should add about 6 mb to the values for o-„„ total to
get the proper values. It would appear that 0-„„ total
agrees quite well with 0» total without addition of the
6 mb.

To measure this cross section usually the angular
distribution of either protons are neutrons is determined
from the n pinteraction, -normalizing the area under

the angular distribution to the total cross sections.
Table III gives a summary of the measurements of
o „„(0).Table IV lists the experimental values, and also
the new values for those cases in which a renormaliza-
tion has been performed. The renormalizations were
usually done because the value for O.„„total now avail-
able is better than the one used by the original authors.
In one case (GI), the renormalization is called for
because the angular distribution was not measured to
very small angles and an. extrapolation to 0' was
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TABS,E II. A summary of experiments on the proton-proton total elastic and inelastic cross sections.
Also given are some data on the proton-neutron total cross section.

Reference

C16

B6

P2

C9

Authors

Cook, Bar tsough
(Berkeley)

Yntema, White
(Princeton)

Burkig, Schrank,
Richardson

(UCLA)

Panofsky, Fillmore
(Berkeley)

Fillmore
(Berkeley)

Cork, Johnston,
Richman

(Berkeley)

Kruse, Teem, Ramsey
(Harvard)

Energy
(Mev)

9.7

18.2

19.8

29.4

30.14

31.8

70
95

Cross section
(mb)

345

175

152

102

94

39.6
30.2

Remarks

Obtained by assuming
o»(8) =55 mb/sterad
Sat to zero degrees
~ ~ o.tot =55X2~

Obtained by assuming
average o»(8) =27.8
. . ot &=27.8X2~

Obtained by assuming
average 0»(8) =24.2
.'. o.~g=24.2X2~

Obtained by assuming
average o»(8) = 16.2
.'. o-t,x= 16.2X22t-

Obtained by assuming
average o»(8) =15
.'. o.~&= 15X2m

Obtained by assuming
average o»(8) = 14,
.'. o~g= 14X22r

Obtained by assuming
average o-»(8) =6.3,
.'. o.~g= 6.3X22r.
Obtained by assuming
average o.»(8) =4.8
.'. ot,g=4.8X2m

Source of
quoted error Detector

Scintillators

Scintillators

Scintillators

Nuclear
emulsions

Nuclear
emulsions

Proportional
counters

Scintillators

C1

C3

Chamberlain, Pettengill,
Segre, Wiegand

(Berkeley)

de Carvalho
(Chicago)

Marshall, Marshall,
Nedzel

(Chicago)

330
230

160

315+8
208+4

E= 315~8
E=- 208~4

408

23.9+1.0
22.5~1.0

26.1+1.0

24.3~1
25.8~2

o D H=32.5~4
o-D H=37.0+2

24.0+1

o D H —31.6~2

FrOm o (8) =3.81X22r
at 330 and o-(g) =3.58
X2m. at 225
o (8) =4.16X2~ at 160

Used in o.„ total
Used in o.» total

No corrections for
meson production
Used in o„ total

Counting sta-
tistics plus
target-thickness
uncertainty

Counting
statistics

Not given

Scintillator
telescope

Scintillator
telescope

Scintillator
telescope

D11

B5

Dzhelepov, Moskalev,
Medved

(Moscow}

Meshcheryakov,
Bogachec, Neganov

(Moscow)

410
460
500
540
580
600
620
640
660
410
460
500
540
580
600
620
640
660

E=
E=
E=

460
560
660

E= 460
E= 560
E= 660

26.9+0.7
27.6~0.4
29.9&0.4
32.1+0.5
35;6&0.5
36.6~0.5
38.6a0.5
39.8~0.6
41.4w0. 6
3.9~2.1
4.6~2.0
6.9~2.0
9.1~2.1

12.6+2.1
13.6~2.1
15.6~2.1
16.8~2.1
18.4+2, 1

24.0&0.6
25.2~0.8
24.7~1.0
3.6+0.7
8.8&0.9

16.7~1.2

Total cross sections Total

Includes inelastic
events

Inelastic cross section
only obtained by sub-
tracting o;h„~,,=23~2
mb from measured
values of ot t, ~

Elastic cross section

Inelastic cross section
by subtraction of B5
data from 011 data

Proportional
counters
and a liquid
scintillator



%ILMOT N. H ESS

TABLE II—Continued.

Reference

S2

Authors

Smith, McReynolds,
Snow

(Brookhaven)

Energy
'(Mev)

E= 440
E= 590
E= 800
E= 1000

E= 440
E= 590
E= 800
E= 1000

Cross section
(mb)

23.5~1.2
25.2~2.0
21.5~2.0
19.2+3—2
3.5~2.3

10.8~3.6
25,5~2.8
28.8+3.2

Remarks
Source of

quoted error

Elastic cross section. Not given
Normalized to data of
Sutton, S9, obtained
by integrating under
o»(8) curve
Inelastic cross section,
obtained by subtract-
ing oelastlc from o total
of Shapiro, S1

Detector

Scintillators

S1

(8rookhaven) E= 535

E= 615

E= 740

E= 830

E= 850

E=1075

E= 1275

E= 1295

E= 1490

E=2000

E=2600

E= 380

E= 590

E= 810

E= 1060

E= 1260

E= 1480

E=2000

E=2600

Shapiro, Leavitt, Chen E= 410 26.5+1.4—1.3
29.8+1.3

1~ 1
37.7+1.4—1.0
44.4+2.8—2.6
47.8+1.6—1.2
47.6+1.7—1,2
48.3+1.6—1.1
47.5+1.6—1.2
49.4+1.6—1.1
47.2+2.6—1.2
41.4+3.2—1.4
41.6+4.0—1.6

o r 8=31.0+1.5—1.3
oD rr

——31.5+1.9—1.7
aD H = 28.4+ 1.3—1.1
o-r H = 27.0+2.0—19
oD H=32, 1+1.5—1.2
or) H=33.6+2.0—1.7
o.D H=34.3+2.3—1.5
o-D 8=31.4+2.2—1.3

Total cross sections
includes meson pro-
duction as well as
elastic events

Total cross section
includes inelastic
events used in o-„„
total

Total Scintillator
telescope

Batson, Culwick,
Riddiford, Walker

(Birmingham)

650~100 o;l ti, =26.3~1.8
o inelastic = 14 4+ 1 4

Cross section nor-
malized to ot,t=40.6

Not given Cloud
chamber

M10 Morris, Fowler, Garrison E= 800
(Brookhaven)

O elastic
O inelastic

Cloud
chamber

H6

D7

B8

Hughes, March,
Muirhead, Lock

(Glasgow)

Duke, Lock, March
(Birmingham)

Fowler, Shutt,
Thorndike, Whit temore

(8rookhaven)

Block, Harth, Cocconi,
Hart, Fowler, Shutt,
Thorndike, Whittemore

(Brookhaven)

E= 925

E= 950

E= 1500

E=2750

oelastic = 17~3
O inelastic

15.5+2.5

o e lastic =20+2
o'inelastic =27%3

o'elastic = 15&2
o'inelastic =26+3

Counting
statistics

It is not clear whether Not given
corrections have been
made for Coulomb
scattermg

Cross sections nor-
maliZed tO o» t,t,l
=47 from S1

Cross section nor-
malized to o» t,t, l
=41.6 from S1

Nuclear
emulsion

Nuclear
emulsions

Cloud
chamber

Cloud
chamber
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TABLE II—Contieged.

