
P H Y S I C A L R E V I E W V O L U M E 1 2 9 , N U M B E R 3 1 F E B R U A R Y 1 9 6 3 

Effect of Angular Localization on Direct Nuclear Reactions* 
PAUL A. BENIOFF 

Argonne National Laboratory, Argonne, Illinois 
(Received 4 September 1962) 

Some interesting effects of the angular localization of reaction sites caused by the damping of the incident 
and exit particle waves by the nuclear optical potential are described. Using the reactions Li7(^,2^)He6 and 
Be9(/>,2^>)Li8, as examples, we show that, due to the angular localization, the total reaction cross section is 
different for aligned than for unaligned target nuclei. For the Li7 target in j-j or L-S coupling the fractional 
change,/, in the cross section for an incident energy of 6 BeV was given by/=0.165(2#— 1), where x is the 
fractional population of Li7 in the M- \\\ substates. At 140 MeV the value of the constant in the above 
expression was slightly but not significantly smaller. For the reaction Be9(p,2p)Lis the fractional change in 
the cross section is one half of and of the opposite sign of the Li7 value for the same amount of target align
ment. Another result of angular localization of reaction sites in the nucleus is that J>^0 product nuclear 
states will be oriented with respect to the incident beam. Using (p,pn) and (P,2p) reactions on O16 and 
Ni58 as examples, the amount of product nuclear state alignment was computed for the lpz/2 and I/7/2 
excited hole states of O15, N15, and Ni57. The population ratios obtained for the substates in O15 or N15 

were | | | : | | | =0.58:0.42 and for Ni57, | } | : |f | : | | | : | } | =0.34:0.25:0.21:0.20. The angular anisotropies, 
[_W(TT/2) — W(0)2/W(IT/2)2, expected from gamma decay of these states were computed to be —0.125 
assuming an Ml transition for the O15 or N15 § -states and 0.162 assuming an £2 transition for the Ni57 f-state. 

I. INTRODUCTION 

RECENTLY, nuclear reaction cross section calcula
tions using distorted-wave approximations have 

been enjoying success in fitting various features of 
nuclear reactions, such as angular distributions, polari
zation, etc. One high-energy approximation often used 
in these calculations is to evaluate the distortion effects 
as line integrals through the optical potential along the 
incident and exit particle momenta.1'2 The particle 
waves are damped along their trajectories by absorption 
represented by the imaginary part of the nuclear optical 
potential seen by the passing particle. Because of this 
absorption, the amplitude for the requisite nucleon-
nucleon encounters to produce the required final states 
is greatest in nuclear regions which give the least 
damping. As has been discussed in other work2 this 
localization to preferred reaction regions in the nucleus 
can be divided into angular and radial localization. One 
often used example of pure radial localization is the 
Butler stripping theory where the radial integrals are 
cut off for r less than an appropriate R. The surface 
equatorial localization (the incident beam is the z axis) 
found for (p,2p) and (p,pn) reactions3,4 contains both 
angular and radial components. 
I In this work, we would like to discuss some interesting 
effects of the angular localization on direct nuclear 
reactions. Recently a general theoretical framework has 
appeared5 with which the results of this paper could be 

* Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

1 R . Glauber, Lectures in Theoretical Physics (Interscience 
Publishers Inc., New York, 1958), Vol. I. L. I. Schiff, Phys. Rev. 
103, 443 (1956); G. P. McCauley and G. E. Brown, Proc. Phys. 
Soc. (London) A71, 893 (1958); S. Brenner and G. E. Brown 
(unpublished notes). 

2 1 . E. McCarthy and D. L. Pursey, Phys. Rev. 122, 578 (1961). 
3 A. J. Krominga and I. E. McCarthy, Phys. Rev. Letters 4, 

288 (1960). 
4 P. A. Benioff, Phys. Rev. 119, 324 (1960). 
6 L. J. B. Goldfarb and D. A. Bromley, Phys. Rev. Letters 9, 

106 (1962). 

derived. However, we prefer to use a less elegant ap
proach in order to clarify the relationship of the angular 
localization to the effects to be discussed. Most of our 
discussion is limited to single nucleon ejection reactions, 
such as the (pypn) or (p,2p) reactions as they give 
clear-cut results. 

If there is an angular region of the nucleus which is a 
preferred reaction site, then the target nucleon wave 
function which maximizes the amplitude for the nucleon 
being at this site will contribute most to the reaction. 
Now the angular variation of a single nucleon wave 
function is contained in the spherical harmonic part, 
Yim, and, for a given I, is dependent on the value of m. 
As a result there is an m variation in the relative con
tribution to the reaction cross section with some values 
of m contributing more than others. In the Born ap
proximation all values of m contribute equally to the 
cross section as the effect of the optical potential on the 
incident and exit waves is neglected. 

