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‘The tensor force has been taken into account in calculating the neutron-proton and proton-
proton scattering at energies in the range from 100 to 200 Mev. Most of the calculations are
performed in the Born approximation using a square well potential and the éxchange models
of Rarita and Schwinger. The rigorous scattering theory has also been applied to the neutron-
proton scattering with the symmetrical force model at 100 and 200 Mev. The results show
that the Born approximation is inaccurate at 100 Mev but not bad at 200 Mev. Comparison
with the experimental neutron-protron scattering at 90 Mev shows that the theoretical cross
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section for symmetrical forces is too large by a factor of about 1.6.

HE scattering of neutrons by protons at
energies up to 80 Mev has recently been
calculated by Camac and Bethe.! Throughout
this work central forces alone were used, the
tensor force being consistently neglected. The
primary object was to investigate the scattering
under different assumptions concerning the
exchange character of the forces and their range.
In the present article the scattering has been
calculated in the higher energy range from 100 to
200 Mev, taking account of the tensor forces.
For this we have used the square well potential
adjusted by Rarita and Schwinger? to fit the
ground state of the deuteron and the low energy
neutron-proton scattering. Calculations were
made for three types of forces:? ordinary forces,
Majorana (spatial) exchange forces, and ‘‘sym-
metric”’ exchange forces. The work may there-
fore be regarded as an extrapolation of the
results of Rarita and Schwinger to the high
energy range.

Preliminary measurements at Berkeley of the
neutron-proton scattering at 90 Mev indicate
important qualitative differences from all three
of the above exchange models. The experiment
is consistent with a force containing equal
amounts of ordinary interaction and spatial

* This work was supported in part by the Office of Naval
Research Contract N6ori-126 T. O. II.
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M. Camac and H. A. Bethe, Phys. Rev. 73, 191 (1948).

2 W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941);
Phys. Rev. 59, 556 (1941).

exchange.? We feel, nevertheless, that the
present calculations are worth reporting. The
lack of agreement with experiment is in itself
interesting. Further, the exact calculations at
100 and 200 Mev, which were made with the
symmetrical forces, should serve as a valuable
check on any approximate method for obtaining
the cross section.

In Section I the neutron-proton and the
proton-proton scattering has been calculated in
the Born approximation for energies 100, 150,
and 200 Mev. In IA we obtain the amplitude
scattered by the tensor force alone in the Born
approximation, and in IB and C the amplitudes
are combined according to the three exchange
models to give the differential cross section.
Section II contains an exact calculation of the
neutron-proton scattering for the symmetric
force model. Comparison with I shows that the
Born approximation is fairly good at 200 Mev
but is untrustworthy at 100 Mev.

I. SCATTERING IN THE BORN APPROXIMATION
A. Effect of the Tensor Forces

Since the operator representing the tensor
force between neutron and proton gives zero
when applied to any singlet spin function, we
need consider only the triplet scattering in this
section. Separating out the motion of the center
of mass, the wave function in the relative coor-

3 R. Serber, private communication.
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dinate system representing the initial incident
wave will be of the form

1
ll/mu =exp (ikno . I') Z AmgXmsy. (1)

my=—1

Here r is the vector from proton to neutron, ng
is a unit vector in the direction of the initial
relative motion, and %4kn, is the momentum of
the incident neutron in the center of mass coor-
dinate system. The xm, (m,=1, 0, —1) are the
three triplet spin functions taken for con-
venience with respect to no, as axis of quan-
tization, and the am, are three arbitrary con-
stants.

Under the influence of the tensor force the
spin function will, in general, change upon scat-
tering, giving rise to a scattered wave of asymp-
totic form

1
‘l/acatt’\“(l/r)eikr Z Xms'

mg' =—1

1
X Z 8ma’ms(0, tp)ams. (2)

mg=—1

The amplitude of the scattered wave in the
direction 6, ¢ with respect to n, depends on the
azimuthal angle ¢ as well as on the polar angle 6,
since the tensor force is non-central. The an-
gular dependence of the matrix of coefficients
Sms'ms(0, ¢) gives a complete description of the
scattering of any wave with definite initial spin
state. In this section we shall calculate this
matrix in the Born approximation. In II we
shall use the rigorous scattering theory.

In most experiments the neutrons in the
incident beam will be unpolarized with respect
to spin. To find the triplet scattering cross
section per unit solid angle in this case we must,
therefore, average the square modulus of the
scattered amplitude in (2) over the phases of
the three amplitudes am, of the triplet spin
functions. Since the xm, are orthogonal and
normalized to unity, and since am,*am,’’ averages
to zero if m,#m,"" and to % if m,=m,”’, we find

ouip=Average(X. X X $*msmeSms'ms '@ me@ms’")

mg mg’ mg’*

%' Z Z ISm,’m,”[z. (3)

ms’ mg'’
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The Born approximation for scattering prob-
lems* gives a simple explicit expression for the
asymptotic scattered wave in terms of the inter-
action potential V between the neutron and
proton.

‘Pscutt’\’ - (1/")8“"(11/1/47!';[,2)
X f exp(—ikn-1) Vimdr, (4)

M is the neutron or proton mass and n is the

unit vector in the direction of scattering. If we

define a set of matrix elements Vm,'ms;(r) by the
equation

1

Vxms= Z

mg’ =—1

we find, from (1) and (4)

I"ms’ms(r) Xms', (5)

Slng’ms(e, (p) =— (M/41rh2)fexp(—-ikn~ r)

X Vmg'ms(r) exp(tkno-r)dr. (6)

In the case of exchange forces, Vms'm,(r) will in
general contain an operator which exchanges
proton and neutron, i.e., changes r to —r. It is
therefore essential to keep the order of the
factors in (6) as it is instead of combining the
exponentials as is usually done in atomic scat-
tering problems.