Reference

C18

Authors

Cester, Hoang, Kerner
(Rochester)

Energy
(Mev)

E=3000

Cross section
(mb)

8.9+1.0
Remarks

Elastic cross section

Source of
quoted error

Not given

Detector

Nuclear
emulsion

C17 Cork, Wenzel, Causey
(Berkeley)

E=2240
E=4400
E=6150

16.9a2.5
9.0+1.4
6.9&1.0

Elastic cross sections 15% error is due Scintillators
obtained by integrat- only to beam-
ing under 0-»(8) curve monitor calibra-

tion; other errors
are somewhat
less

%'right, Saphir, Powell, E=5300
Maenchen, Fowler

(Berkeley)

O.f t.,1=32,4+6.0
0;l~t,.——5,6~2,3

Total Cloud
chamber

needed to normalize to the total cross section. This
extrapolation assumed symmetry about 90', which is
now known to be incorrect for this energy. Therefore a
correction that changes the cross-section scale was
made in the extrapolation process.

Values of 0„„(8)are shown in Fig. 5. Experimental
points are omitted because there are so many of them.
The lines have been drawn through the experimental
points in each case. Since typical total errors are 10'%%u~,

not much reliance should be put on detail features of
these curves. For example, probably the 172-Mev
curve does not actually cross the 156-Mev curve near
92', and probably the 215-Mev curve does not cross
the 300-Mev curve near 117'. One would expect fairly
smooth energy variations of 0 „(8) at certain angles
instead of bumps.

The curves up to 90 Mev are quite symmetrical
about 90' c.m. , but at 300 to 400 Mev the curves are
higher at 180' than at 0' c.m.

The p-p differential cross section is normally meas-
ured by detecting one or both protons resulting from
a collision of a beam and a target proton and monitoring
the beam with an absolute monitor. Knowing the
thickness of the target and the solid angle of the de-
tectors, the absolute cross section is calculated directly
by the formula:

detector counts
. -=0»(8)[target atoms/cm')

monitor protons

X [detector solid angle j.
In comparing o»(8) and n» total a factor of 2 arises

from the fact that two protons are produced from each
collision:

20„„total= o„„(8)dQ.

Table V summarizes the experiments on 0»(8). Table
VI lists the experimental values for o»(8) and the new
values when renormalization has been necessary. The

renormalizations here all result from new measurements
of the cross section by Crandall et ut. , (C14) for the
reaction C"(p,pe)C", which has been used as an abso-
lute monitor for studying 0»(8). Values from Aamodt
(A6) for the cross section for C"(p,pe) C" were used by
several of the original workers, Recent work at Chicago
(R4) on the cross section for C"(p,pcs)C" gives still
lower values than the recent Berkeley work (C14). The
measurements were made at different energies; there-
fore perhaps both answers are correct. The difference
in the values, if it is real, may be due to the self-
absorption correction. The Berkeley group included
P-y coincidences as well as 4n counting to get this cor-
rection. In this paper the Berkeley values for the cross
section are used because of the particle energies in-
volved. If the Chicago data turn out to be better, the
nucleon-nucleon cross sections afFected must be reduced
still further.

Quoting from Crandall et al.: "The most significant
difference from earlier experiments is the shape of the
C"(P,Pn)C" excitation curve in the neighborhood of
350 Mev. Readjusting the excitation function both in
shape and in absolute value will have important e6'ects
on seemingly unrelated experiments because of the
widespread use of the reaction as a beam monitor. For
example, the p-p scattering cross sections measured at
240 Mev by Oxley et al. (01,T6) should certainly be
modiied. Even though they intercalibrated their
counter with a beta standard used by Aamodt et ul. , the
revised shape of the excitation function requires a
41/49 reduction in their values. If a cross section of
36 mb for the C"(p,pe)C" is used, their values are
further reduced and are in excellent agreement with'the
results of Chamberlain et cl. (C8).

"The p-p scattering cross sections measured by
Birge et ul. , (B4) at 105 and 75 Mev may be reduced
directly by the ratio 36/41. The revised values are in
agreement with the Berkeley measurements.

"Cassels et al., (C11) measured the p-p scattering
cross sections at 146 Mev by using two methods to
calibrate their beam monitor. One of the methods in-
volved the use of the C"(p,pn) C"cross section and gave
a p-p scattering cross section of 4.61&0.55 mb/sterad.
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TABLE IV. Summary of values for the neutron-proton differential cross section,
Some of the values have been renormalized as indicated.

Reference

S8

A4

G2

Ri

B3

H3

Hc.m.

70
90

120
140
160
173

48
66.9
84.1

100.5
114.7
131.7
146.6
154.5

180/90

180/90

15.7
36.1
45.0
52.8
60.2
67.0
73.4
79.7
86.3
11.3
29.3
41.0
50.3
58.8
66.5
73.5
80.2
87.0
94 2

180
150
120
105
90
76

62
70
80
90

100
iio
120
130
140
150
160
170
180
36.0
49.0
58.9
60.8
68.8
78.7
88.7
98.7

108.8

52. 4+3
53 ~2.5
54 ~2
55.5 ~2
55 ai
56 ~i
50.7 ~2.3
49.3 ~2.5
53.3 ~2.4
51.3 +2.4
51.8 a1.8
53.3 ~2.0
54.0 &1.9
54.7 +1.4
1.08

1.06&0.16

11.65+0.38
11.40&0.43
11.37a0.55
11.58~0.20
12.40+0.31
12.02~0.23
12.71~0.22
14.50&0.35
14.55~0.23
15.60~0.33
17.02~0.23
17.10&0.55
19.02&0.70
7.66&0.37
5.91+0.34
5.19~0.28
3.13~0.55
3.86~0.16
3.87+0.29
4.21a0.09
4.51~0.17
5.34a0.17

Energy
(Mev) ()

14.1

14.1

17.9

19.6

13.7

13.7

28.4

27.2

90

a'(8) &e'
(mb)

45
41.6

42.6
40.2

33.6 +8.8
55.1 ~1.2
54,0 &1.5
50.7 ~1.3
55.7 ~1.9
55.1 ~2.0
59.0 &2.2
52.9 ~3.0
59.0 ~4.7
33.3 +9.5
27.7 ~0.5
28.4 ~0.6
26.9 +0.8
26.1 ~0.8
28.4 ~0.8
28.4 ~1.0
29.2 ~1.5
27.2 ~1.8
24.6 +3.8

33.2 &1.3
31.2 &1.3
28.6 ~1.3
28.0 ~1.8
25.2 ~1.8
26.0 &1.8

13.91~0.45
13.61a0,51
13.58&0.66
13.81~0.24
14.80m 0.37
14.36~0.28
15.19~0.26
17.31~0.42
17.38~0.27
18.62~0.39
20.35~0.27
20.41~0.66
22.71~0.84

7.89w0.38
6.09&0,35
5.35&0.29
3.22~0.57
3.98&0.16
3.99+0.30
4.34~0.09
4,65~0.18
5.50~0.18

Remarks

No normalization or
renormalization needed

No normalization or
renormalization needed

Original data relative
only. Normalized here to
o„ tot=535 mb

Same as above
o-„„tot=522 mb

The relative data given in
this paper have been nor-
malized to give absolute
cross sections.