We shall discuss two possible laboratory tests of this 
effect of the angular localization. One experiment con
sists of measuring the total (p,pn) or (p,2p) reaction 
cross section for a J 5*0 target nucleus aligned along the 
incident beam and comparing the result with the un
aligned value. By aligning the target nucleus, we tend 
to align the target nucleons, or holes, and change the 
cross section by altering the relative population of the 
varous m states. 

Another result of the m dependence of the contribu
tions to the total reaction cross section is that the JT^O 
product nuclear states from unpolarized targets are 
oriented with respect to the incident beam. The orienta
tion can be observed as an angular anisotropy in the 
emission of the de-excitation gamma rays from excited 
J9^0 product states. Since several excited product states 
are always strongly populated in (p,pn) and (p,2p) 
reactions, there is no lack of test cases for this type of 
experiment. 
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Before discussing these effects in more detail, we need 
to derive the total reaction cross section from the 
distorted-wave impulse approximation matrix element. 

II. REACTION CROSS SECTION 

Since the cross section for the (p,2p), (p,pn), and 
closely similar reactions in the distorted-wave impulse 
approximation has been derived several times before,4*6-9 

we briefly sketch the derivation here. 
The factored distorted-wave impulse approximation 

matrix element for the (p,2p) or (p,pn) reactions is2-6-8,9 

Mif= <«*-«Z>r(ri)lV(ri) I DoHrOdifin)) 
X(eik*-<\t(t)\eik"). (1) 

To obtain this expression we have defined the distortion 
factors, DIHT) by1 

^ ( r < ) = A-±(r<)e*k'-S (2) 

where ^ ± is the distorted wave of the incident (+) or 
exit (—) particle and we have used the approximation2,6 

that the distortion factors do not change much over the 
range for which /(ro— ri)^0. In the interests of sim
plicity we have neglected including explicitly the spin-
dependent parts of t as their inclusion does not remove 
the angular effects. (Actually we are neglecting only the 
target-nucleon spin-flip amplitudes of t as our results 
are in a form which includes much of the spin depend
ence of t.) This is discussed more fully later on. In 
Eq. (1) q is defined by 

q = k - k J ) - k ' , (3) 

where k, kp, and k' are the cm. incident proton, out
going proton, and outgoing nucleon [proton or neutron 
for (p,2p) or (p,pn) reactions] momenta. We have 
neglected any 1/A recoil effects. The nuclear overlap 
wave function, 0»y(ri), includes Clebsch-Gordan and 
fractional parentage coefficients. 

The cm. differential cross section can be written as8"10 

d<r/dk^kf= ll/(2w)z2(d<TfT/dkp) 
XEK^- rH^0Mri)) |2 , (4) 

where the sum represents a sum and average over the 
final and initial states, respectively. The three distortion 
factors are collected into D(ti). TO obtain this result 
which contains the free two-nucleon differential scatter
ing cross section, one neglects the 1/A terms and the 
Q value in the energy-conserving delta function. The 
neglect of the Q value is justified for bombarding 
energies, TL, such that \Q\<^TL. 

To get the total cross section we change variables 

6 P. A. Benioff, Phys. Rev. 128, 7110 (1962). 
7 E. J. Squires, Nucl. Phys. 6, 504 (1958). 
8 K. F. Riley, Nucl. Phys. 13, 407 (1959). 
9 Th. A. J. Maris, P. Hillman, and H. Tyren, Nucl. Phys. 7, 1 

(1958); Th. A. J. Maris, ibid. 9, 577 (1958). 
10 A. K. Kerman, H. McManus, and R. M. Thaler, Ann. Phys. 

(N. Y.) 8, 551 (1959). 

from k' to q and integrate first over q. The energy delta 
function limits the q integration by requiring q<2k. If 
the bombarding energy is 100 MeV or more, the 
q-containing matrix element is quite small6 at the upper 
limit of q and we can ignore this limitation. We get for 
the total (pypn) or (p,2p) reaction cross section 

*=<*, £<ft/(ri)JXn) 10(riH/(ri)>, (5) 

where <nt is the appropriate total, free proton-nucleon 
cross section. If we consider reaction cross sections 
determined by the radioactive decay of the product, the 
final-state sum must be limited to nucleon stable states. 
This is taken care of by including in Eq. (5) a factor 

(iyiy, 

where (Ty)
f and (Y)f are the respective gamma and 

total widths of the final state / . We take this factor to 
be either 0 or 1. 