The linearity of the scattered amplitude in the
interaction potential V allows us to calculate
separately the amplitude scattered by the tensor
force and by the central forces, and then to
combine the two at the end according to what-
ever model of the forces one wishes to consider.
Apart from a possible Majorana (spatial)
exchange operator whose effect will be discussed
later, the term in the potential containing the
tensor force will be of the form —S;2J(r), where
— J(r) gives the shape of the potential and

(0‘1' l') (0’2'1‘)

S12=3 Q)

—01°02.
r2
¢; and o2 are the spin operators of neutron and
proton, respectively.
In calculating the amplitude scattered by the
tensor force, however, we shall not expand
Siaxms as in (5), but rather perform the integral

¢ Mott and Massey, Theory of Atomic Collisions (The
Clarendon Press, Oxford, 1933), p. 88.
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in (4) directly treating the spin operators simply
as constant vectors in the spatial integration.
The result is:

(M/41rh2)f exp(tk(no—n)-1)J(r)

X {(3/72) (0‘1'1‘)(0’2- l’) —Gl'cg}dl‘

=C(0)7(6, ¢), (8)
where

C(8) = — (M/h?) f r2J(r)
0

sinKr  sinKr—Kr cosKr
(-,

Kr (Kr)?
K =Fk|no,—n| =2k sin}9, (8a)
and
T(B, go) =01'02—3a'l,n0—n0'2,no—n. (Sb)

7 is an angular average of the tensor operator
weighted by exp[ik(no—n)-r]. o¢1,n0-a and
02, np—n are the components of ¢; and o2 in the
direction of n¢—n, i.e., in the direction of the
momentum transfer.

N7
ms N\ 1
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Fi1c. 1. The amplitude ¢(Ka) scattered by the tensor
force for a square well potential. The central force ampli-
tude f(Ka) (multipled by 0.3) is given for comparison.

-.02

To find the contribution to the matrix 8 of (6)
we need to know the result of applying the
operator 7 to the triplet spin functions. Defining
the matrix elements of 7 by the equation

1
Txme= 2, Tmy'ms(0, @)xms',

mg' =—1

we find, after a simple calculation,

1| —3(1—3cosb)

{Tmeme(0, @)} = 0
—1

(3/V2) sinfe’*

The azimuthal angle ¢ of the direction of scatter-
ing enters only in the off-diagonal elements where
it enters in terms of unit modulus. Since the
remaining central interaction in V contributes
only additional diagonal terms to the matrix §
of (6), we see that in the averaging process (3)
for the cross'section there is no dependence on ¢.
For an unpolarized incident beam the scattering
is axially symmetric.

It is also evident from (9) that the sum of the
diagonal elements of 7" vanishes. This is impor-
tant since it leads to the result that in the Born
approximation the cross section (3) is composed
additively of a contribution from the tensor
forces and one from the central forces. The
central forces give the same contribution to each
diagonal element of 8 since they do not mix the

—3 cos?(0/2)e?i®

0 -1
(3/V2) sinfe~*  —3 cos?(6/2)e 2
1—3 cosf —(3/V2) sinfe—i#. 9)

—(3/V2) sinfei* —%(1—3 cosb)

triplet spin functions. In the calculation of the
triplet cross section (3) the sum of the squares
of the diagonal elements of 8§ will contain cross
terms between tensor force and central force
amplitudes of the form: central force amplitude
multiplied by the sum of the diagonal elements
of 7. Since this vanishes, the above-mentioned
additivity follows.

If the function J(r), giving the shape of the
nuclear potential, is taken as a square well of
range a and depth V, evaluation of the function
C(0) of (8a) is simple:

MVa* 1 Ka ging
C0)=a {Sf —dt
n?  (Ka)3 0 t

—4 sinKa+Ka cosKa}. (10)
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Thus, C(8) is proportional to a dimensionless
function of Ka which may be calculated once for
all energies. This function, which we call ¢(Ka),
is plotted in Fig. 1. For any given energy, Ka
varies from 0 to 2ka as the angle of scattering
in the center of mass system varies from 0 to .
On the graph there are indicated the values of
2ka for 100, 150, and 200 Mev calculated for the
range ¢ =2.80X1071* c¢cm. In this energy range
C(6) has its maximum value somewhere between
50° and 80° as we can see readily from the graph.
This has the effect of bolstering up the triplet
scattering cross section for intermediate angles.
The vanishing of C(8) for 6=0 is not a special
property of the square well, but holds for any
potential J(r) which does not have too bad a
singularity at r=0. In particular it holds for the
Yukawa-type potential.

B. Neutron-Proton Cross Sections Correspond-
ing to Various Types of Exchange

In this section we shall calculate the neutron-
proton scattering cross section using the nuclear
force models of Rarita and Schwinger.? For
states of even parity all the models must give
the same potential since they are adjusted to fit
the ground state of the deuteron, and the low
energy neutron-proton scattering. The former
gives the potential for triplet spin states and the
latter for singlet. These have the form

3I/evc-znz - (1+’YS12)J(7))
Weven= — (1'—23')](7)

J(r) is taken as a square well of depth 13.89 Mev
and range a=2.80X10"' cm, y=0.775 and
1—-2g=0.857. S1z is the tensor operator (7).