For the 13.7-Mev data the
value at 36' was used in
normalizing o.»{36')kr
=695 mb, where 695 mo
is the o.„ total read from
Fig. 1. For the 28.4-Mev
data the normalization is
done here by o.»{87 )4'
=342 mb, where this
value of ~» total has also
been read from Fig. 1.

Relative data in paper
have been normalized by
(4w)0„~(120')=360 mb

42-Mev data were nor-
malized to o. ~ total=170
mb. These data are re-
normalized here to a
better measurement of
o.„„total= 203 mb

90-Mev data were nor-
malized to o-„„total= 76
mb; renormalized here to
~» total=78. 3 mb
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TABLE IV.—(Continued) .

Reference

H3
(contd. )

C6

C7

W2

S6

S7

8o.m.

118.8
129.0
139.1
149.3
159.5
165.7
169.8
173.9
175.9
180.0

5.1
10.3
20.8
36.0
10.7
21.7
37.8

8—10
10—20
20- 30
30- 40
40- 50
50- 60
60- 70
70- 80
80- 90
90—100

100-110
110-120
120—130
130-140
140-150
150-160
160-170
170-180

129
159.5
165.7
169.8
171.8
173.9
175.9
178

74
68
62
56
50

38
32
26

177.5
175.4
171.5
167.5
161.4
155.4

176.6
175.6
173.7
171.7
169.,7
167.3
164.5
162.0
159.4

6.09~0.17
6.53a0.19
7.88+0.19
8.92~0.23

10.90~0.14
11.17~0.43
12.35&0.32
12.85~0.28
13.48+1.34
15.50~0.70

12.9 +1.2
12.0 ~0.7
10.3 ~0.6
7.6 ~0,4
5.6 +1.1
4.3 ~0.9
3.6 ~0.7

12.5 ~2.6
9.6 ~0.7
9.7 +0.6
7.7 ~0.4
6.6 ~0.5
6.3 ~0.5
4.9 ~0.4
4.4 ~0.3
4.6 +0.3
4.4 a0.3
4.4 ~0.3
5.2 ~0.3
5.4 +0,3
6.5 ~0.4
7.1 +0.3
9.5 ~0.4

11.9 ~0.5
12.9 +1.0
8.1 ~0.73
9.7 +0.83

11.4 &0.92
11.8 ~0.50
11.7 +0.58
13.5 &0.50
12.0 ~0.61
11.6 ~0.64

4.28~0.19
4.80~0.20
5.42+0.22
5.48+0.22
6.02+0.24
6.11+0.26
6.77&0.29
8.01~0.34
7.60+0.39

12.90+0.33
12.73+0.31
12.50~0.30
11.96~0.29
10.75~0.27
9.53&0.26

13.08~0.41
13.09+0.38
13.30&0.33
13.24~0.35
12.61~0.32
11.84+0.30
11.82~0.31
10.85~0.33
10.42~0.29

Energy
(Mev)

90

90

290

90

90

90

90

93

91

a'(8) +e'
(mb)

6.27a0.18
6.72a0.20
8.11~0.20
9.20&0.24

11.22~0.14
11.50+0.44
12.71~0.33
13.22~0.29
13.88+1.38
15.97~0.72

13.3 ~1.2
12.4 ~0.7
10.6 ~0.6
7,8 ~04

12.9 +2.7
9.90+0.7

10.0 ~0.6
7.92~0.4
6.80~0.5
6.50+0.5
5.05~0.4
4.52~0.3
4.73~0.3
4.52~0.3
4.52~0.3
5.35+0.3
5.55+0.3
6.70+0.4
7.30~0.3
9.77+0.4

12.25~0.5
13.3 ~1.03

8.3 ~0.75
10.0 ~0.86
11.7 ~0.95
12.2 ~0.52
12.1 ~0.60
13.9 ~0.52
12.4 ~0.63
12.0 +0.66

4.41~0.20
4.95+0.21
5.59+0.23
5.65~0.23
6.20+0.25
6.30~0.27
6.97~0.30
8.26+0.35
7.84&0.40

13.30~0.34
13.12~0.32
12.89~0.31
12.32~0.30
11.08W0.28
9.83~0.27

Remarks

Normalized to data in H3
at 36'. Data renormalized
to o„~ total=78. 3 mb.

Normalized to data in Ki
at 37.8'. No renormali-
zation

Data normalized to
o-„„total= 76 mb. These
data are renormalized to
o-„„total =78.3 mb

Data normalized to a
smooth curve drawn
through the H3 data. Re-
normalized to o. „total
=78.3 mb

Data normalized to data
in H3

Data normalized to H3 in
region of 155'—167'.
Renormalized here by
78.3/76 as a result of a
new o „total measure-
ment

Data normalized to
o „„total= 78.3 mb.

No renormalization
needed
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TABI.x IV.—(Contieled) .

Reference

S7
(contd, )

T5

R2

Ho.m.

159.4
154.9
149.3
139.1
139.1
129.0
118.8
108.7
98.7
88.7
82.7
78.7
74.7
69.7
64.8
59.8

29.3
39.1
48,9
58.7
19.3
29.0
38.8
48.5
58.3

6.2
10.5
20.5
30.7
40.9
51.2
61.4
6.3

10.6
20.7
31.0
41.3
51.6
61.8

20- 30
30—40
40- 50
50- 60
60- 70
70- 80
80- 90
90-100

100-110
110-120
120-130
130-140
140-150
156-160

50
56
65.5
68
76.5
83
89.5
98
99;5

112
124.5
138
149
159
165
171

10.84a0.43
9.97+0.30
9.13+0.24
7.74+0.19
8.08~0.28
6.51~0.17
5.99+0.15
4.93+0.16
4.53+0.14
4.19~0.15
3.97~0.13
4.17~0.15
4.08+0.19
4.26+0.18
4.88+0.29
5.61~0.33

8.01+0.84
6.80+0.64
5.30~0.67
4.58~0.76
6.23~1.14
5.15~0.48
4.10+0.36
3.45+0.38
2.70~0.44

11.6 +1.0
11.1 ~1.0
10.2 +0.6
8.50~0.4
7.1.0~0.45
6.00+0.5
4.55+0.5
8.90~1.0
8.00'0.6
6.90a0.4
5.85~0.35
4.38+0.4
2.86m 0.4
2.70~0.4

6.55+0.75
5.59+0.59
3,86~0.44
3.31~0.38
2.45~0.31
2.96~0.33
2.64' 0.31
2.54~0.30
3.13~0.34
3.80+0.39
5.31~0.48
5.23a0.51
6.13+0.62
8.75~0.87

2.96+0.43
2.14~0.40
2.59~0.40
2.34~0.18
1.98~0.22
1.98&0.19
2,29~0.18
2.71+0.31
2.51~0.19
3.87~0.18
4.04'0.28
6.19~0.26
6.88w0.43
7.98~0.13
8.59~0.29

10.04~0.20

Energy
(Mev)

91

95—100

140-145

105

137

130

156

~'(e) +~'
(mb) Remarks

Data normalized to T5 at
8=60'. No renormaliza-
tion needed

Nor normalization or
renormalization needed

Data normalized to
0.„~ total=55. 2 mb.

