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Excitation Cross Sections of the (h , «'/ ') Reactions 

on Fe, Co, Ni, Cu, Zn, Mo, Ag, Cd, and Sn 

Summary 

Excitation cross sections of («.«'?•) reactions have been measured on the low-lying 

levels of nuclei of mass number around 60 and 100, by using a ring-geometry arrangement 

for gamma-ray detection. Numerical values of the cross sections obtained for Fe, Co, Ni, 

Cu, Zn, Mo, Ag. Cd, and Sn are tabulated. Correction factors for finite angular 

resolution of the detecting system are calculated and listed. The equations used in calculat-

ing theoretical (»,;/'?•) cross sections are explicitly presented, and the calculated excitation 

curves and angular distributions of gamma rays are illustrated. 
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I. Introduction 

In an energy region below ~ 4 MeV, neutron induced reactions occur mainly through 
compound nucleus formation, and inelastic scattering cross sections of neutrons have generally 
been estimated by the statistical theory of nuclear reactions as proposed by H A U S E R and 
FESHBACH11. Recently M O L D A U E R proposed a modification to the Hauser-Feshbach formalism21'31. 

According to these theories, the compound-nucleus formation cross section and the 
probability of its decay into a particular channel are related to the transmission coefficients 
of neutrons through the potential of a nucleus. The transmission coefficients can be 
determined by assuming an appropriate optical model potential for the interaction between 
incoming neutron and nucleus. The neutron inelastic scattering cross sections depend 
sensitively on the optical model parameters, especiallv on the value of the imaginarv potential 
IV. 

As one of the methods of getting information on the optical model parameters, we 
have measured excitation cross sections of (?i, nr 7) reactions on the low-lving levels of 
Fe, Co. Ni, Cu, Zn, Mo, Ag, Cd, and Sn. Gamma rays were detected using a ring-
geometry arrangement. The details of the experimental method and procedure, together 
with the discussions about the experimental results and theoretical predictions, are given 
in another publication" to which this report is available as a supplement. In the next 
section, the numerical results obtained are presented. In section 0, the correction factors 
for finite angular resolution of the detecting system, which were used in ref. 4 for the 
evaluation of the experimental differential cross sections at 90 \ are derived. The resultant 
values of the correction factors are tabulated in TABLE 5. The procedure of calculating the 
theoretical («, n' f ) differential cross sections based on a generalized Hauser-Feshbach 
formula5' is described in section 4. 

2. Experimental Results 

The (», n' ?') cross sections obtained at each neutron energy arc listed in TABLES 1-4. 

The cross sections listed without parentheses were deduced by using the usual relation 
(Job5. = Y/<I>NZK, (1) 

where 1' is the gamma-ray counts under the photopeak produced, <I> is the neutron flux 
incident on a ring sample, N is the total number of relevant isotope in the sample, £ is 
the photopeak efficiency of the detector in the ring geometry, and AT is the absorption 
correction of gamma rays in the sample material. 

The cross sections thus obtained are nearly equal to 4- times the differential cross 
sections at 90°. The values of 4 ;:(</«; («,«'?') A ' -r )»=so° obtained after correcting for finite 
angular resolution of the detecting system are listed in parentheses in TABLES 1-4. The 
derivation of the correction factors is described in the next section. 

3. Corrections for Finite Angular Resolution 

Because of the finite sizes of the scatterer and of the Nal crystal used in the present 
experiment, the angles between the directions of the incident neutrons « t h o s e of the 
gamma rays detected range over several tens of degrees around 90°. For accurate 
evaluations of the differential cross sections at 90°, therefore, it is necessary to apply 
corrections for this effect to the cross sections obtained by eq. ( 1 ) . The correction factor 
for this effect will be derived in the following. Gamma-ray counts Y can represented by 
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TABLE 1. Cross sections in millibarns for the (>/, n';-) reactions on Fe, Co, and Ni. 
The isotopic cross sections are evaluated. The errors assigned are standard 
deviations. The values in parentheses are the cross sections corrected for 
finite angular resolution of the detecting system (see section 3). Cross 
sections for F e designated by asterisks are the ones obtained by using granular 
iron as sample while others are those obtained by using a block iron. 