Each of the three distortion factors included in JD(rO 
is given by the exponential of a line integral along the 
particle trajectory1-2'6~9 through the optical potential. 
We replace the product of these three factors by6 

D(ri) = exp \ - i v p{ri)dzl L (6) 

where 
lfELVp EpLVp' EL'Vf-} 

nH + +-r- • (7) 

ILkiftc* kPLh2c2 k'Lfi2cU 
The total lab system particle energy, including the rest 
mass for the incident and two exit particles, is given by 
EL, EPL and EL, respectively, Vp, Vp, and V are the 
central values of the optical potential seen by each 
nucleon and p(ri) is the nuclear density distribution. 

To obtain these equations we have assumed that the 
exit nucleon momenta are parallel to that of the incident 
proton. Then the product of the three individual dis
tortion factors is replaced by an average factor6-7 which 
depends only on the impact parameter. This averaging 
approximation, Eq. (7), is good as has been shown 
earlier4 in cases where the coefficients in the exponents 
of the distortion factors are much larger for all the exit 
waves than for the incident wave. There the localization 
was found to be only slightly asymmetric about the 
Z=0 plane. (The Z axis is along the incident particle 
momentum.) The forward scattering approximation 
will contribute some errors which become small at high 
bombarding energies.4 In any case these approximations 
would only affect the numerical results but will not 
destroy the effect of the angular localization. 

The final and initial j—j coupled nuclear state wave 
functions are taken to be | JIMITIMTI) and | JMTMT), 
respectively, and 0,/ is obtained by projecting the final 
state out of the initial state. Using this result for 0ty and 
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substituting Eq. (6) into Eq. (5), we get 

/ry\
n'liJi 

- E AW 
2J+1 

i /ry\
n'l'Ji 

a^cru E Nn'iA—) 
2J+\JlTin>li \ r / 

X L (BmMM1MTMTlll'JJlTT)^n'ljm) (8) 
M,Mim 

where Nn
fij is the number of nucleons in the n'lj shell 

and 

= UN'lTN'ViT^3r\frNJT) 
XC(TlTT; MTIMT-MTI)C(JIJJ\ Mh M-Mi) 

C(lsj; m, M—Mi—tn), (9) 
and 

'n'ljm I -Kn'lj *{ri)\YUdWl)\*-

Xexp 2Imr?/ p(ri)<fei </ri. (10) 1*i. 

The factor (f) in Eq. (9) is a total spin-orbit isospin 
fractional parentage coefficient and the three other 
factors are Clebsch-Gordan coefficients. If the target 
nucleon is a neutron (proton) one must take MT—MTI 
= J[—§] in the isospin C coefficient. We have also kept 
only the imaginary part of t\ in Eq. (10) because the 
real part of TJ which gives a purely imaginary expo
nential, disappears in Eq. (5). This is as expected, since 
the real part of the optical potential changes only the 
angular distribution of the emitted particles but not 
the total cross section. 

A further point to note about Eqs. (9) and (10) is that 
we have kept no cross terms in the quantum number m. 
These cross terms are associated with the target nucleon 
spin-flip amplitude of the / matrix which we have 
neglected as being small.10 However, even if we had 
included the spin-flip part of /, the cross terms in m 
would disappear. This is due to our forward scattering 
approximation which makes the distortion factor of 
Eq. (10) independent of the angle <p. As a consequence, 
we would have f Yim>*Yimd<p oc 2w8(tn',m). Furthermore, 
some of the spin dependence of t is included as <T{T is the 
value of the two nucleon cross section including spin 
effects. These comments would also be modified if we 
included the small spin-orbit part of the optical po
tential in the distortion effect. 

III. EFFECT OF THE ANGULAR LOCALIZATION 

The main point we wish to make is that In'im in 
Eq. (10) depends on m. Since the distortion factor is 
largest in the nuclear equatorial region In

fim will be 
largest for m = ztl as Yi±i peaks in the equatorial region. 
Conversely, 7n^0 will be small for w = 0 as Yio peaks in 
the nuclear polar regions where the distortion factor is 
small. This illustrates the previously mentioned general 
feature of the distortion effect: In'im will be largest for 

that value of m for which Yim and the distortion-effects 
factor are large in the same nuclear regions. Also In'im 
will be small if Yim is small wherever the distortion fac
tor is large. We also note that this effect depends only on 
the distortion: if 77 = 0 then In*\m is independent of m. 

A. Changes in « 

Suppose we consider a J 9*0 target nucleus with only 
one open shell aligned along the direction of the incident 
beam. If the value of J 9*0 comes from a less than half-
filled shell, the alignment, by increasing the population 
of the m^ I / J states, preferentially places particles in 
the nuclear equatorial regions. Since In'im is largest for 
m^> \l\ for (p,pn) or (p,2p) reactions, we would expect 
the contribution to the total reaction cross section from 
this shell to increase and consequently the (p,2p) or 
(pypn) reaction cross section should be larger for aligned 
target nuclei than for unaligned nuclei. On the other 
hand, if J 9*0 comes from a more than half-filled shell in 
the target nucleus, the alignment tends to place holes in 
the equatorial regions and particles in the polar regions. 
We would then expect that the observed cross section 
for the aligned target nuclei would be smaller than the 
value for unaligned nuclei. 

