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to give a sufficiently large, positive B2/BQ if we simul­
taneously require that 5 ^ +0.45 and that the reaction 
goes mostly by the s==2 channel. The large value of 5 
demands the rather high value of 5 or greater for 
DY3 2 /YI 2]^ If this assignment is correct, we have an 
indication that [ Y Z C ^ W Y K P ) 2 ] * m a y undergo large de­
viations from unity. I t would be desirable to measure 

I. INTRODUCTION 

THE apparent usefulness of (d,p) and (d,n) reac­
tions as tools in nuclear spectroscopy stems from 

the now classic paper on these reactions by Butler.1 The 
form of the differential cross section for such reactions 
predicted by the stripping theory is in surprisingly good 
agreement with the experimental results, especially if 
deuterons of not too low an energy are used as projectile 
particles. However, the results of experiments using 
deuterons of about 3 Mev exhibit features which the 
stripping theory has difficulty in explaining, even if the 
modifications2 of the theory suggested subsequent to 
Butler's paper are taken into account. Particular refer­
ence is made here to the pronounced "resonances" ob­
served in the excitation function and the form of the 
differential cross sections measured off and on reso­
nance.3 In brief summary, the resonance behavior of the 
excitation function is caused by a very pronounced 
change in magnitude of the forward-angle stripping peak 
whereas the back-angle yield is relatively constant over 
the range of energies including the resonances. 

I t has been suggested4-6 that the nucleon produced as 

* This work was supported in part by the joint program of the 
Office of Naval Research and the U. S. Atomic Energy Com­
mission. 

f The results of this calculation were first reported at the 
Minneapolis meeting of the American Physical Society, June, 
1954. 
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3 Van Patter, Simmons, Stratton, and Zipoy, Bull. Am. Phys. 

Soc. 29, No. 5, 14 (1954). 
4 H. C. Newns, Proc. Phys. Soc. (London) A401, 477 (1953). 
5 J. Horowitz and A. Messiah, Phys. Rev. 92, 1326 (1953). 
6 N. Francis and K. Watson, Phys. Rev. 93, 313 (1954). The 

model used in the present discussion was suggested in this article. 

angular distributions of other reaction products at this 
resonance to corroborate or disprove this assignment. 

The author wishes to thank Dr. Albert Simon for 
several discussions of the theory of angular distribu­
tions and the members of the High Voltage Group of 
the Oak Ridge National Laboratory for their interest 
and cooperation. 

a product in the stripping reaction is polarized. The 
model sketched below for producing such polarization 
was chosen because of its apparent reasonableness in 
that such a model correctly describes the elastic scat­
tering of polarized neutrons7 in the medium-energy 
range. Since the stripping approximations are used 
throughout the polarization calculation, the extent of 
disagreement between the herein predicted polarization 
and the eventually forthcoming experimental results 
will indicate the extent to which the stripping assump­
tions are suspect at the deuteron energies considered 
below, namely, E ^ ' 3 Mev. 

II. POLARIZATION CALCULATION 

In the so-called "Born approximation" discussion8 of 
stripping reactions, the final state nucleon is assumed to 
have no specifically nuclear interaction with the residual 
nucleus and no polarization of the proton results. In the 
calculation below, the assumption will be made that the 
final state nucleon is scattered in a spin-orbit potential 
superimposed upon the "clouded crystal ball" or com­
plex central potential of Feshbach el al? which ade­
quately describes the elastic scattering of low-energy 
neutrons.10 Strictly speaking, therefore, the model 
applies to (d,n) reactions; it will be applied to (d,p) 
reactions as well, with justification supplied by the 

7 Darden, Fields, and Adair, Phys. Rev. 93, 931 (1954). 
8 See, for example, P. Daitch and J. French, Phys. Rev. 87, 900 

(1952). 
9 Feshbach, Porter, and Weisskopf, Phys. Rev. 90,166 (1953). 
10 Note, however, that the depth of the well suggested by 

Feshbach et al. to explain the scattering data is too small by a 
factor ~2 to harmonize with the data on neutron bound states 
interpreted on the basis of the shell model. [See A. Bohr and B. 
Mottelson, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 27, 
159 (1953); R. K. Adair, Phys. Rev. 94, 737 (1954).] 
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The polarization of the proton produced in a (d,p) reaction is calculated under the assumption that 
"stripping" is the primary mechanism operative. The model adopted for the polarization production consists 
in a proton-nucleus interaction potential of the spin-orbit type which has been successful in describing 
polarization effects in neutron scattering. The model is applied to the specific reaction C12(d,p)C13 for 
Ed=3.29 Mev. 
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apparent charge independence of nuclear forces. The 
Coulomb distortion of the deuteron and proton waves is 
ignored; this should not change the order of magnitude 
of the results obtained. The additional restriction will be 
made to spin-zero target nuclei since it is for these 
targets that the Butler approximation should most 
nearly apply, i.e., that the nucleon absorbed by the 
target exists in a single, definite state of orbital angular 
momentum, at least for a time as long as the interaction 
period. 