En MeV 
S6Fe 

Er=0. S45MeV 
59Co 

E~ — 1. 097 MeV 
"Co 

£ r = l . lS9MeV 
"Co 

E r = 1 . 2 8 9 M e V 
s sNi 

Er = 1.452 MeV ~E- — 1.33 MeV 

1.001 2S5±20 
1.091 8 ± 2 
1.14S 2 8 + 6 
1.198 25 ± 5 4 + 1 
1.219 330 ± 2 3 
1.248 6 1 + 6 9 9 + 8 
1.298 44 ± 4 9 6 ± 7 1.4 ± 0 . 5 25 ± 1 2 ( 20) 
1.347 4 1 + 5 1 0 3 ± 8 1 0 ± 3 
1.396 2 9 ± 4 1 0 9 + 9 2 1 ± 3 6 ± 4 ( 5) 179+17 (145) 
1. 445 2 9 ± 4 S l ± 7 15 ± 3 
1. 494 4 8 + 5 C 39) 2S1±24 (233) 
1.596 157 ± 1 2 (130) 341 ± 3 3 (290) 
1.69S 278 + 21 (236) 306 ± 4 3 (263) 
1. 799 382 + 2 8 (32.9) 232 ± 5 2 (202) 
1. S97 355 + 26 (309) 300+50 (264) 
1. 999 3 7 7 ± 2 8 (332) 4 3 6 ± 5 8 (3S8; 
2. 022 775+53 

2.532 829+71 
ft 866 ±75* 

2.558 885 ± 7 6 4 7 6 + 4 3 651 ± 8 3 
rr 899 ±77* 

2.584 800 ± 6 9 4 6 0 ± 4 1 679 ± 5 4 
tr 823 ±71* 

2. 610 733 ± 6 3 
rt 714 ± 6 2 * 

2.634 731 ± 6 3 
tf 739 ± 6 4 * 

TABLE 2. Cross sections in millibnrns for the (/), >/' ;-) reactions on Cu and Zn. The 
isotopic cross sections are evaluated. The errors assigned are standard deviations. 
The values in parentheses are the cross sections corrected for finite angular 
resolution of the detecting system (see section 3). 

En MeV 
C3Cu 63Cu 65Cu 65Cu Zn(even-even) 

En MeV E r - 0 . 668 MeV Er~0. 961 MeV E r = 0 . 770 MeV Er = 1.114 MeV Er — X. 02 MeV 

0. C33 4 ± 3 
(1. 757 74 ± 6 1 1 + 5 
0. 788 8-1+7 1 3 + 5 
0. 937 145 + 14 2 ± 11 8 8 ± 16 2 ± 7 ( 2) 
1. 001 136 + 11 50 ± 5 10S+10 — 6 ± 7 ( — 5) 
1/048 51 ± 8 ( 42) 
1. 094 153 + 13 135 ± 1 0 85 ± 1 0 - 0 . 6 + 0 . 1 128±11 (10S) 
1. 148 172± 14 (148) 
1. 198 161 ± 1 4 214 ± 1 5 8 7 ± 1 1 112±11 224 ± 1 7 (195) 
1. 248 281 ± 2 0 (247) 
1.298 161 ± 1 5 274 ± 1 9 9 7 + 1 3 132 + 12 317±23 (279) 
1. 347 362 ± 2 5 (319) 
1. 396 382+27 (340) 
1. 445 415±29 (369) 
1. 494 440±31 (392) 
1. 546 446 ± 3 1 (401) 
1.596 4 7 9 ± 3 3 (431) 
1. 646 531 ± 3 7 (483) 
1.698 5 5 8 ± 3 9 (508) 
1. 746 59S±41 (544) 
1.799 595±41 (511) 
2. 558 19 1±27 551+19 191+68 5S4+56 885 ±61 
2. 584 203 ± 2 7 550 ± 4 8 2 3 0 + 7 5 569 ± 5 6 854 ± 5 9 



JAERT 1078 3. Corrections for Finite Angular Resolution 

TABLE 3. Cross sections in millibarns for the («, n' y) reactions on Mo and Sn. The 
cross sections listed are the isotopic cross sections except those for 0.775-and 
1 . 0 6 - M e V gamma rays from Mo, where the atomic cross sections are 
evaluated. The errors assigned are standard deviations. The values in 
parentheses are the cross section corrected for finite angular resolution of 
the detecting system (sec section 3). 