The differences between the models arise in
the states of odd parity which play an increas-
ingly important role as the energy increases.
Three cases are chosen. (i) Ordinary forces in
which the potential is the same for odd as it is
for even parity, (ii) Majorana exchange forces in
which the potential changes sign in going from
even to odd parity, and (iii) “‘Symmetric’ ex-
change forces described by

8 Veven, 1Voaa = —3 Weven.

This dependence of the potential on the parity
of the wave function may be described alter-
natively in terms of the Majorana exchange

(11)

Woda=—3
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operator, Py, which interchanges the spatial
coordinates of the two particles.’ Thus, since Py
does not affect wave functions of even parity
but changes the sign of a wave function of odd
parity, we have

exchange forces :
$ Vexch = PM 3 ch«am
symmetric forces :*

3 Vsym = :13 (1 +2PM) 3 Vevem
lVsym= - (I_ZPM) ! even-

The effect of the Py operator on the scat-
tered amplitude is strikingly demonstrated in
the exchange force case (12a). Insertion of this
potential into (4) produces a change’ in ¥, from
exp[4kng-r] to exp[ —2kn,-r . This has the same
effect, however, as changing n to —n in
exp[ —ikn-r] and leaving y¥i.. alone. As a result,
the amplitude scattered in the direction —n with
exchange forces is identical in the Born ap-
proximation with the amplitude in the direction
n with ordinary forces. The exchange forces
produce a simple exchange of identity between
the interacting particles. Thus, if a beam of high
energy neutrons is incident on a material con-
taining protons in the laboratory system, the
pattern of scattered particles will contain a large
fraction of energetic protons peaked in the
forward direction. Recent experiments at Ber-
keley?® show such an effect but indicate an ex-
change interaction more complicated than the
simple exchange model (12a). The possibility of
such a phenomenon was first pointed out by
Wick and Bhabha soon after the exchange forces
were introduced into nuclear physics.

With this observation on the effect of the
operator Py we may write down immediately
the scattered amplitudes for each model. De-
noting by

! l’:!u:h = P.\I ! [’c\':h:

(12a)

(12b)

F(0) = (M/47rh2)f exp[tk(no—n)-r|J(r)dr

= (M/h2)fw (sinKr/Kr)J (ryr¥dr, (13)
0

s H. A. Bethe, Elementary Nuclear Theory (John Wiley
and Sons, Inc., New York, 1947), pp. 80-84.

¢ In the isotopic spin notation the potential for sym-
metric forces may be written —3%;- %0102 Veven.

7 Yine is now considered to include the singlet as well as
the triplet part of the incident wave.
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the amplitude scattered in the direction n by a
central force of potential —J(r), we have for the
triplet amplitudes (6), according to (11), (12),
and (8):

ordinary :
Sma'ms(0, @) = F(0)dmy'ms—+vC(6)Tmy'me(0, ),
exchange:
Sms'me(6, @) = F(m— 0)dmy'ms
+vC(r = 0) Tmy'me(7— 6, T+ ),
symmetric :
Sme'ms(0, ©) =3{ F(0) +2F(w—06)} omy'm,
+37{C(0)Tmima(8, ¢)
+2C(r—0)Tmyms(x— 0, =+ )}  (14)

7 — 60 and 7+ ¢ are the polar and azimuthal angles
of —n with respect to the incident direction n,.
dm,'m, is unity or zero according as m,’ and m,
are equal or unequal.

For the singlet amplitudes we have, according
to (11), (12), and (13):

ordinary : (1—2g)F(0),
exchange : (1—2g)F(r—8),
symmetric: — (1—2g){F(0)—2F(x—8)}.

(15)

The complete cross section for the neutron-
proton scattering is obtained from the singlet
and triplet cross sections by

‘7(0) = %Usins(g) +%"trip (0)

Squaring the amplitudes (15) for the singlet
cross section and performing the sum in (3) we
find :

ordinary:

a(0) =13+ (1—-2¢)*) F*(6) +6v*C*(6),
exchange:

a(8) =13+ (1—-2¢)") F*(x — 6) +6v*C?*(r — 6),
symmetric:

a(0) = (3+ (1 —2¢)*) (1 F*(6) + F*(x —9))
+(G—(1—-2)) F(6) F(x—0)
+(8/3)v*(1C*(0)+ C*(x —0))
—(4/3)¥*C(6)C(r—0). (16)

Tensor forces and central forces contribute
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separately to the cross section, as has been noted
earlier.

For a square well potential F(6) is propor-
tional to a dimensionless function, f(Ka), of the
variable Ka.

MVa?sinKa— Ka cosKa

F(§) =
() =a h? (Ka)?

(17)
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F16. 2. Neutron-proton scattering cross section (center
of mass system) in the Born approximation for a square
well potential including the tensor forces. (a) 100 Mev,
(b) 150 Mev, (c) 200 Mev.
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This is plotted in Fig. 1 (multiplied by 0.3 for
convenience) to show the contrast between the
central and tensor force amplitudes. The cross
sections based on these functions f(Ka) and
¢(Ka) are shown in Fig. 2a, b, c for the energies
100, 150, and 200 Mev. The general qualitative
features are evident from (16) and Fig. 1. Thus
the exchange curve is the reflection of the
ordinary cross section about the 90° position. It
is clear also, that as the energy increases the dif-
ferences between the. different models become
sharper. In Table I we have summarized some of

TaBLE I. Neutron-proton scattering in the Born approxi-
mation for different exchange models.