No renormalization
needed

Data normalized to
~„„total =46.4 mb.

Xo renormalization
needed
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Reference

R2
(contd. )

D8

D9

&o.m.

174
176
178

180
164.2
158.8
157.3
148.4
139.9
117.7
117.2
96.9
76.9

180
164.5
159.3
157.8
148.8
140.5
118.2
117.7
97.4
/7. 5

37.7
47.2
56.8
66.6
76.4
86.3
96.3

106.5
116.7
127.1
137.6
148.1
158.7
169.3
180

10- 20
20- 30
30- 40
40—50
50- 60
60- 70
70- 80
80- 90
90-100

100-110
110-120
120-130
130—140
140-150
150—160
160-170
170-180

36.6
55.5
65
75
84.5
95

105
115
126
136
147
158
169
180

e(8) +e
(mb)

9.68~0.47
10.65+0.46
20.69+0.54

13.4 ~2.8
8.89+0.66
7.58~0.75
6.97~1.31
5.38~0.47
4.18~0.35
2.53a0.37
2.40+0.32
1.31~0.12
1.45+0.22

16.6 +6.8
10.9 +1.4
7.6 ~1.5
7.0 +1,2
5.3 a0.8
3.5 ~0.9
2.1 +0.9
2.5 %0.4
2.4 ~0.4
2.3 ~0.7

3.6 ~0.7
3.3 ~0.6
1.1 ~0.6
1.7 ~0.4
1.9 ~0.7
1.85+0,14
1.09~0.26
2.02~0.21
1.90+0.24
2.8 +0.4
4.5 ~0.3
4.7 ~0.4
6.4 a0.3
"/.8 +0.8

13.7 +2.1

3.83&0.63
3.48~0.47
3.81+0.41
3.50~0.35
2.96~0.28
2.31+0.31
2.02~0.20
1.89~0.18
1.51+0.14
2.07~0.16
2.17~0.17
2.51+0.19
3.06~0.23
4.06a0.29
4.71+0.37
6.48+0.55
9.14~1.12

2.9 a0.5
2.3 ~0.3
2.0 ~0.2
2.1 ~0.4
2.0 ~0.2
1.7 ~0.5
2.0 ~0.2
2.1 +0.2
2.2 ~0.2
2.8 ~0.2
3.5 ~0.2
5.3 ~0.5
7.5 ~0.6

11.8 ~1.8

Energy
(Mev)

215

172

260

300

380

0'(8) +e'
(mb)

13.8 ~2.9
9.15+0.68
7.80~0.77
7.18~1.35
5.54a0.49
4.30&0.36
2.61~0.38
2.47+0.33
1.35~0.12
1.49&0.23

17.1 ~7,0
11.24~1.44
7.83~1.54
7.21~1.23
5.46~0.82
3.61~0.92
2.16+0.92
2.57&0.61
2.47~0.41
2.37+0.71

Remarks

Data pormalized to
0. „total=41. 3 mb.

Renormalized because
symmetry about 90'
(c.m. ) was assumed in
normalization process and
it is now known not to be
true.

Data normalized to
0„„total=35 mb

No renormalization
needed

Data normalized to
0.„~ total=35 mb

No renormalization
needed

Data normalized to
0.„~ total=33 mb

No renormalization
needed
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TAsr.z IV .—(Contitttted)

Reference

H4

eo.m.

12.7
15
20
30
40
45
50
55
60
70
80
90

100
110
120
130
140
150
160
165
170
175
180

35
45
54
63
73
83
93

103
114
124
135
147
157
169
180

3.73&2.10
4.43+0.46
3.07~0.37
2.84a0.57
3.33a0.20
3.35~0.20
3.38~0.12
2.56~0.23
2.48+0.08
2.22~0.09
1.85+0.06
1.54+0.06
1.42a0.08
1.50+0.08
1.94+0.08
2.50&0.09
3.21&0.09
4.17~0.11
5.25+0.14
5.82~0.22
7.93&0.28
9.57~0.34

13.49~0.91

3.7 a0.20
3.0 a0.30
2.3 ~0.20
2.1 ~0.20
1.6 ~0.10
1.1 ~0.10
0.91+0.06
0.78+0.05
0.78w0.05
1.0 &0,07
1.7 ~0.10
2.1 +0.20
3.4 ~0.30
5.3 ~0.50
8.5 ~0.80

Energy
(Mev)

400

580

Remarks

Data normalized to
0.„„total=33 mb

No renormahzatcon
needed

Data normalized to
0„& elastic=26 mb

No renormalization
needed

the second scattering. (Sometimes, however, a defini-
tion of e is used that gives a value twice that obtained
above. ) Another notation often used in this definition
is I(e,&), where &=0 corresponds to left and &=180
corresponds to right. The sign convention usually used
is that spin-up scattering to the left corresponds to
positive polarization (Fig. 10).

A summary of experiments with polarized nucleon

DETECTOR

ZEO
ON BE'AM

beams is given in Table VIII. Values for the polariza-
tion obtained in nucleon-nucleon scattering as a func-
tion of angle are listed in Table IX. Figures 11, 12, and
13 show experimental values for the polarization pro-
duced in nucleon-nucleon collisions. Double-scattering
p-p experiments have been performed at energies lower
than those listed in Table VIII. Strauch (S12) used
96-Mev protons and found that the polarization from
a carbon target is quite small. (For higher energies the
polarization from a carbon target is comparable to or
larger than from an H target). Using 32-Mev protons,
Bradner, Donaldson, and Iloff (B11) and Simmons

POCA
BEAN
NUCC

H ENEJFgY
~OTG4V BEAN &N

CYCI.OTIPON USEO TO PFO-
OUCE POCAPIZEO NUCLEON BEAM

Fra. 9.Typical ge-
ometry for nucleon
polarization experi-
ment.

SPIN UP
& SPIN OON'N

-=l~
a

=I~

4~-Il

FIG. 10.Sign convention used in
nucleon polarization studies. A and
8 represent positive polarization
and (. and D negative polarization.
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TABLE Vj.. Summary of values for the proton-proton differential cross section.
Some of the values have been renormalized as indicated.

Reference

C16

C16

29
34
41
44
51
54
61
64
71
74
81
84
91
94

101
104
111
114
121
24
26
29
31
34

44
61

27'321
40'ie
49'48'
59'38'
60'8'
68'2O'
79'44'
90'50'

112'35'

24
28
32
36
38
40
45
50
52
56

90
80
70
60
50
40
36
30

14
16
18
20
22
24
26
30
36
40
50
60
70
80
90

51.7 ~2.3
52.8 +2.1
54.3 ~2.1
52.8 ~2.6
54.3 ~2.1
55.4 ~2.3
55.4 ~2.3
56.7 ~2.5
58.8 ~2.4
59.9 +2.9
58.2 ~2.3
57.8 ~2.3
58.5 +2.4
58.4 ~2.4
56.7 ~2.2
59.9 ~2.5
58.2 ~2.4
57.8 ~2.7
56.4 a2.4
59.2 &2.6
55.5 ~2.6
53.6 &2.5
50.9 &2.3
49.6 ~2.3
54.8 ~2.5
56.8 w2, 9
54.1 ~2.5