E„ MeV 
9«Mo 

Et = 0. 874 MeV 
Mo 

£ r = 0 . 775 MeV 
Mo 

£ r = 1. 06 MeV 

Sn (even-even) 
£ r = l . 19 MeV 

0. 7SS - 1 1 ± 15 ( - 1 0 ) 5 2 + 7 
0. 937 109 ±100 ( 102) 414 ± 3 6 
1. 001 381 ± 1 1 3 ( 358) 414 ± 3 5 0. 5 ± 8 
1.091 1162 ± 2 4 0 (1104) 477 ± 4 0 —8±11 41 ± 2 2 ( 31) 
1.198 1550±304 (1473) 532 ± 4 4 14 ± 5 113±24 ( 96) 
1.24S 

(1473) 
S2+21 ( 71) 

1.298 1091 ± 2 4 2 (1036) 594 ± 5 0 77 ± 7 164+21 (143) 
1.347 260+25 (229) 
1.396 1099 ±240 (1044) 622 ± 5 3 89 ± S 296+27 (263) 
1.445 338+28 (301) 
I. 494 1390 ±293 (1321) 596 ± 5 2 67 ± 7 508+40 (457) 
1. 546 439+33 (399) 
1. 596 528+39 (480) 
1.646 •541 ± 4 1 (492) 
1. 69S 585+41 (532) 
1. 746 574 ± 4 2 (522) 
1. 799 584 ± 4 4 (531) 
1. S47 615+49 (593) 
1. 897 596 ± 4 4 (54S) 
1. 999 599 ± 4 4 (551) 

TABLE 4. Cross sections in millibarns for the (ri, n' }•) reactions on Ag and Cd. The cross 
sections for A g are the isotopic cross sections while those for Cd are the 
atomic cross sections. The errors assigned are standard deviations. The 
values in parentheses are the cross sections corrected for finite angular 
resolution of the detecting system (see section 3). The cross-section values 
listed without associated errors are those obtained by normalizing the 
preliminary data to the present results, which were measured at four neutron 
energies. For Ag, the rv^rmalized preliminary data obtained by using the 
time-of-llight method are also listed without associated errors, to which the 
corrections for finite angular resolution of the detecting system are not applied. 
For the noimalizations of the preliminary data to the present results, see 
ref. 4. 

•En 
MeV 

IU7,LLMAG 

Er — 0. 317 MeV ~Er = 0. 

, oaAg 
420 MeV 

Cd 
Er = 0 .6 

MeV 
En 

MeV 

III?, 

A'j. = 0. 

lu'JAg 
317 MeV 

""'""Ag 
£ , = 0 . 4 2 0 MeV 

Cd 
= 0.6 

MeV 
0. 321 190 (188) 0. 694 571 (565) 285 (271) 530 
0. 335 48 

(188) 
0.719 584 (578) 2S4 (270) 54S 

0. 350 322 (31S) 0.727 617 ± 6 0 (611) 26S±24 (254) 39S±53 
0. 373 435 (430) 0. 732 631 273 
0. 394 330 

(430) 
0.743 519 (513) 244 (232) 4S4 

0. 398 429 (425) 0.757 521 ± 7 0 
0. 423 464 (459) 0.769 650 (644) 325 (309) 496 
0. 448 462 ± 4 5 (457) 66 ( 63) 0. 784 601 300 

(309) 

0. 454 499 
(457) 

74 0. 788 563 ± 7 2 
0. 474 571 (565) 87 ( 83) 0. 794 716 (708) 280 (266) 426 
0. 498 555 (549) 160 (152) 0.817 626 (620) 242 (230) 493 
0. 510 503 

(549) 
81 0. 838 590 318 

0. 520 682 (675) 157 (149) 0. 843 623 (617) 251 (238) 513 
0. 545 707 (700) 166 (158) 82 0. 869 626 (620) 202 (192) 565 
0. 567 567 

(700) 
168 0. 891 606 309 

0. 570 695 (688) 213 (202) 17L 0. 893 597 (591) 301 (286) 5S0 
0. 590 624 +61 (6 IS) 212±19 (202) 0.918 561 (555) 263 (250) 618 
0. 594 64 2 (635) 199 (189) 222 0. 937 600±59 (594) 340 ± 3 0 (323) 
0. 619 60S (602) 234 (222) 339 0. 942 553 (548) 291 (276) G19 
0. 623 589 

(602) 
234 0. 944 624 347 

(276) 

0. 643 636 (630) 251 (23S) 380 0. 96S 604 (59S) 310 (294) 594 
0. 668 542 (536) 242 (230) 407 0. 993 601 (595) 292 (278) 719 
0.678 

(536) 
2C0 

(278) 
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where V", refers to the volume of the scatterer, a {(f) is the differential cross section of 
the («,»'}") reaction, Q~ is the solid angle into which the gamma ravs are emitted, /J, 

:c, and a", are the neutron attenuation coefficient in the scatterer, the gamma-rav 
attenuation coefficient in the scatterer, the path length of the neutron in the scatterer, and 
the path length of the gamma ray in the scatterer, respectively. pt. and xz are the 
corresponding quantities for the gamma ray in the crystal. N and 0 represent the same 
quantities as those in eq. CI)- M̂JI is the effective photoabsorption coefficient for the 
gamma ray in the crystal. It refers not only to absorption by the photoelectric process 
but also to absorption by all multiple processes which produce a pulse in the full-energy 
peak6'. 