Ngg:ron Total cross section

Tabsy (102 cm?) (180°)/5(90°)
Mev Ord. Exch. Symm. Ord. Exch. Symm.
100 0.205 0.205 0.167 0.31 3.69 13.1
150 0.143 0.143 0.114 0.011 5.43 17.6
200 0.108 0.108 0.090 0.030 12.1 35.5

the information to be obtained from the curves.
The comparison with the Berkeley experiments
will be made later in Section II where the cross
section is computed more accurately than in the
Born approximation.

Table I shows that for the exchange and sym-
metric forces the ratio of the scattered inten-
sities at 180° and 90° is a rapidly increasing
function of the energy as expected. For ordinary
forces, however, this ratio shows an erratic
behavior which is clarified by the graphs in
Fig. 1. Thus the low value 0.011 at 150 Mev is
due to the accidentally low values of f(Ka) and
c¢(Ka) for 180° relative to 90°, The subsequent
increase to 0.030 at 200 Mev seems at first sight
surprising, but can be readily explained in terms
of the oscillatory behavior of f(Ka) and may,
be attributed, therefore, to the special nature of
the square well potential. This effect was first
pointed out by Camac and Bethe! who inves-
tigated the ratio ¢(180°)/¢(90°) in the absence
of tensor forces and found an extraordinary
increase from 1.1 to 93 in going from 40 Mev to
80 Mev. From Fig. 1 we see that this may occur
if the value of Ka for 90° at some energy happens
to be near the node of f(Ka). In the Born ap-
proximation the node occurs at the 90° angle for
106 Mev. With tensor forces the effect is not so

J. ASHKIN AND TA-YOU WU

pronounced since f(Ka) and ¢(Ka) do not have
a node for a common value of Ka, in general.

As we shall see in Section II, the Born ap-
proximation is a poor one at 100 Mev. Apart from
numerical disagreements, however, it is possible
at this point to notice an important gqualitative
deficiency in the approximation which may be of
importance in making comparisons with experi-
ment. Thus for exchange forces the curves in
Fig. 2 are the reflections of the ordinary curves
about 90°, the behavior near 0° being identical
with the behavior of the ordinary cross section
near 180°. In actual fact the exact cross section
for exchange forces shows a pronounced maxi-
mum at 0° which is entirely lacking in the Born
approximation.

The explanation for this is given most directly
if we restrict the consideration to ordinary and
exchange central forces leaving out the tensor
forces and the spin dependence. In the Born
approximation the phase shift for the partial
wave of angular momentum / is given in terms of
the potential V by?

8= —(-;rM/th)fao V()T ips2(kr)rdr. (18)

Due to the change of sign of V for odd / in the
case of exchange forces, the phase shifts are
alternately the same and opposite to the phase
shifts for ordinary forces as ! goes through the
sequence 0, 1, 2, 3, ---. If the energy is high
enough and the potential V is not too large, the
approximate phase shifts (18) will not be very
different from the exact values. In terms of the §,
the scattered amplitude in the direction 8 is given
rigorously by

£(6) = (1/2ik) 3 (241) (2% — 1) P (cosh).
=0

If we take an energy like 200 Mev and V ap-
proximately 20 Mev, the phase shifts are com-
paratively small, of the order 0.4 radians, and are
appreciable up to [=35. It is therefore legitimate
to expand exp(248;)—1. Taking the exchange
force amplitude at =0,

F0) = (1/2ik) 3= (21-+1) (21— 262+ - - ).
=0

8 Reference 4, p. 28.
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As is well known,® the Born approximation
results if only the terms 2:§; are kept in the ex-
pansion, with §; given by (18). Since these terms
alternate in sign like (—1)! they contribute very
little to the sum. They give the same contribution
at =0 as the similar terms at §=180° for ordi-
nary forces where the Legendre polynomials
Pi(—1) contribute the alternation of sign instead
of the §;. However, the §;2 terms all contribute
with the same sign to f(8) and give maximum
effect at 6=0 where the Legendre polynomials
give the strongest constructive interference.
Some idea of the size of the effect can be seen
from Fig. 3 where the energy 200 Mev and a
square well of depth 20 Mev and range a =e2/mc?
were chosen. With tensor forces the same phe-
nomenon should manifest itself. As a result the
angular dependence of the neutron-proton cross
section for exchange forces and for symmetric
forces should be qualitatively the same, contrary
to the Born approximation.

C. Neutron-Neutron or Proton-Proton
Cross Section

If it is assumed that the forces between neutron
and neutron and between neutron and proton are
the same if the pairs of particles are in the same
state, we may use the same set of scattered
amplitudes (14) and (15), appropriately modified
by the Pauli exclusion principle, to calculate the
n—mn or the p—p scattering. For singlet scat-
tering the spatial part of the wave function
must be symmetric and all three of the models
give the amplitude:

(1—=2¢)(F(8)+ F(x—0)).