Since the final-state proton will scatter in a spin-orbit 
potential, it will be useful to express the wave function 
for the proton as a linear superposition of eigenfunctions 
of the L • S operator: 

^ W = E Z a(L,ML) 
L,ML J,MJ 

XCi,t{J,Mj\ML,iipyk(J9L7Mj), (1) 

where the C-symbol is the Clebsch-Gordan coefficient in 
the notation of Blatt and Weisskopf.11 The remaining 
undefined symbols in Eq. (1) have their usual meaning. 
If it is assumed that the residual nucleus may be 
represented as a neutron in a definite orbital angular 
momentum / about the target nucleus (spin zero) as a 
core, the state vector for the residual nucleus is: 

^ / 0 * / ) = E ChdJf>f*f;™>Vn)V(l,m)x&Pn)$o, (2) 
m,fin 

where *$r(l,m) = single-particle neutron orbital, xihvn) 
= neutron spin function, and $o= target nucleus (final 
state core) wave function. I t is convenient to make a 
partial wave expansion of the incident deuteron wave: 

M/*<0 = £ E b*(Ld,Md) 
Ld,Md Vn',Vp' 

X#(Ld,Md)x(iM»Ox(W) 
XCi,i(l,/X<2;Mn',M/)- (3) 

If one adopts the symbol T for the transition operator 
representing the stripping reaction, the matrix element 
for the reaction may be written as a linear combination 
of terms of the type: 

(*(J,L,Mj)*(l,m)X&l*n) 

x I r|<K£*^<0x(W)x(W)>. (4) 
The axis of quantization will be defined by the vector 
product between the incident deuteron wave vector (K) 
and the final state proton wave vector (k). With this 
designation of the quantization axis, the matrix ele­
ment, Eq. (4), of the transition operator reduces to : 

< * ( / , L , J l ^ 

= CL, 4 (J,Mj; ML,ixp)<tf ( / , Z , A Q ¥ (l,tn) 

X | T\$(Ld,Md))8fan,i*n^8(fip,iip')- (5) 
11 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 

(John Wiley and Sons, Inc., New York, 1952). 

In establishing the relation of Eq. (5), use has been 
made of the fact that with the quantization axis chosen, 
a nucleon produced in a definite state of spin orientation 
in the original stripping act will maintain this orienta­
tion after scattering in the spin-orbit potential. The 
stripping matrix element, W(p,d—>tif,nP), may now be 
written via Eq. (5) and the properties of the Clebsch-
Gordan coefficients: 

E a(L,ML)b*(Ld,Md) 
Ld,L,J,Md,ML 

X CL, I2 ( / , ML+fxp; ML} pp) 

XC Z ( iOV, fif; txf—ixd+ixp, fxd—fxp) 

XChi(l,Vd'>Hd—Pp,Pp) 

X(*(J,L,ML)ni,fn) I T\*(Ld,nd)). (6) 

In the Born approximation treatment (neglect of 
proton-nucleus interaction) of the (d,p) stripping reac­
tion, Gerjuoy12 has shown that the reaction amplitude, 
/ , for spinless nucleons takes the form :13 

m i r 
/ = — I exp(ik-rp)^*(rw) 

h2 4* J 
X VnP(rn,rp)$d(Tn,rp)dtndtp, (7) 

where ^ ( r n ) = neutron wave function in the final 
(bound) state, and Vnp= neutron-proton interaction 
potential. To take account of the nuclear scattering of 
the final (free) state proton, the usual replacement is 
made: 

exp (ik • rp)x (§,Mp)->exp (ik • rp)x (i/**) 

- E iLLM2L+l)JCL,h(J^p;0,fxp) 

XhiP>(krp)p(L,J)y(L, J, Mj=pp), (8) 

where $J) (Z, / , Mj — nP) = normalized eigenfunction of 
the total angular momentum, AL(1) (krp) = spherical 
Hankel function of the first kind, and p(L,J)s=%rj(L,J), 
a complex number describing the distortion of the 
proton wave by the nuclear potential (see reference 11). 
To evaluate the reaction amplitude of Eq. (7) using the 
modification of Eq. (8), it is convenient to employ the 
"zero-range" n—p interaction potential. The reaction 
amplitude conveniently separates into two parts, / B o r n 

and / s c a t , where / B o r n is the reaction amplitude of Eq. 
(7) unmodified by the proton-nucleus interaction. Con-