55.95~0.50
52.46~0.43
53.89~0.54
55.06~0.49
55.38~0.60
54.84~0.49
53.91+0.47
56.11~0.51
54.52~0.73

55 ~3
49 ~1.5
45 ~1.0
47 ~10
46 ~1.0
46 ~1.0
47 ~1.0
49 ~1.0
49 ~1.0
49 ~1.0
27.32~0.14
27.29~0.14
27.48~0.14
27.42~0.16
27.27~0.19
26.55+0.21
26.00~0.26
24.94+0.25

59.7 ~1.5
38.1 ~0.9
29.8 &0.7
26.1 &0.7
24.3 &0.6
23.4 +0.6
22.6 ~0.6
23.5 &0.6
23.6 a0.6
23.7 ~0.6
24.7 &0.6
24.0 &0.6
24.6 ~0.6
24.3 &0.6
24.5 ~0.6

Energy
(Mev)

9.7

9.85

9.7

10

18.2

19.8

~'(e) a~'
(mb) Remarks

No normalization or renormalization
needed

No normalization or renormalization
needed

Data read from graph

No normalization or renormalization
needed

No normalization or renormalization
needed
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TABLE VI.—(Continued).

Reference

C10

F3

P3

ee.m.

18.04
22.20
24.42
26.12
29.78
32.06
35.12

90
90
90
90
90

87.3
80
72
64
56
48
40
32
24

87
80
72
64
56
48

32
24
16
11

89.7
77.6
64.7
52.5
39.8
27.3
90-90

102-78

25
30
35
40
50
60
70
80
90
90
90
90
90
25
30
35
40
80
90

40—90
40—90

90

90

~(e) +~
(mb)

32.2 ~0.8
23.6 a0.6
23.4 +0.6
23.6 ~0.6
22.8 ~0.6
22.9 ~0.6
23,9 &0.6

14.4 +0.15
18.36a0.18
18.7 ~0.32
22.8 +0,51
27.2 +0.68

16.00~0.31
16.38~0.27
16.47~0.27
16,30a0.28
16.70+0.29
15.64+0,31
15.16+0.32
14.02~0.35
13.23~0,38

14.95+0.36
15.39~0.32
15.60%0.33
14.52+0.33
14.85~0.35
15.17~0.31
14.64&0.33
13.08a0.34
12.82~0.38
1.4.54+0.58
25.22~2.19

14.30a0.15
14.05a0.15
14.05~0.20
14.02+0.17
13.27~0.14
13.13~0.16
14.21+0.25
14.15~0.15

4.88
4.88
4.89
4.93+0.12
4,81a0.10
4.81&0.10
4.68+0.09
4.53a0.10
4.54~0.09
5.40~0.32
5.96%0.36
8.83~0.62

11.4 ~0.80
6.44
6.35
6,37
6.21
6.29
5.96~0.36

5.4 ~1.1
6.6 ~1.1

3.80+0.13

4.05~0.28

Energy
(Mev)

19.8

31.8
25.45
25.2
21.9
18.8

29.4

30.14

31.8

78.5
69.5
52
41
70

105
75

134

147

4.75%0.9
5.8 +1.2

Remarks

No normalization or renormalization
needed

No normalization or renormalization
needed

No normalization or renormalization
needed

No normalization or renormalization
needed

No normalization or renormalization
needed

The 25', 30', and 35' points were ob-
tained from the liquid H angular dis-
tribution 6tted to the CH2 data. On
the rest of these data no normaliza-
tion or renormalization is needed.

These data were obtained by using
the 70-Mev angular distribution and
the ~»(90') value at 69.5 Mev given
above

The original data were normalized to
the cross section for C'~(9 pn) C".
New values for this cross section make
necessary a renormalization by 36/41
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TABLE VI .(—Coalsaeld) .

Reference

C11 25
35
45
60
75
90

8o.m.
~(e) a~

(mb)

5.57~0.53
5.03~0.23
5.16+0.23
5.09~0.23
5.04~0.23
4.94~0.22

Energy
(Mev)

147

o'(8) +e'
(mb)

4.20a0.40
3.80+0.17
3.90+0.17
3.84+0.17
3.80~0.17
3.74+0.17

Remarks

The original data were normalized to
the cross section for C"(p pn) C".
New values for this cross section make
necessary a renormalization by 43/57

C12

C8

10.1
16.7
23.0
31.3
41.7
62.2
9.6

12.4
16.8
23.0
31.3
41.6
62.3
10.6
17.0
23.4
31.9
42.5
63.5
9.3

17.0
23.4
31.9
42.5
63.3

35.6
36.4
43.4
44.0
45.8
46.1
52.4
60.8
64.0
64.0
70.6
72.2
80.2
87,6
88.2
88.2
88.6
88.6
89.2
11.3
11.3
15.2
15.2
21.1
21.7
32.5
33.1
42.8
42.8
53.2
53.2
47.4
47.4
62.0
64.6
78.4
78.4
87.2
87.4
87.6

5.10~0.26
3.69a0.15
3.52~0.09
3.61~0.09
3.55~0.08
3.27&0.10
5.27~0.24
4.37~0.17
3.92&0.14
3.96&0.10
3.99~0.10
3.90+0.09
3.60&0.10
4.38~0.21
3.84+0.11
3.90&0.09
3.56~0.06
3.58~0.04
3.50&0.06
5.75~0.34
3.85+0.11
3.90&0.06
3.84~0.06
3.74a0.07
3.64+0.07

4.31+0.21
3.93+0.15
3.79+0.15
4.17~0.13
3,64+0.07
3.99+0.11
3.77~0.10
3.83+0.13
3.55~0.11
3.74+0.14
3.67~0.16
3.67~0.11
3.95~0.12
3.86+0.10
3.91+0.08
3.70~0.08
3.85%0.06
3.54&0.09
4.15~0.36
5.1 ~0.36
5.38+0.49
3.71~0.22
3.21~0.17
3.51+0.10
3.06~0.15
3.52~0.09
3.51~0.11
3.48+0.10
3.40+0.08
3.40'0.08
3.28~0.10
3.97~0.51
3.23~0.29
4.38&0.27
3.84&0.20
3.69&0.15
3.53+0.18
3.67~0.21
3.69&0.10
3.95~0.22

170

174

259

260

345

250
250
247
250
250
250
250
249
250

No normalization or renormalization
needed

CH2 target

No normalization or renormalization
needed

Liquid H target
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TABLE VI.—(Continued) .