For the triplet case the spatial wave function
must be antisymmetric giving:

singlet:

triplet: Sm,’m.(a, (D) —Sm.,’ms(ﬂ'—g, 7r+ ¢p).
The cross sections resulting from these ampli-
tudes are:

ordinary:

o(6) =13+ (1—2¢)*) (F*(6) + F*(x —6))
+6v*(C*(60)+ C*(r—6))
—33—(1-2¢)")F(6) F(r—96)

+6v*C(6)C(r—0);

9 Reference 4, p. 90.
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F16. 3. Existence of a forward maximum in the scattered
intensity for exchange forces. Spin dependence and tensor
forces are neglected in this illustration.

exchange: same as ordinary;
symmetric:

o(6) = (F5+1(1—2¢)") (F*(6) + F*(7 —90))
+(3(1—2¢)*—%) F(6) F(r—6)
+3v(C*0) + C*(z — 0) + C(6) C(w —6)).

From the curves in Fig. 4 we see that the cross
section in the symmetrical force theory is much
smaller than the one corresponding to ordinary
forces or exchange forces. This is due to the fact
that for symmetric forces in the odd triplet
states the interaction is one third as large as for
ordinary or exchange forces. Since the even
triplet states are excluded for identical particles,
the triplet cross section with symmetrical forces
is reduced by a factor 9. The admixture of the
singlet cross section, which is the same in all
three models, makes the ratio somewhat less than
9 but still large. An absolute measurement of the

(19)

P-P CROSS SECTION /
24 \ 100 MEV /
30 o:ommv
g zxcumssmh
|
° S—— 200 MEV N
& éo uev ; ?
)
0
o 3 %o -5 =T
o* 60° 90° 120° 180°

F1G. 4. Proton-proton cross section in the Born approxi-
mation for the same potentials as Fig. 2. Coulomb scat-
tering is neglected.
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proton-proton scattering cross section at some
intermediate angle should, therefore, give an
indication of the character of the exchange forces
involved. Tensor forces have the effect of bring-
ing up the cross section in the intermediate
angular range. The change from maximum to
minimum at 90° as the energy increases can be
explained in terms of the slope and curvature of
the curve for ¢(Ka) in Fig. 1.

Table IF gives the total p—p (or n—n) cross

TasLe II. Proton-proton and neutron-proton scattering
compared in the Born approximation.

E(xix:g.g)y ap-p (1072 cm?2) On-p/Tp-p
Mev Ord. Exch. Symm. Ord. Exch. Symm.
100 0.278 0.278 0.0414 0.738 0.738 4.04
150 0.182 0.182 0.0289 0.788 0.788  3.96
200 0.115 0.115 0.0208 0.944 0944 4.34

section and its comparison with the n—p cross
section. A simple estimate of the ratio of cross
sections ¢,_,/0,-, can be made if the energy is
large enough so that angular integrals of the type
S FO)F(r—6)dw or SC(H)C(r—0)de may be
neglected. Comparison of (16) and (19) shows
that the ratio should be approximately 1.0 for
ordinary or exchange forces and 5.0 for sym-
metric forces. It should be noted that the total
proton-proton cross section is obtained from (19)
by integrating over all solid angles and then
dividing by two, since in each scattering event
two protons are ejected with no means for dis-
tinguishing the initial particle from the target
particle.

II. NEUTRON-PROTON CROSS SECTION IN THE
RIGOROUS SCATTERING THEORY

The extension of the method of partial waves
to scattering problems with non-central forces,
like the tensor force, has been made by Rarita
and Schwinger.? Since their final results are
somewhat condensed, however, we shall first
put them in a form more suitable for computation
and then apply them to the neutron-proton
scattering with the symmetric force model.

We consider the triplet n—p scattering under
a non-central force of potential V(r, a4, #3) which
commutes with the total angular momentum
J=L+S, with the magnitude of the spin S?, and
with the space exchange operator Py. V will, in

AND TA-YOU WU

general, not commute with any of the com-
ponents of the orbital angular momentum L, or
of the spin angular momentum S. These are the
commutation properties of the tensor force. To
facilitate the phase shift analysis, which is the
basis of the method of partial waves, it is con-
venient to transform to the SLJm representation
in which states are labeled according to the value
of total spin S, total orbital angular momentum
L, total angular momentum J, and 2z-component
of J equal to m. In this representation we define a
set of functions Fr/™, the ‘‘normalized spherical
harmonics with spin,”’ which are eigenfunctions
of the operators S?, L2, J?, J,, and Py. The total
spin S=1 and the eigenvalue of the exchange
operator, Py, is the parity (—1)Z.

These functions, Fr/”, may be obtained by a
unitary transformation applied to the orthogonal
functions Yimr(8,¢)xms,, which are appropriate
for the SLmm, representation, where the Yimy,
are the ordinary spherical harmonics and the xm,
are the triplet spin functions (m,=1, 0, —1).

1
Z YL.m—-msXm,

FLJm =
mg=—1
X (SLm—mgsm,| SLIm),
(20)
L+1
YLmLXms = 2 FLJ"'L+""
J=L-1

X (SLJmp+my| SLmym,).

For a given value of J we must have |m|=J
and L one of the values J—1, J, J+1 as is
shown by the vector model. Condon and
Shortley'® give a table for the transformation
coefficients which is reproduced in (21) for the
special case of m=0.