This change in the cross section is also dependent on 
the coupling scheme assumed for the target nucleus. 
For example, a nucleus with two neutrons and a proton 
in an open shell would show no change in the {p^pn) 
cross section if, in the target nuclear wave function, the 
two neutrons were coupled to zero spin only. All the 
effect would reside with the (p,2p) reaction as only the 
proton could be aligned. However, if the three nucleons 
were coupled to a definite value of / and isospin T, then 
both the neutrons and the proton would be partially 
aligned and we would expect a change in both the 
(py2p) and (p,pn) reaction cross section. 

In searching for particular reactions which would best 
exhibit this effect one is faced with some conflicting re
quirements. In order to maximize the equatorial locali
zation one would choose as large a value of the target 
atomic weight as is possible. However, most of the cross 
section for larger targets comes from closed shells4which 
would give no effect as they cannot be aligned. On this 
basis we would want a low Z target where often only 
the one open shell gives the observed cross section.9-11 

Besides these considerations one has to consider the 
ease and accuracy of determining the cross section for 
the product nucleus as well as the alignment and spin 
relaxation times of the target. 

Two possible candidates in the light of the above 
considerations are the reactions Li7(^,2^)He6 and 
Be9(p,2p)Li8. Both product nuclei have short half-lives 
and good decay characteristics, He6 and Li8 have only 
one and two bound levels, respectively,12 and at liquid-

11 P. A. Benioff, Phys. Rev. 119, 316 (1960). 
12 F. Ajzenberg-Selove and T. Lauritsen. Nucl. Phys. 11, 1 

(1959). 
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helium temperatures Li7 in Li metal has a nuclear spin 
relaxation time measured in seconds.13 The alignment 
of Be9 does not seem to have been studied much, but 
we have chosen it as an example of the effect of the 
more-than-half-filled shell. 

1. Reaction Li7(>,2£}He6 

The only state12 of He6 we need consider is the 7 = 0 + 
ground state which we take to be pure T=l. The ground 
state12 of Li7 has / = § — and we assume it to be pure 
J T = | . The sum over J\, n\ /, j in Eq. (8) reduces to 
one term, J i = 0 , nflj=lpz/2 as ( r 7 / F ) = 0 for all other 
terms. From tables of fractional parentage and Clebsch-
Gordan coefficients,14 the factor, B, in Eq. (8) can be 
determined. We define R by 

R=Iipo/Iiph (11) 

(note that In'im=In'i-m) and the fractional ppoulation 
of the target M=J= | § | and M— \\\ states by x and 
1—x, respectively. This normalization requres Eq. (8) 
to be multiplied by 2 as it contains part of the 1/(27+1) 
factor. With these definitions the cross section, a A, for 
aligned target nuclei is found to be 

aA = (S/lS)Ilpla{ll+2x+2(l-x)R]. (12) 

The cross section, <ru, for unaligned target nuclei is 
obtained from Eq. (12) by setting # = § . The fractional 
change, / ,of a A over <ru, given by 

f=((TA—<ru)/<ru, (13) 
is found to be 

From this equation we see that there is no effect, / = 0, 
if # = § , no alignment; or R— 1, no distortion effect. 

I t remains to estimate from Eqs. (7) and (10), the 
values of IiPi and R. We take p ( r j to be a Gaussian, 

P(r1) = e~^\ 

The constant, f3' is found by fitting the Gaussian to 
the Woods-Saxon distribution with15 r0=1.25F and 
a=0 .60F. For Li7 0'=O.39. If Rnnj is taken to be the 
harmonic oscillator radial wave function and the double 
exponential expanded in a power series, the resulting 
expression can be integrated easily in cylindrical co
ordinates. The result is 

/ ipm=En=o°° C e V w ! ( l + ^ 2 / ^ 2 ) | m I + 1 ] , (15) 

13 A. G. Anderson and A. G. Redfield, Phys. Rev. 116, 583 
(1959). 

14 A. R. Edmonds and B. H. Flowers, Proc. Roy. Soc. (London) 
A 214, 515 (1952); H. A. Jahn and H. Van Wieringen, Proc. 
Roy. Soc. (London) A209, 502 (1951); B. J. Sears and M. G. 
Radtke, "Algebraic Tables of Clebsch-Gordan Coefficients," 
TPI-75, Chalk River Project, Chalk River, Ontario, 1954 (un
published). 