Reference

C8
(contd. )

C13

01

T6

H7

87.6
89,6
89.6
59.9
60.8
88.6
88.6
90.0
63.0
63.0
77.8
85.2
89.2

6.5
7,6
8.7

11.0
13.0
17.3
21.7
20-90

20-90

20-90

90
79
70
69.1
49.2
48.6
39.4
27.5
26.8

71.9
45.2
36.6
28.3
27.2
18.6
13.0
8.7

4.67
5.26
5.88
6,52
7.28
8.57
9.20

10.16
11.12
11.43
12.93
14.80
16.77
18.63
20.87
22.80
24.27
26.03
27.57
29.70

4.14
4.69
5,28
6.42
7.56
8.73
9.9

3.59W0.21
3.56+0.27
3.28~0.16
3.38~0.23
4.08+0,45
3.88~0.26
3.54w0. 35
3.60&0.17
3.67~0.56
4.40&0.50
4.25&0.33
3.85+0.25
3.95~0.12

10.71+0.74
7.46&0.58
4.85+0.37
4.42+0.27
4.13~0.20
3.88~0.17
3.75w0. 18

3 81+0.15—0.07

3 58+0.19—0.12

4.16+—0.10

4.81&0.06
5.05~0.08
5.25+0.11
5.04m 0.05
4.82W0.08
4.93+0.12
5.03+0.10
4.83w0. 11
4.85~0.11

4.33~0.22
4.81~0.25
4.90a0.28
4.43~0.21
4.38~0.38
4.59&0.31
5.16~0.39

15.8 ~1.6
35.7 ~2.3
18.1 ~1.02
14.62~1.02
8.59~0.82
6.34~0.61
4,15+0.33
3.62~0.31
3.29&0.33
4.56~0.25
3.14~0.36
3.45~0.31
3.49~0.29
3.58~0.23
3.44~0.27
4.02~0.24
3.62~0.29
3.75~0.31
3,66~0.31
3.63~0.35
3.81~0.35

26.40~1.19
15,90~0.68
11.47~0,48
6.63&0.23
5.31~0.17
4.57~0.12
4.35~0.10

Energy
(Mev)

250
247
247
164
163
163
164
164
120
120
120
120
118

300

330

230

160

240

330

380

0'(8) +e'
(mb)

3.54+0.04
3.71a0.06
3,86+0.08
3.71&0.04
3.54~0.06
3.62+0.09
3.70~0.07
3.55+0.08
3.56&0,08

3.18~0.16
3.54~0.18
3.60&0.21
3.24~0.15
3.22+0.28
3.38~0.23
3.80~0.29

11.60~1.18

Remarks

These data are normalized to o» (21')
=3.75 mg/sterad

No normalization needed

Average 0.»(8) over angular interval
indicated is given

Combined data are given here. The
original data in both these papers were
normalized to the cross section for
C"(p,pn)C". New values for this
cross section make necessary a renor-
malization by 36/49

Data were normalized to 3.7 mb/
sterad at 10' to 13'

No renormalization needed

No normalization or renormalization
needed
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TaBLE VI.—(Continued)

Reference

H7
(contd. )

M5

S9

M4

M7

11.0
12.1
13.2
14.3
15,4
16.5
17.6
19.8
21.8
24.0
26.2
28.4
30.0
30.6
36.0
43.0
50.0
65.0
90.0

90
80
65
54
54
43
28

16.2—36.9
36.9—53.1
53.1—66.4
16.2—25.8
25.8—36.9
36,9-44.4

17
25
28
30
36
50
65
90

20
27
33
40
46
53
55
66
78
90
55
66
78

90
90
90
90
90
90
90
90
90
30
30
30
30
30
30

4.35~0.09
4.34~0.10
4,31+0.08
4.35~0.09
4.26~0.08
4,27&0.08
4.27+0.08
4.20~0.08
4.22~0.08
4.12~0.08
4.18~0.08
4.08+0.08
4.04&0.08
4.01~0.08
4.04&0.08
4.01+0.08
3.86+0.07
3.76~0.07
3.70&0.06

3.42+0.13
3,56&0.23
3.34~0.19
3.23~0.12
3.18~0.21
3.74~0.21
3.41+0.20

4.5 ~1.1
3.6 ~0.8
3.9 +0.9
4.6 ~1.0
5.4 ~1.0
3.2 +0.9

4.13~0.20
4.27+0.21
4.04+0.20
4.03~0.20
4.05~0.20
3.82~0.19
3.62~0.18
3.49+0.17

3.98&0.56
3.73~0.34
3.97w0. 16
4.06a0.16
3.99+0.12
3.84&0.14
3.36~0.25
3.82~0.14
3.52&0.14
3.50+0.10
3.59~0.21
3.81+0.18
3.56%0.20

3.31+0.15
3.20~0.18
2.95~0.12
2.92~0.11
2.63~0.10
2.58~0.12
2.30+0.10
2.20+0.10
2.05+0.07
4.18~0.44
4.93~0.29
5.67+0.26
6.37~0.36
6.53~0.37
6.55~0.28

Fnergy
(Mev)

380

419

432

437

460

460

460
510
562
586
610
622
634
645
657
460
562
610
634
645
657

~'(e) ~~'
(mb) Remarks

The original data given in M6 were
taken with a polarized beam. This
paper corrects that trouble. No
renormalization needed

No normalization or renormalization
needed

No normalization or renormalization
needed

One telescope used to obtain data

No normalization or renormalization
needed

Two telescopes in coincidence used to
obtain data

No normalization or renormalization
needed
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TAsxz VI.—(Conti'gued)

Reference

510 30
45
60
75
90
40
60
75
90
30
40
50
60
70

90

&e.m.
e(8}+e

(mb}

3.58+0.31
3.89a0.09
3.82~0.09
3.60+0.12
3.68m 0,09
4.32a0.14
3.66~0.19
3.28%0.14
3.22~0.13
5.47&0.12
4.97a0.1.0
4.03+0.12
3.21+0.12
2.59a0.10
2.19~0.11
2.06+0.08

460

560

r'(8}+»'
(mb}

No normalization or renormalization
performed. Proportional-counter wall
scattering might give too high results

87 5
10
15
5

10
15
20
25
5

10
15
20
25

30
40
50
60
70
80
90

33 ~6
5.91~0.46
4.69a0.38

26 a5
8.04~0.78
6.78a0.63
6.29w0. 58
5.70&0.53

18.9 ~1.1
11.0 ~0.7
8.67~0.53
7.75&0.48
6.56+0.40

5.58a0.15
4.78+0.26
3.99~0.20
3.41~0.13
2.94~0.12
2.20a0.05
2.07%0.03

460

560

No normalization or renormalization
needed

No normalization or renormalization
needed

813 7.5
10
16
20
25
30

17.32~1.85
14.98w0.60
7.80a0.49
6.75+0.29
5.79a041
5.47a0.29

660 Normalized to r»(30') =5.47

No renormalization needed

82 33.2
44.0
65.4
79.9
90.0
27.5
34.7
50.0
65.1
90.0
28.5
49,8
90,0
36.5
41.3
53.7
64.0
77.0
90.0

3.86
3.80
3.62
3.52
3.49
6.12~0.15
5.42~0.10
4.18&0.7
3.28~0.10
2.43~0.05
7.60a0.20
3.44a0.10
0.89a0.05
5.66~0.10
4.54~0.10
2.44~0.07
1.33a0.05
0.79~0.05
0.62a0.05

590

800

1000

The data are normalized to 0»(90')
=3.49 mb/aterad at 43"/ Mev from 89

No renormaHzation needed. Errors
have been read from graph

5.3 &1.0
3.1 a1.0
1.3 +0.5
0.4 w0.3

950 No normalization or renormalization
needed
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Reference.

C17 49 4
72.1
91.7
14.7
23.6
29.2
44.0
57.6
70.3
93.5 .