Taking the cylindrical coordinate (o, a, z) so that the ~ axis coincides with the 
cylindrical axis of the crystal, 

d V, = pxdpld<pidzt 
d F , = /ud(},do.dz, = rl,-dDsd.Tz ( 3 ) 

7*122 = P\ =+ /V —2/>, p2cos (92—45,) + (c2 — 
where, suffixes 1 and 2 refer to the scatterer and the crystal, respectively, and rl2 is the 
distance between dVx and dV2 as shown in Fig. 1. In the present investigation the gamma-

XaKTDrn 
/ 

/ 
/ 

1 
J. f--,1 

Dins; sc;iu \ 
t!\\(pi.<r~i.~i) 

Fig. 1. Schematic diagram of the arrangement of the ring sample and Nal (Tl ) crystal. 

ray transitions are of E2 type, so that the differential cross section is represented by 
ffO?) = tfo+a2cos20-|-fl4cos4fl. ( 4 ) 

Then, 

Y= J"-• • JV'e~',x — C 0 + «2cosa<?+ a, cos'()) r-'i'i-'s's 

p, pdp ldp.:d<pld<p.,dzldz2 X ftP- ( 5 ) 
P*+ pS-2piPiCOs (9,- Pi) + (~2 — 

For the gamma-ray energies now of interest, the effective photo-absorption coefficient 
;i,, is not a constant but depends on the direction of the incident gamma ray and on the 
position in the crystal where the incident gamma ray causes the first event. These 
facts make the direct evaluation of the integral difficult. However, the evaluation of the 
integral becomes easy, if one can find n certain effective volume VJ of the crystal in such 
a way that 

Y-hLi* dV*dV--»LL d V > d V - (6) 
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Hp is assumed to be constant in the effective volume VV-
Two additional assumptions are introduced. First, the effects of neutron multiple 

scattering cancel out neutron attenuation at the first collision7', so that the factor c~rx 

in the integrand can be put equal to unity. Second, the incident neutron beam is parallel 
to the ~ axis throughout the scatterer, so that cos 0 is represented as 

c o s f f = - = = ( 7 ) 
v p*+p2'-2p1 PSOS (p.- p,) + (z.-zj2 

In the case of the present investigation, it is estimated that about 20% of the incident 
neutrons undergo multiple scattering in the scatterer, and the directions of these neutrons 
differ from those of incident neutrons. In the present calculation, however, it is assumed 
that cos0 is always given by eq. ( 7 ) . Then, by using eqs. ( 5 ) , ( 6 ) , and ( 7 ) , 

Y=~r~ Qpp(aJt+aJ.+ atld. (8) 

Here, 

7 f A r w « / > p * | - 2 r rr2 j V , r r e _ „ 1 , 1 _ r a , s 

° J s j - O . ) =2 ™ IjtttVour) J " 0 J <e>,«oJ p, = r , J p „ - 0 

x pipid p,dp1doldo!dzldz2 ; 
pi 2 +p2 2 ~^pi P S os ( p 2 - p,) -f ( ^ - c , ) 2 

; = f. v pxp2d p,d p^dip.do^dz.dz, , 
2 J J ' ~ l J C.°i2+ jOj2-2lo1,o2cos(p2— p,) + (£;>—Si)2}2 

7 = f. (V/',*2-»:>*2(- v Pi Pi^ Pid psd^>1doidz1dzs 
' J J W C .®12 + .®22 - 2/>, PzCOS (p, - p,) + - s , ) ' 

( 9 ) 

where r„ r,, and are the inner radius, the outer radius, and the axial thickness of the 
ring scatterer, respectively. J'eii, I:eu(loiv), and /=<!({(«/>) are the radius, the lower end, 
and the upper end of the effective volume of the crystal, respectively, as shown in Fig. 1. 