15 H. Feshbach, Ann. Rev. Nucl. Sci. 8, 49 (1958); A. E. 
Glassgold, Rev. Mod. Phys. 30, 419 (1958). 

where 
€=(27r1/2/i30lm*7, 

and 

The spring constant in the radial wave function is de
noted by ft, which we estimate from electron scattering 
results16 to be ~0 .66 for Li7. 

We calculate IiPi and R at two widely spaced bom
barding energies, 140 MeV and 6 BeV, to see if there is 
any energy dependence in R and / . At 140-MeV incident 
energy the imaginary part of the optical potential is 
- 1 8 i MeV.10-15 We take — 12i MeV for the imaginary 
part of the optical potential of each outgoing proton 
which we take to have 70-MeV kinetic energy. Using 
these figures we find that £=1.69 and €=—2.36. 
Equation (15) can be easily evaluated by hand as the 
series converges rapidly. For an upper limit n<9 the 
results, which are accurate to better than 0.2%, are 
J I P I = 0 . 3 1 0 and from Eq. (11) £=0 .634 . With these 
numbers Eq. (14) gives 

/ = 0 . 1 3 9 ( 2 x - l ) . (16) 

At 6 BeV T? contains optical potential terms summed 
over all particles (mesons, etc.) emitted in the nucleon-
nucleon event weighted by the probability of occurrence 
of a certain type of event. For these high energies it is 
easier to use the meson-nucleon and nucleon-cross 
sections to determine Im.77. Making use of the optical 
theorem and the relation between the nucleon-nucleon 
scattering amplitude and the optical potential we 
have1'10-17 

where the factor multiplying — c t /2 normalizes the 
radial distribution exp(—/3'V2) to .4 — 1 nucleons.10 We 
can easily obtain the value of Imi? and e as the summing 
and weighting of crt- over the various meson multiplicities 
and energy spectra has already been done.4 The value 
obtained is <rf=180 mb. Combining this with the value 
of18 34 mb for the 6-BeV p-n cross section, we get 
Imij= -0 .322 and e = - 2 . 9 2 5 . The evaluation of Eq. 
(15) with w<10 gives results accurate to < 0 . 5 % , 
7 I P I = 0 . 2 4 3 , £=0 .576 , and from Eq. (14) 

/ = 0 . 1 6 5 ( 2 x - l ) . (17) 

We see from a comparison of Eqs. (16) and (17) that 
the effect is somewhat larger at 6 BeV than at 140 MeV 
This difference is due to the mesons emitted in the p-n 
interactions at 6 BeV. The average exit imaginary opti
cal potential due to the mesons + two nucleons is larger 

16 H. F. Ehrenberg, R. Hofstadter, U. Meyer-Berkhout, D. A. 
Ravenhall, and S. E. Sobotka, Phys. Rev. 113, 666 (1959); 
R. Hofstadter, Ann. Rev. Nucl. Sci. 7, 231 (1957). 

17 G. E. Brown, Proc. Phys. Soc. (London) A70, 361 (1957): 
P. A. Benioff, Nucl. Phys. 31, 494 (1962). 

18 V. Barashenkov, Uspekhi Fiz. Nauk, 72, 53 (1960) [transla
tion Soviet Phys.—Uspekhi 3, 689 (1961)1; W. N. Hess, Rev. 
Mod. Phys. 30, 368 (1958). 

/ = J ( 2 * - l ) ( l - 2 ? ) / ( l + J - R ) . (14) Ei 1mVi/kihV=-(vi/2){A--l)ff*/**i*, 
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than that for just two nucleons at the lower energy. 
This increase of the effect with increasing optical po
tential indicates that it might be better to consider 
using deuterons or alphas as bombarding particles as 
they see a larger optical potential than do protons. 

The above calculations have been done assuming 
that the Li7 ground state is a j-j coupled state. However, 
the level scheme of Li7 indicates that it is better de
scribed by intermediate coupling which is closer to the 
L-S limit than to the j-j limit.19 We have consequently 
determined a A and / in the L-S coupling limit by taking 
the Li7 and He6 ground states as belonging to the 22P 
and nS supermultiplets, respectively. It turns out that 

aA= (5/27)Ilplafll+2x+2(l-x)R-]} (18) 

and that / is the same as for the j-j limit and is given 
by Eq. (14). 