34.2
49.2
64.4
78.5
10.6
14.2
17.5
21.3
24.5
28.5
37.4
53.2
69.0

7.6
11.6
15.2
20.0
20.8
23.6
27.6

cr{9)+L
(mb)

3.3
0.76
0.45

20.8 w1.2
11.0 &0.6
6.64~0;61
1.12~0.098
0.428+0.060
0.255~0.034
0.1445~0.0280
1.7
0.26
0.07
0.06

20.5 +1.1
18.3 +1.4
12,73&0.90
6.01+0.52
2.96~0.33
1.99&0.23
0.473+0.063
0.100~0.029
0.0382a0.0156

27.7 ~2.8
24.6 ~2.2
10.1 ~1.3
5.51~1.10
3.06w0. 70
1.31~0.31
0.651~0.293

Energy
(Mev)

4400

6150

Data are normalized to readings on an
induction electrode which reads the
intensity of the circulating beam.
Trouble with multiple traversals has
been eliminated from the system. The
absolute value is good to &30% for
8=920 and 3490, and is good to
&15% for E=2240, 4400, and 6150.
The errors listed include counting
statistics, uncertainty in angles, etc.,
but not the ~15%due to the monitor
uncertainty.

(S13) looted for polarization from carbon targets, and
found essentially no polarization. Rose (R6) has re-
ported, "A study has been made of the variation with
energy of the asymmetries at 12' and at 16' in C, Al,
and Fe. All data show steady decrease as the energy is
lowered. The C and Al curves fall to very low values
at 60 Mev, while the Fe asymmetry is zero or perhaps
negative at 75 Mev. " From all these data it appears
that the polarization falls quite suddenly below 130
Mev, but that between j.30 Mev and 430 Mev the
polarization is fairly constant.

Most experiments done on polarization determine the
magnitude of I' but not the sign of I'. Two experiments
have been performed to determine the absolute sign
of the polarization of a nucleon beam. One has been
performed by Brintworth and Rose (B12). "The first
scattered beam is reduced to a few Mev (a band from
4.5 to 9 Mev) and scattered left and right into photo-
graphic plates in 5 atmospheres of helium. From known
phRsc shifts for this scattering onc Rntlclpatcs R left"
right ratio of 3.6 or 0.28, depending on the sign of the
polarization. The data are consistent with 3.6. The
polarization is thus known to be positive, meaning that

Reference

010 12
16
20
30

50
60
70
80
90

Energy

300 7.9 &1.5
6.0 ~1.0
4.8 ~0.7
3.2 %0.6
3.2 &0.6
3.5 &0.8
3.8 ~0.6
3.75~0.6
3.75a0.6
3.6 ~0.8

0.60
0.36
0.20
0.10
0.09
0.04

TAsi, z VII. Values for neutron-neutron differential cross sec-
tions. The data on I(8) are Golovin's values for the magnitude of
the interference term in scattering of neutrons from deuterium
at 300 Mev.

Q

.2-

SYJM'80l ENERGY RE/ERENCE
~ 2?6 Y 2

/72 FS,8/4
/3/ 8' /4, 8/0
240 8 /0
2/0 8 /4

30
49
55
67
78
89

590 5.8 ~0.8
4.7 ~0.5
3.8 ~0.4
2.9 ~0.35' 2.3 ~0.30
2.5 &0.25

-.2

p.o
I

Qo

ac~
80

Fxo. 11.Experimental values for the polarization produced in p-p
collisions for E&300 Mev.
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4-

CL
2-

20

SYM80/ ENERGY REFERENCE'
~ 3/5 Y 2

3/0 C /3'
o 3/4 M 8
~ 4/5 K 5
v 439 C /9

I I I

4Q 60
I

80

FIG. 12. Experimental values for the polarization produced in p-p
collisions for E&300 Mev.

II

II

dj

SYM80/ ENERGY REFERENCE
~ 3/0 Y 2

350 S //
~ 98 H 5

»4
0 4Q 80

ecM

l20 I60

FIG. 13. Experimental values for the polarization
produced in n-p collisions.

the direction of predominant spin is parallel to the
direction of rotation in the scattering of an originally
unpolarized beam. "

The experiment by Marshall and Marshall (M9)
gave the same answer with a somewhat diferent
geometry.

Some triple-scattering experiments have been per-
formed (Y2) to measure the depolarization or rotation
of the plane of polarization of a polarized beam of
protons.

X. EXPLANATION OF TABLES

Tables I—III, and U are summaries of experiments
performed on nucleon-nucleon cross sections.

Data normalized In mos. t—of the o„„(8)and some of
the o»(8) experiments the data obtained are angular
distributions of a counting rate that must be nor-
malized by the use of other data to get absolute values
of the cross section. Whether or not this is done and how

it is done are indicated in this column.
Energy. —This column lists the energies of the in-

cident particles. For protons only one value is listed,
because proton beams are usually nearly monoenergetic.
But for high-energy neutrons the beam usually has a
spread in energy. Because of this, three values are given
to indicate the energy spectrum. E~„k corresponds to
the energy of the peak of the spectrum; E„pp and
E~, „correspond to the energies of the half-height
points above and below the peak energy (Fig. 14).

The values indicated for E,„t,.ff are experimental
limits placed on the lowest-energy neutron that will be
counted. This is frequently done by placing an ab-
sorber in a proton-recoil telescope. This process makes
the neutron beam electively more monoenergetic.

Monitor. —This column indicates what device was
used to count particles in the incident beam. In some
cases—for example, cloud chamber work —no monitor
is used because only an angular distribution is desired.
In this case the angular distribution is taken all at
once and therefore no normalization to unit incident
beam is needed.

Target. —Proton targets are obtained normally by
CH2 —C subtraction or use of H gas, or—more recently—liquid hydrogen. In a few cases no subtraction was
made for the carbon in a CH2 target. This normally

(E) I

Elower Epeak Euoper

ENERGY

FIG. 14. Sample neu-
tron energy spectrum
showing meaning of E
peak, E upper, and E
lower.

should be done if the incident beam is energetic enough

to produce protons from carbon.
Neutron targets are usually obtained by a deuterium-

hydrogen subtraction. This is subject to limitations

discussed in Sec. III.
Coin/ers. —This column indicates the type of detector

used to study the particles emerging.
Errors. —Different authors treat errors differently.

Fairly frequently only counting statistics (almost

always expressed in standard deviations) are considered.

In the cases in the table where the error is called total,
various other contributing factors —such as geometry,

target, beam, detection efficiency, etc.—have been

included. This so-called "total error" is not actually
the total error; it is merely one in which several factors
other than counting statistics have been taken into

account. Some authors may not have treated other

possible errors adequately. It would be nice if all the

data could be considered on an equal basis with respect
to errors; but as they cannot, the difterences should be

kept in mind. For example, when only counting statistics
are considered in o. ~(8) there usually is an error in the

normalization process associated with the value of

0-„„total used that should be combined with the count-

ing statistics errors.
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YABz.E IX. Summary of values of I'(0).

Refer-
ence

HS

D14

B10

Types
of inter- 'En-
action ergy

p-p 133

p-p 130

170

210

p-p 174

p-p 240

&c.m.