(SLOm,| SLJTm,)

N\
J +1 0
L+2 \' L+l \!
7= (2(2L+1)) ?L?T)
J=1 —1/V2 0 1)

L—1 \} L \}
2(2L+1) 2L+1

10 Condon and Shortley, Theory of Atomic Spectra (The
Macmillan Company, New York, 1935), p. 76, Table 2.

J=
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Taking the z axis as the direction of propaga-
tion of the incident triplet wave and using this
same direction as axis of quantization for the
angular momentum, we make the usual ex-
pansion :

pihe Z

my= -1

w 1
PIEEDD
L=0mg=~1

X[gulkr) /br[4n/QLA1) B

X Y;,o(ﬂ) XmsQmg,
where (22)

gr(kr) = (wkr/2)XT 11y (kr) ~sin(kr — 1 L)

(2L+1)it

dmgXmy =

is the Lth radial wave function in the absence of

eikr w  L+1

Yaear~—— 2. 2 X

1ky my=—1 L=0 J=L—1

ezlcr

2¢kr mg.mg' L,J

PROTON-PROTON SCATTERING
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interaction. The complete wave function for the
scattering problem is obtained by first writing
the incident plane wave as a sum of partial
waves in the SLJm representation and then
replacing the radial function g.(kr) by

exp(28.7™)uL’™(r),
where wp/™(r) is the radial function with the

non-central interaction and &,/™ is the phase
shift for this partial wave:

urd™(r) ~sin(kr —3Lw+6.'™).
Subtracting the incident wave gives for the

asymptotic form of the scattered wave, in the
customary way,

[4r(2L+1) JH{exp(268,7 ™) — 1} (SLIm,| SLOm,) F1? ™san,

> X [4n(2L+1) 1M exp(266.7 ™) — 1} (SLmy—m'm;' | SLIm,)

X (SLng l SLOm,) YL , mg—mg ’(0, (p)Xm, ‘Amg.

The coefficient of am, in this formula is the matrix element Sm,m,(6,0) of (2) given in the

Born approximation by (6).

Application of the table of Condon and Shortley gives:

L=0

s 4r 2L+ 1)V 0o(0) |-
11—2 Z[W( +1)] Lo(){m

[exp(2¢6,L~ 1) —1]+3[exp(2¢6,%1) —1]

2tk L=2

—[exp(2¢8,.%1) —1]+

+ L2 [exp(2:6,L+11) 1]}
———[exp(2: 1) —174,
2L+ P

YL1(0,¢) L?—1
So=— 3 [4r(2L+1)]H l-— [exp (268,41 1) —1
"k L‘EU )][2L(L+1)]* AL !

L(L+2)
————[exp(248, L") — 1]},
2L+1

1
$-1=— Z (47 (2L+1) 1Y 12(6,9) [(L - 1) L(L+1)(L+2) ]}

| |

exp(2¢6.,L 1) —1 exp(216.1)—1 exp(2¢6.4+h1) —1 } (23)
2L(2L+1)

2tk L=1

1 L
Soo—— Z [41!' 2L+1)]*YL()(0)l L

21k L=0

Swm— 3 (4 QLADTY 10, ¢)[L(§+”] [-

L
exp(2¢6, L1 0) — 1]+
1[ p(246L ) ] 2L

2L(L+1)  (2L+1)(2L+2)
exp (266,119 —1 Lexp(z,,;aLLH, 0)—1 }
2L+1 2L+1 !

e [exp (268,51 — 1]}.
+1

exp(2¢6, 710 —1

2tk L=1

1 L(L+1)7
S_m——‘* Z [4r(2L+1) Y 1.(6, <P)[ 5 ] [_

exp(246, 110 —1 }
2L+1

Equation (23) continued on next page)

2L+1
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81-1: change Y2 in 8_1; to Y., and replace the phase shifts by those for m,= —1;

my= —1{ 8o_1: change ¥, in 8g; to ¥ ,_; and replace the phase shifts;

8_,_1: replace the phase shifts in 8;; by those for m,= —1.

Actually, for interactions of the symmetry of
the tensor force the phase shifts for m,=1 and
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for m,=—1 are the same. In the averaging
process (3) the amplitudes with m,=1 and —1
give the same contribution to the sum. It is also
understood in the formulas that the phase shifts
d.7™s which appear formally must obey the con-
ditions |m,|=J and 0=J; otherwise they are
to be replaced by zero.

To obtain numerical values for the phase
shifts it is necessary to integrate the radial wave
equations for the functions #.7™(r). These equa-
tions are obtained from the Schrodinger equation

(V2R — (M/B}) V(x, 01, 02)y =0
by expanding ¢ in the form (24)
J J+1

4= ¥ 3

J=0 m=—J L=J—1

(1/7’)“1}""(1‘) Fpom,

Using the orthogonality of the spin angular func-
tions F1/™ and the fact that V commutes with J,
we find for each Jm three coupled equations for
urpd™ with L=J—-1, J, J+1:

2 -
cos e

TRIPLET CROSS SECTION

100 MEV
BORN APPROX =———
EXACT
o
b3
L3g
e /
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/
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Fi1c. 5. The rigorous scattering theory and the Born
approximation compared at 100 Mev for the neutron-
proton scattering with symmetrical forces. (a) the complete
differential cross section; (b) the singlet cross section;
(c) the triplet cross section.

dup’™ L(L+1)
+ (k2_______)uLJm
dr? r?

M 54
> Vird(PurIm(r)=0.

hZ L'=J—1

(25)

Vie?(r) is the matrix element (Fp/™, VFp. ™).
These matrix elements are easily shown to be
independent of m and are given for the tensor
force Siz in the appendix of Rarita’s and
Schwinger’s paper:

LI
L J-1 J J+1
J-1) LI+
s,y suy]
2J+1 2J+1 (26)
Sepd=J 0 2
SLI(J+DT  2(J+2)
J41 0 - :
2J+1 2J4+1

Actually the three Egs. (25) split into two
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coupled equations for #s_;’™ and #s1’/™ and one
equation for u;/™ alone. This is an immediate
consequence of the fact that V commutes with
the spatial exchange operator and hence cannot
couple states of different parity.