2. Reaction Be9(p,2p)Li* 

The evaluation of / is more difficult for the reaction 
Be9(£,2£)Li8 than for Li7(p}2p)B.e6 due to the increased 
number of particles in the open p shell and the fact that 
Li8 has two levels stable to nucleon emission. The ground 
and first excited states of Li8 have spins of 2+ and 
< 3 + , respectively12; we take the spin of the first 
excited state to be 1-K19»20 Using j-j coupling and 
evaluating the necessary coefficients,14 we find that 

^=(o-fr/ipi/225)[287-114^+(58+114x)^], (19) 

and 
/ = -(57/230)(2*-l)(l-22)/(l+419. (20) 

In comparing this expression for / with that for the 
Li7(p,2p)Hee reaction, Eq. (14), we note the appearance 
of the minus sign which means that a A < &u. As has been 
discussed this is due to the aligning of the holes in a 
more-than-half-filled shell of the target nucleus. The 
1̂ 3/2 shell of Be9 has 5 nucleons and 3 holes. From the 
fact that the numerical coefficient for this reaction is 
about one-half that for the Li7(/>,2p)He6 reaction, we 
see that the latter reaction is a more sensitive indicator 
of the effect of the angular localization. In general, one 
would expect nuclei with a few nucleons in a shell 
(subject to J5*0) to be more sensitive than nuclei with 
many particles in a shell. The reason for this is that for 
a given projection of the target nucleus, the population 
of the available particle m states is more evenly dis
tributed for many than for few nucleons in a shell. In 
this respect the effect of holes is not the same as for 
particles as can be seen by calculating / for the reaction 
Bll(p,2p)Be10. (B11 has one 1̂ 3/2 proton hole.) For this 
reaction we get 

f=-i(2x-l)(l-R)/(l+%R), 
19 D. Kurath, Phys. Rev. 101, 216 (1955); D. R. Inglis, Rev. 

Mod. Phys. 25, 390 (1953); A. M. Lane, Proc. Phys. Soc. (London) 
A 68, 189 (1955). 

20 A. B. Clegg, K. J. Foley, G. L. Salmon, and R, E. Segel, 
Proc. Phys. Soc. (London) A 78, 681 (1961). 

which shows that the fractional cross-section change for 
this reaction is \ that for the Li7(^>,2^)He6 reaction. It 
should be noted that a minor part of this difference is 
due to the fact that both parent states in Be10 are 
available whereas only one in He6 is available. 

The methods we have used to determine R, IiPi, and 
<ru can be checked against experiment for the reaction 
Be9(^,2^)Li8. The experimental value of au for this 
reaction for 150-MeV protons is 9 mb.20 To estimate the 
value of au we set x = | in Eq. (19) and take the values 
of Iipi and R equal to those determined for the 
Li7(p,2p)H.e« reaction at 140 MeV. With a value of 
<7-fr~27 mb18 we find that cruc^ll mb which is in good 
agreement with the experimental value. 

B. Product Nuclear Orientation 

An equivalent effect of the angular localization, which 
creates a dependence of the reaction cross section on the 
value of m of the removed nucleon, is that the product 
nuclei from bombardments of unoriented nuclei will be 
oriented.5*21 This orientation is due to the unequal 
weighting of the contributions to the cross section of the 
nucleons with different m values. For example, with the 
equatorial localization in the (p,pn) and (p,2p) reac
tions, the target nucleons with m~ \l\ are most likely 
to be knocked out as Y\\i\ is largest in the equatorial 
region. Since there is a strong correlation between the 
nucleon m and the final state nuclear Mh the states 
with large values of |Afi| will be preferentially popu
lated. This alignment of {p,pn) or (p,2p) product nuclei 
is of more general occurrence than the change in cross 
section as we only require that the product nuclear 
states have spin be >f. 

It should be noted that, in general, we have product 
nuclear orientation (and the requirement that the spins 
of the product nuclear states be 5*0) rather than nuclear 
alignment. However, the approximations used in ob
taining In'im, Eq. (10) cause the angular localization to 
be symmetric about 90° so that the contribution from 
m=l equals that from m=—l. Even if the approxima
tion of using an average optical potential for the incident 
and exit waves, is relaxed the loss of asymmetry of the 
localization about 90° is small even for extreme cases4 so 
we shall consider the orientation to be alignment. A 
possible way21 to detect the alignment is to measure the 
angular anisotropy of the gamma rays emitted from 
such oriented excited product nuclear states. As ex
amples we estimate the expected angular anisotropics 
of the 6-MeV decay gammas from the \pz}1 hole states 
in O15 or N15 and of the decay gammas from the l/7/2 

hole state in Ni57. These states are produced in good 
abundance4'9-11-22 from the (p,pn) or (p,2p) reaction on 
Ni58. 

21 The author is indebted to Professor H. Lipkin and Professor 
P. Hillman for pointing out the existence of this equivalent effect 
and suggesting a possible method for its experimental verification. 