12 E. Gerjuoy, Phys. Rev. 91, 645 (1953). 
13 This form of the scattering amplitude neglects the indis-

tinguishability between the proton in the deuteron and a proton 
in the target nucleus during the interaction period. Antisym-
metrization of the total wave function for the system with respect 
to the protons leads to an exchange amplitude in addition to the 
direct amplitude of Eq. (7). The neglect of the former with respect 
to the latter should be legitimate for the type of targets considered 
here. However, for odd-proton nuclei, the exchange amplitude may 
be comparable in magnitude to the direct amplitude (A. French 
and K. Case, private communication). 
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TABLE I. Proton polarization in 6C
12(<2,£)6C

13 for Ed=3.29 Mev. 

6 (in degrees) P (in percent) 

0 
10 
20 
30 
40 

0 
- 2 2 
- 1 4 
- 1 7 
- 2 6 

stants common to both parts of the reaction amplitude 
will be omitted since the only characteristics of im­
portance in the polarization calculation are their relative 
magnitudes and phases. 

To calculate /Born, the assumption of stripping theory 
that >F(rn) represents a single particle orbital of 
prescribed orbital angular momentum will be made: i.e., 

**(rn) = const £ i^)(f lr)F|"(Mn), 
m 

where hH2/2M=binding energy of absorbed neutron in 
residual nucleus, yielding 

Jm 4wilY^(dq) f ji(qr)kP(itr)f*dr, (9) 

where — q=K—k=wave vector of recoil (residual) 
nucleus, and 6q is the angle between q and KXk. 

The parameter Ro appearing in Eq. (9) is the 
"stripping radius" corresponding to the smallest dis­
tance of separation of the target and deuteron for the 
stripping mechanism to be operative. The integral of 
Eq. (9) may be performed analytically: 

ji(qr)kP(Urydr=B(R0) 

= {?+f)-
dRo 

-lJl(qR0)Ro]hl<-1)(itRo)Ro 

[A im (itR0)Ro]j i (qRo)Ro 
dR0 

(10) 

In passing from the stationary to time-dependent per­
turbation description of the reaction process, the Born 
approximation to the matrix element of Eq. (6) becomes 
(with arbitrary normalization): 

2KBorn(Md-+M/,Mp) 

X4wilYl™(eq)B(R0). (11) 

If it is assumed further that the incoming deuteron 
wave is distorted by a nonspin dependent potential, the 
elements of the T operator become (normalized with 

respect to WlBoTn of Eq. (11)): 

( ^ ( / , L , t f ^ f t w ) | T\*(Ld,Md)) 

r (2L+l) (2^+1)1* 
= ( - 1)*L\ 

L 4TT(2/+1) J 

XCL)Ld(l,0;0fi)CL>Ld(l, —m;mL, ~mL—m) 

X f LjL(kr)-p(L,J)hLU(kr)l 

X [ i L d ( & ) - ^ ( L , ) A L ^ ) ( Z r ) > ^ ( ^ ) r 2 ^ . (12) 
Evaluation of the integral appearing in the above ex­
pression is straightforward by numerical methods. 

Finally, the degree of polarization, P, of the protons 
produced in the reaction is defined as: 

P s -

E { WM<r->M/,Mp=+i)|2 

— \ffll(vd—>!Xf,Hp= I) I2} 
(13) 

E { | 2 K ( ^ M / , M P = + i ) l 2 

Vd,flf 

+ |2K(^->/x/,Mp=-i)|2} 

III. APPLICATION TO THE REACTION 6C
12(d,/>)6C

13 

The above formalism has been applied to the reaction 
6C

12(d,^)6C
13 for a deuteron bombarding energy of 3.29 

Mev. The differential cross section for this reaction has 
been measured by Holmgren14 who has found a pro­
nounced stripping maximum in the angular distribution 
of the protons at approximately 20°. The angular 
distribution obtained is consistent with the assignment 
°f (h —) to the ground state of C13. 

The scattering potential experienced by the final 
state proton was taken to be: 

F^(inMev) = -19(l+0.05i)-2L-S, r^r0 

= 0, r>r0, 

where r0=1.45XlO~13^ cm. In addition, the Ld=0, 1 
waves of the incoming deuteron were assumed distorted 
by a hard sphere potential whose radius was arbitrarily 
chosen to be R0, the stripping radius (in this case 
Ro== 6.5X 10~13 cm). The results of such a calculation are 
contained in Table I. 
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