Integration of the equations is greatly sim-
plified for the case of a square well potential.
Following the procedure of Rarita and Schwinger,
one can express the solutions inside the well for
#us-1’'™ and #;.1/™ by power series!! involving
two arbitrary constants which must be adjusted
to give continuity of the functions and their
derivatives at the boundary. The solution out-
side will be a linear combination of the regular
solution gr(kr) and the irregular solution
g—r—1(kr) which has asymptotic form

sin(kr —3Lx+56.7™).
Since
g—r-1(kr) =[wkr [2]}J_1_4(kr)
~(—1)* cos(kr —3Lm),
the outside solutions are:
urTm=A4m{cosd g (kr)
+(=1)Esiné/mg_r1(kr)}. (27)

This solution must represent the incident wave
plus an outgoing spherical wave. From (22), (20),
(21), and (24) the incident wave is represented by

(uL"™)ine= CLI™gL(kr), (28)
where
[4r(2L+1)]
CL ”‘=——-———k———'iL(SLJm|SL0m). (28a)

If the difference between (27) and (28) is to be
an outgoing wave proportional to exp(zkr), the
constant A4 7™ must be chosen so that

up/™=Cr/™ exp(18.7™) {cosd ' g (kr)

+(—=1)Esiné/mg_r_i(kr)}. (29)

In this formula the index m is identical with ,,
the projection of the spin in the incident direc-
tion, since the orbital angular momentum of the
incident wave with respect to this direction is
zero. Equating the values and derivatives on
both sides of the boundary gives the pair of

W, Rarita and J. Schwinger, Phys. Rev. 59, 436
(1941), Egs. (10) and (11).
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F1G6. 6. Neutron-proton cross section at 200 Mev for
symmetrical forces. Comparison of the rigorous theory
with the Born approximation.

phase shifts 6;_37™ and é,417™ for each J and
my==1, 0. The phase shifts’? §;/m and the
singlet phase shifts are obtained in the usual way.

The method given above has been applied to
the neutron-proton scattering with the sym-
metrical force model and calculations performed
for 100 and 200 Mev. Figure 5a, b, c and Fig. 6
give the results in graphical form. For the total
scattering cross section one finds:

Symm. forces:
0n-=0.129 X10"2* cm?, 100 Mev,
0n—p=0.090X10"2¢ cm?, 200 Mev.

Experiments by E. M. McMillan and co-
workers!? with 90-Mev neutrons give

(0.083-0.004) X 10-2¢ cm?

for the total cross section, in serious disagree-
ment with the theory. Judging from the Born
approximation, the discrepancy should be even
larger for the pure exchange forces. Furthermore,
the measured angular distribution is qualita-
tively very much in disagreement with the sym-
metrical theory. Experimentally the ratio

a(180°)/4(90°)

is about 3, whereas the curve of Fig. 5a shows
about 10. Although the angular distribution has
not been measured to very small angles in the
center of mass system for the neutrons (angles
near 90° in the laboratory for the recoil protons)

20nly the phases &,7%! enter. This is because
(ES'L)=JJmISJ0m) vanishes for m=0 as can be seen from
1

BL. J. Cook, E. M. McMillan, J. M. Peterson, and
D. C. Sewell, Phys. Rev. 72, 1264 (1947).

30)
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‘TaBLE I11. Phase shifts (in radians) for the neutron-proton
scattering at 100 Mev with the symmetrical force model.

Coupled triplet phases

Exact Born Exact Born
=0 K 0.3022 0.2920
T $19% (V] 0
Kot 0.5743 0.9137 Kot 0.4191 0.1976
J =1 $olv 0.0771 0 $olt 0.0498 V]
- Kalv 0.1047 0.153% Kt --0.2602 --0.5024
{uty 0.0500 V] Jalt —0.0773 (1]
K —-0.1553 —0.1800 Kt —0.0004 --0.0358
Je2 —0.0087 0 it 0.0059 0
: K —0.0578 —0.0578 Kgt 0.0911 0.0923
Fato 0.0059 0 $att —0.0087 0
K980 0.2413 0.1416 K 0.1292 0.0443
J=3 $o80 —0.0122 Bt 0.0095 0
= Ko 0.0515 0.0413 | K&t —0.0610 —0.0559
0 0.0095 0 @ —0.0122 0
K0 —0.0055 —0.0068 | Ks* —0.0016 —0.0029
J -4 r,lo 0 ;l“ 0
- Ko —0.0017 —0.0018 Kt 0.0022 0.0022
£50 0 Labl 0
K0 0.0026 0.0018 K&t 0.0016 0.0010
Jas S0 0 Lot 0
- Keb0 0.0004 0.0003 | Kot —0.0000 —0.0004
680 0 0 Lol 0 0
Uncoupled triplet phases Singlet phases
J SgJ1 Exact Born L Exact Born
1 1t —0.3214 —0.3546 V] 0.3193 0.3740
2 822 0.6777 0.3937 1 —0.7438 —1.0724
3 833! -0.0219 —0.0241 2 0.1577 0.1323
4 & 0.0096 0.0079 | 3 —0.0562 -0.0730
5 851 —0.0002 —0.0002 4 0.0028 0.0027
5 —0.0007 —0.0006

the indication is that the cross section is sym-
metrical about 90°. This would imply a potential
of the type

V=%(1+PM)J(1’, oy, 02),

in which ordinary and exchange forces enter with
equal weight. Investigation of the cross section
with such a potential, taking (1/7) exp(—r/a) for
the spatial dependence, is being carried on by
Serber.