22 K. J. Foley, G. L. Salmon, and A. B. Clegg, Nucl. Phys. 31,43 
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1. 016(£,/w)015 and 016(/>,2/>)N15 Reactions 

In order to estimate the angular anisotropy of the 
gamma decay of the lpm hole states12'28 in O15 at 6.14 
MeV and in N15 at 6.33 MeV, we must first compute the 
amount of alignment expected. This is obtained by 
computing separately in Eqs. (8)-(10) each term of the 
Mi sum over the final nuclear state projections. We 
take O16 to be a j-j coupled 7 = 0 + T=0 nucleus. As 
was done with Li7, the values of fi and £' are obtained 
from electron scattering work16 and from a fit of the 
Gaussian to the Woods Saxon distribution15 and are 
found to be 0.57F"1 and 0.32F"1, respectively. Taking 
the same values of the optical potential parameters and 
incident energy, 140 MeV, as we used for Li7, we find 
that €=—2.91. After some computation, using Eqs. 
(11), (15), (8), and (9) we find that 7 lpl=0.223, 
R=0.585 and finally that the fractional populations, 
PlMl\ of the Mir* HI and i f i= | \\ states in O16 or N15 

are 0.58 and 0.42, respectively. These values correspond 
to a 16% Mi substate population change which is 
about the same magnitude as the percent change in the 
cross section for Li7(£,2^)He6 if Li7 were completely 
aligned. 

From these values of P\Ml\ and the decay character
istics of the hole states the gamma-ray angular ani
sotropy can be found from theory already developed.24 

The lpm hole states in O16 and N15 decay appear to 
decay only to the ground states which have a total spin 
of |— so the gamma transitions are either E2 or Ml or 
mixtures. Since the single-particle lifetime estimates 
give the Ml transition a width 100 times larger than the 
E2 width and the enhancement factors do not seem to be 
known,25 we assume the gamma ray to be only Ml. The 
theoretical angular distribution for a § >J— Ml 
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FIG. 1. The estimated relative intensity of decay gammas from 
the Ipsn hole states of N16 or O16 and the I/7/2 hole state of Nifi7 

as a function of emission angle (0° is along the incident beam). 

28 E. K. Warburton and J. McGruer, Phys. Rev. 105, 639 
(1957). 

24 S. R. DeGroot and H. Tolhoek, in Beta and Gamma Ray 
Spectroscopy, edited by Kai Siegbahn (Interscience Publishers, 
Inc., New York, 1955), pp. 613-623. 

26 D. H. Wilkinson, Phfl. Mag. 1, 127 (1956). 

(21) 

where N2 is a nuclear factor, f2 describes the nuclear 
orientation, and P% is a Legendre polynomial. Evalu
ating the literature expressions24 for N2, fa and P2 with 
the values of PM\ already obtained, we find that 

W{6) = 1+0.04(3 cos20-1). 

This function is plotted as the l^3/2 curve in Fig. 1 
against the emission angle and gives an anisotropy 
parameter, [W(W/2)-W(0)1/W(T/2) equal to -0.125. 

2. Ni58(/>,/w)Ni57 Reaction 

For the reaction Ni58(/>,^w)Ni57 we are concerned 
with an excited J— state in Ni57 corresponding in the 
shell model to the removal of a I/7/2 neutron. This state 
will be strongly populated in the shell model and should 
be stable to nucleon emission.4 For the purposes of 
estimating an angular anisotropy we assume the |— 
state decays directly to the f — Ni57 ground state26 by 
E2 emission. 

To compute the alignment of the Ni571— state we 
need explicit expressions for Iifm given by Eq. (10). 
Using radial oscillator wave functions and a Gaussian 
optical potential as was done for Li7 we find that for 
w = ± 3 or ± 2 

n/m-
n-on\(l+n/b2yml+l 

(22) 

and for »»=±1 or 0 

Ilfm — ^L 
»-o»!(l+«/62)l"'l+1 

X 
| » | + 5 6 - 2 | » | 6— Z\m 

5(l+«/*2) 5(l+»/62) 

»l»l I 

n/b*)U 
(23) 

where b and e have the same definition as in Eq. (15). 
For 140-MeV bombarding energy we again take for 

the imaginary part of the optical potential Win= — ISi 
MeV and Wout= — 12i MeV for each proton. A fit of 
the Gaussian to the Woods-Saxon potential gives 
^'=0.22. With a value of 0 equal to4 0.48 we obtain the 
results given in Table I. The first column gives the m 

TABLE I. The distortion effect and nuclear alignment 
of the I/7/2 hole state in Ni67. 

Ilfm \Mi\ P\M1\ 

0.173 
0.118 
0.0987 
0.0985 

0.345 
0.251 
0.208 
0.197 

» We are not implying that |Mi | =m +§. 
26 D. Strominger, J. M. Hollander, and G. T. Seaborg, Rev. 