22.5
29.8
41.0
52.5
61.5
76.0
78.5
88.5
98.5

108.0
118.5
12g.s
138.5
149.0
159.5

30
35
40
50
60
70
80
90

20'38'
46'24'
66'46'
81'S4'

31'16'
41'38'
41'38'
46'48'
51'57'
62'ii'
67'16'
82'28'

13'42'
21'O4'
21'O4'
31'32'
31'32'
31'32'
42'00'
42'00'
47'12'
47 12'
52'22'
52'22'
52'22'
57'31'
62'40'
62'40'
67'48'
71'oo'
72'53'
83'02'
92'Sg'

112'36'

20.8
31.3
46.8
62.2
72.4

20
32
40

+0.143~0,032
+0.170+0.037
+0.318w0.060
+0.403~0.042
+0.561&0.064
+0.307&0.040
+0.387w0.033
+0.280&0.032
+0.265a0.049
+0.071a0.048
+0.048~0.054—0.054+0.035—0.016~0.028
—0.073~0.025—0.038~0.022

+0.27 ~0.04
+0.27 &0.035
+0.20 &0.03
+0.16 ~0.02
+0.16 a0.03
+0.10 &0.03
+0.065&0.04—0.014~0.02

+0.149~0.03
+0.178&0.012
+0.100~0.015
+0.029~0.019

+0.238+0.018
+0.251&0.009
+0.257a0.010
+0.251+0.012
+0.229~0.013
+0.200+0.028
+0.158+0.017
+0.084+0.021

+0.217&0,08
+0.250a0,021
+0.286~0.10
+0.311+0.010
+0.326a0.027
+0.323~0.027
+0.321~0.010
+0.338+0.028
+0.302~0.007
+0.370+0.021
+0.289~0.011
+0.357+0.053
+0.335~0.022
+0.381+0,047
+0.268&0.018
+0.275+0,027
+0.219+0.010
+0.222~0.037
+0.178+0.020
+0.077~0.012—0.006~0.027—0.175w0.032

+0.241~0.036
+0.222~0,024
+0.213a0.032
+0.180~0.034
+0.093%0.037

+0.38. +0.03
+0.35 +0.03
+0.35 &0.03
+0.40 &0.03

Remarks

Data
read
from
graph

- Refer-
ence

810
(contd. )

Y2

C13

S11

Types
of inter- En-
action ergy

p-p 315

p-p 276

310

p-p 310

p p 314

n P 350

52
62
67
70
90

120
21,6
32.3
42.9
53.4
63.9
76.2
89.4

19.3
27.8
32.0
49.9
63,4
76.8
90.0

21.6
32.3
42.9
53.4
63.9
74.2
82,3
82.3
90.6

100.7
109.9
110.2
116.1
121.3
130.8
137.3
147.7
158.4
164.9

6.5
7.6
8.7

11.0
13,0
17.3

21.7

17
24
35
43

56
60
62
68
74
88
93

102

55'51'
65'29'
75'13'
85' 7'
95' 9'

105'20'
115'41'
1260 gl

+0,34 &0,03
+0.24 +0.03
+0.16 ~0.03
+0.17 ~0.03

0 &0.03—0.25 ~0.03
+0.305~0.023
+0.378~0.027
+0.379~0.020
+0.303~0.025
+0.251+0.027
+0.142+0.025—0.005~0.016

+0.314a0.036
+0.324+0.041
+0.329+0.028
+0.295w0.027
+0.251a0,027
+0.122~0.021
+0.044+0.019

+0.462+0.081
+0.403&0.048
+0.382m 0.036
+0.225~0.028
+0;158&0.030—0.012~0.030—0.090m 0.028—0.126~0.033—0.097~0.032—0.238~0.030—0.249&0.072—0.261~0.030—0.228+0.032—0.255~0.043—0.222~0.039—0.197~0.026—0.202+0.029—0.074m 0.023—0.023~0.035

—0.21 ~0.27
+0.11 ~0.28
+0.02 ~0.13
+0.19 +0.07
+0.25 wo.os
+0.25 &0.04

+0.37 &0.04

+0.125~0.11
+0.375~0.03
+0.425+0.06
+0.36 ~0.05
+0.26 +0.05
+0.17 ~0.04
+0.35 a0.07
+0.14 ~0.03
+0.28 &0.07
+0.05 ~0.06—0.18 ~0.10—0.07 ~0.05

+0.248~0.031
+0.227&0.034
+0.075~0.027—0.039~0.032—0.273~0.032—0.210~0.022—0.246+0.038—0.213~0.019—0.289&0.030

Remarks

Data
obtained
from
proton
scattering
on
deuterium
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TAnLE IX .(—Coatsaled)

Types
Refer- of inter- En-
ence action ergy eo,m.

Si1 n-p 350 136'45'
(contd. ) 147'28'

158'15'

p-p 415 15.5
22
33
43.5
55.5
65
75
90

P (0)

—0.147~0.014—0.132~0.028 .

—0.106+0.014

+0.317a0.041
+0.353~0.027
+0.421+0.036
+0.402&0.029
+0.317~0.028
+0.260&0.030
+0.117~0.021—0.017~0.023

Remarks

C19 p-p 439 15
21
26
27
36
36
42
42
59
81
99
99

119
119

+0.12 +0.16
+0.72 &0.16
+0.48 ~0.08
+0.62 ~0.06
+0.56 &0.06
+0.64 a0.04
+0.56 +0.06
+0.70 +0.06
+0.48 ~0.02
+0.10 &0.04—0.12 a0.04—0.28 w0.04—0.48 +0.02—0.56 &0.02

Data
read
from
graph

XI. CONCLUSIONS

By considering the combined data the following in-
formation can be obtained.

For a more comprehensive discussion of errors, the
reader should consult the original papers. Errors are
discussed in some of the papers where the source of the
errors in the cross-section values is not indicated.

Data remormalised here.—There are several reasons
why some of the original cross-section data should be
modified because of more recent measurements. These
columns tell which experiments have been modified in
this paper, how much the data have been changed, and
why the data needed changing. This information is
repeated in Tables IV and VI.

Table VIII summarizes experiments on nucleon
polarization. Several entries also need explaining.

Type. —This describes the type of nucleon inter-
action in which the polarization is studied:

n-p=high-energy polarized neutrons incident on a
hydrogen target,

p-p =high-energy polarized protons incident. on a
hydrogen target, and

p-n= high-energy polarized protons incident on a
neutron target.

Target 1 aed Target Z.—The target material used to
produce the polarized nucleon beam is given here as
Target 1 and the target material of the second (analyz-
ing) target is given as Target 2 (see Fig. 14).

E~.—The value of the fraction of polarization of the
polarized beam is listed here.

(1) The interference term E in the total cross sec-
tion for proton scattering from deuterium is about 6
mb for energies above 100 Mev.

(2) The values for o.„„total and o» total agree with
each other within experimental error. This is in agree-
ment with the charge-independence hypothesis.

(3) The values for o „„(8)are essentially symmetrical
about 90' c.m. up to 90 Mev. In the energy range 300
to 400 Mev the curves are definitely peaked backwards.

(4) From about 170 Mev up to 430 Mev for angles
from about 20' c.m. to 90' c.m. the value of o»(8) is
roughly constant at 3.7 mb/sterad. Above 430 Mev the
curves for o»(8) become peaked forwards.

(5) The values of o„(8) agree statistically with
o»(8). This is in agreement with the charge-inde-
pendence hypothesis.

(6) All the cross-section data form a consistent
pattern. There are no statistically real differences in
the cross™section values from di6'erent experimenters
whose work can be directly compared.
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