Relativistic corrections to the cross section
would be expected to play a role at energies com-
parable with the rest energy of the meson. Since
it is the energy in the center of mass system
which is important for this consideration it is
unlikely that at 100 Mev in the laboratory any
relativistic effects could account for the dis-
crepancy between the theory and the experi-
ment. An estimate of the corrections to the total
cross section can be obtained from the formulas
of Snyder and Marshak!* which are valid in the
Born approximation. At 100 Mev the differences
are only 5-10 percent but they increase rapidly
with increasing energy

14 H, Snyder and R. E. Marshak, Phys. Rev. 72, 1253
(1947).
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From the curves of Fig. 5 and Fig. 6 we can
estimate the reliability of the Born approxima-
tion used in Section I. The weakness of the
approximation is especially evident from Fig. 5b,
showing the singlet scattering cross section at 100
Mev. In the Born approximation, the total
singlet cross section is 0.39 X 10~% cm?, while the
exact calculation gives 0.17X107** ¢m?2 Such
large differences have already been noticed by
Camac and Bethe.! The primary reason for the
discrepancy is the failure of the approximation
for the L=1 phase shift. Comparison of the
exact phase shifts and the Born phase shifts as
given in Table III shows that this is the only
serious difference for the singlet scattering. This
may be attributed to the fact that for odd singlet
states with the symmetrical model the potential
is especially large, —3 'Viven. For the triplet
phases the differences between the exact calcula-
tion and the Born approximation are much more
erratic but the resulting cross sections, as shown
in Fig. 5c, agree somewhat better than for the
singlet case. Presumably, this is due to accidental
cancellation of errors. We must conclude that the
Born approximation is untrustworthy for ener-
gies as low as 100 Mev. At 200 Mev, however,
the situation is much improved as is shown by the
curves in Fig. 6. Both the singlet and triplet
parts of the cross section are also in much better
agreement with the approximation.

The triplet phases in the Born approximation
are obtained from a generalization of the well-
known formula (18) valid for central forces.
Since this formula may be of some value for
estimating phases at energies high enough where
the Born approximation is valid it is included in
the Appendix. Table III gives the real and
imaginary parts of the phases using the notation

BLJm,=KLJm3+1:§-LJm3'

A check on the calculations can be made by
seeing if the real and imaginary parts of the
phases obey the relations (42), (43), and (44) of
Rarita and Schwinger:'
KJ—l‘IO—KJ+1J°=KJ—1‘”“KJ+1‘“,
o= ¢ot, CraTt =Y,

exp(228;17%) —exp(22654179)

=exp(226;-17") —exp(2267417Y).

15W. Rarita and J. Schwinger, Phys. Rev. 59, 436
(1941), especially page 445.
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In conclusion we should like to thank Professor
R. E. Marshak and Professor G. E. Uhlenbeck
for interesting discussions.

APPENDIX

For central forces the phase shifts for different
angular momenta L are given in the Born ap-

J+1

M L'=Jr—-1

5LJma= U —
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proximation by the formula (18) as obtained in
Mott and Massey, page 28. Applying the same
method to the Egs. (25), starting from the un-
perturbed solution

uLJm.= CLJm"gL(kf),

given by (28), we find an expression for the phase
shift, correct to the first order in the potential:

> [2(2L'+1)]*iL'—L(SL’Jm,|SL’Om.)f gr(kr)gr (kr) Vi d (r)dr
0

kh?

In spite of the factor 2%'~Z in the summation,
these phase shifts are real since this factor is real
for L'—L equal to 0 or 2 and V1.’ is equal to
zero if L and L’ differ by unity. In the higher
approximation the phase shifts are in general
complex. It is not very difficult to show that if
in the rigorous expressions (23) for the Sm.m,s(8, ¢)
one replaces exp(2:¢657™)—1 by 246,/™ with
§17™ given by the approximate formula above,
the Born approximation of Section I results. This
is completely analogous to the results for central
forces.

As an example, for the symmetrical force
model we find, using (26), (11), (12b), and (21):

Triplet phases
L even:
M 2L+2
Sl b= [( - —————)f g2 (r)dr
kh? 2L —

-

_oJ(r)dr |,
2L—1~£ g2/ () ]

M ®
5LL.1=_..{(1+27)f gL2J(r)dr].
kh? 0

[2(2L+1)}(SLJIm,| SLOm,)

M
ol 1="__| [(
kh?

- ;Lj-_g)f gﬁ](r)dr

6(L+1) f“’ Jd ]
- L& L 7 ]
Y 213 J, grér+2 4

2L+2 »
—7—-*)f gL?J(r)dr
2L—-17 Y,

6(L—1) =
+7r 1 fo ngL-2J(")dr],

M 2L ®
5LL+1'°=—[(1_‘Y—"—)f g2 J(r)dr
kR 2L+37 Y,
6(L+2) (=
fngHQJ(T)dT].
0

2L+3
L odd: Phases are —% times those for even L.

M
6111,—-1, 0 — ___[( 1
kh?

+y

Singlet phases
L even:

5 M(1 2 )fw 27(r)d
= — — v r,
- kh? £ 0 &

L odd: Phases are —3 times those for even L.