Mod. Phys. 30, 585 (1959). 
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values for which Iifm was calculated. Columns three 
and four give the values of |Afi| and the fractional 
population P\MI\ for each substate of the I/7/2 hole 
state in Ni57. The"apparent" relationship | Afi| ==w+J 
only occurs because we have put the values of J and 
P in the same table. 

We see from these results that there is an appreciable 
alignment especially of the M i = ± | substates. The 
populations of these states show a 38% increase over the 
unaligned values. All of this increase is at the expense 
of the Jkf i=±§, ± ^ substates whose populations show 
a respective decrease of 17 and 2 1 % , respectively. The 
populations of the Afi=dbf substates are essentially 
unchanged from the unaligned values. A comparison of 
these results with those for the (p,pn) or (p,2p) reaction 
on O16 shows that the alignment is somewhat larger for 
Ni than for 0 . This increase is probably due to the 
difference in target atomic weight and attendant greater 
angular localization in Ni than in O. 

The expected angular distribution of the assumed 
E2 \ > f — gamma decay of the I/7/2 Ni57 hole state 
can be determined using the available theory and the 
population values of Table I. The angular distribution 
is given by24 

W(d)= l-(l5/7)N2f2P2(cosd)-5N4f±P4(cosd), (24) 

where the iVVs, /*'s, and Pi 's have the same meaning as 
in Eq. (21). Evaluation of the literature expressions25 

for Ni, fi, and Pi with the values of P\MI\ from Table I 
gives the result, 

W(6)= 1-0.0542(3 cos 2 0- l ) 
-0.00145(35 cos40-3O cos20+3). (25) 

The I/7/2 curve in Fig. 1 gives W{6) as a function of the 
gamma emission angle, 6. From Eq. (25) we find that 
the anisotropy parameter equals 0.162. 

From the values of the anisotropy parameter and the 
curves in Fig. 1 it can be seen that the angular localiza
tion causes an appreciable angular anisotropy in the 
decay gammas from excited (p,pn) or (p,2p) product 
states. The values of the anisotropy parameters esti
mated here are in the same range as those obtained 
in several nuclear orientation studies.27 However, the 
observation of the anisotropy of the (p,pn) or (p,2p) 
product decay gammas is complicated by the presence 
of many other decay gammas coming from other types 
of nuclear reactions. Each of these other gammas will 
exhibit some type of angular anisotropy as the angular 
localization effects are general and apply to many 
nuclear reactions. 

Foley et al.22 have already shown that in some cases 
these decay gammas can be easily detected. These 
authors bombarded O16 with 150-MeV protons and 
found an intense 6.2-MeV gamma peak which they 
attribute to the 6.15- and 6.33-MeV states in O15 and 

27 L. Roberts and J. W. T. Dabbs, Ann. Rev. Nucl. Sci. 11, 175 
(1961). 

N15, respectively. However, they did not report an 
angular distribution. 

IV. CONCLUSION 

In closing it is worthwhile to caution against taking 
the numerical values estimated here of the cross section 
changes and gamma anisotropics too literally. The mag
nitude of both these effects is quite dependent on the 
amount of angular localization which does in fact occur. 
The forward scattering approximation, used to obtain 
Eq. (6), results in a strong equatorial or near equatorial 
localization. This approximation, while more justified at 
very high bombarding energies4 than lower down, is by 
no means exact. Inclusion of a more realistic angular 
distribution of the exit particles in the computation of 
the distortion effect could change both the magnitudes 
and angular dependence of the regions of preferred 
reaction sites. This would, in turn, affect the magnitude 
of the estimates of the reaction cross-section changes 
and the gamma angular anisotropy. 

I t should also be kept in mind that we neglect some 
effects of spin such as the spin-flip amplitudes in the 
two-body t matrix and the spin-orbit part of the nuclear 
optical potential. We also assume a simple coupled shell 
model with harmonic oscillator radial wave functions to 
represent the nucleus. The removal of these approxima
tions will definitely affect the magnitude of the estima
tions made here; however, one might expect the changes 
to be fairly small. In any case, a more exact treatment 
would not remove the experimental observables but 
would only change their values. 

Our assumption of pure Ml and pure E2 for the 
\pzi2 and I/7/2 hole-state decays of O15, N15, and Ni57 

was only used to demonstrate the alignment effect. 
Actually the O15 and N15 states should be taken as 
Ml and E2 mixtures and the excited I/7/2 hole state in 
Ni57 may have several decay branches of different 
multipolarity. 

Although the discussion of the effects of the angular 
localization has been limited here to (p,pn) or (pt2p) 
reactions, it should be stressed that these effects are 
more general and apply to many direct and spallation 
nuclear reactions. The damping of particle waves along 
their trajectories during the course of a reaction will 
lead to some type of angular dependence however com
plex of the contributions to the cross sections by various 
nuclear regions. 
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