Now, the cross section averaged over the directions of gamma ravs emitted is given 
by 

IT dt^-c-'^-^aie) /7',-L-dvj vy 
<<r(0)> - 1 1 7 , 2 

(T e-'i-i-***̂ , Vxd V/ •I.I Vl 7",2" 
Y 
.2x2_lTdV,d V,' 

_ a0IB+ a2l2+ ajt 
L 

(10) 

The integral in the denominator in eq. (10) is connected with £ and K as 

I f (>''.*•-''=*= JlldVidV/^eK. (11) i4 r 7 J2 4 

Thus, eq. (10) can be written as 

< ^ » = 4 v w m K ^ - w 
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The correction factor K which reduces the cross sections experimentally obtained to 
precise 4 - times the differential cross sections at 90° is, therefore 

In order to obtain this correction factor numerically, it is necessary tc estimate the 
effective radius and the effective length of the crystal. They were approximatelv 
obtained by the simple measurements as following. First, the crystal was irradiated by 
a collimated gamma-rav beam of 3-mm diameter parallel to the cylindrical axis, along 
a diameter of the front face with intervals of 2 mm. The gamma-ray counting rates 
were measured and the effective radius of the crystal was estimated by putting the integral 
of the gamma-ray counts over the diameter equal to 2i\a times the gamma-ray counts 
obtained at the center of the diameter. Next, the crystal was irradiated bv the gamma-
ray beam perpendicular to the cylindrical axis. The effective length of the crystal was 
estimated by the same procedure as that for the effective radius. In both measurements, 
counting rates measured were constant in the inner region of the crystal while they 
decreased near the edge. The 0. 511- and 1. 274-MeV gamma rays from "Na were used 
for the measurements. 

For the gamma rays from the (n,n'y) reactions studied, the effective radius and the 
effective length of the crystal were obtained by inter- or extrapolation of the measured 
values concerning the gamma-ray energy, which ranged from about 0. 85 to 0. 95 of the 
actual radius and length of the crystal depending upon the energy of incident gamma 
ray. 

The uncertainty in the determination of the effective dimension of the crystal 
affects the correction factor very little. As an extreme case, for example, the correction 
factor for zinc calculated with a half of the actual radius and a half of the actual length 
of the crystal was larger by only 2% than that calculated with the effective dimension 
obtained by the method described above. 

/„- 1-, and I, were computed by the IBM 7014 computer*. For a„. a a n d a t , 
theoretical values calculated by using the generalized Hauser-Feshbach formula5' with 
Beyster's transmission coefficients81 were adopted. The numerical values of the correction 
factors thus obtained for Ni, Zn, Mo, Ag, and Sn are tabulated in TABLE 5. 

4. Theoretical Cross Sections 

The cross sections based on the Hauser-Feshbach theory have been calculated 
according to the following expression, which was derived by SUGIE51 generalizing the 
Hauser-Feshbach equation : 

k 4-.,-(90°) >K90°) _ a j . (13) O(0)> aJ„+a.L+atlt' 

da (i,i'; i") _ „ „ C2^+.1L_ 
DUR 8 (2 /+1 ) /. =EVCN Jr. 2 — r fixed./e 

X £ (2j+1) (jjl/2 - 1 / 2 | LQ) V 2J+T W(jJjJ ; i L) W ( E) 
U 

x2(-l)'7"m V(2T/+1) (2/' +T) 1 VV'Ji'J ; j' /,) r^'(E') 
X £ V(2W + TX27+I) C/M'l-11 L 0) ̂ W+r\VCi'A i'A'; i"L) 
A f 
.VP' 

X a . i ' V P,.(cos0). (14) 

* Program CORARE 
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TABLE 5 . Correction factors for finite angular resolution of the detecting system. The 
theoretical angular distributions of gamma rays calculated by using the generalized 
Hauser-Feshbach formula5', with Bevster's transmission coefficients81, are adopted 
for calculations. The correction factors for the 0.775-MeV line from molybdenum 
are used in section 5 of ref. 4, where the isotopic cross sections are shown for this 
line in order to compare the observed cross sections with the calculated ones by-
assuming that this line originates from s6Mo and "Mo. 

En 
MeV 

i 3 i \ i 
Er = 1.452 

MeV 
£ r = 1 . 3 3 

MeV 

Zn 
£j. = l . 02 

MeV 

"Mo 
£ r = 0.874 

MeV 

"."'Mo 
£ . = 0.775 

MeV 

_ Ag 
Er — 0.317 

MeV 

_ A g 
£ r = 0 . 4 2 0 

MeV 

Sn 
E = 1 . 1 9 

M e V 

0. 40 0.99 
0.50 0.99 0.95 
0. GO 0.99 0.95 
0.75 0.99 0.95 
0.90 0. 95 
1.00 0.94 0.95 
1.10 0.S4 0. 95 0.95 
1.20 0.95 0.95 
i. :\o O.SS 0. 95 0. 95 0.S7 
1.40 0.81 0. 95 0.95 
1.50 0.81 0.83 0.S9 0.95 0. 95 0.90 
1.60 0.83 0.85 
1.70 0.S5 0.86 0.91 0.91 
1.80 0.86 0.87 
1.90 0.87 0.8S 0.91 0.92 
2 .00 O.SS 0.89 

Here T ( ' ( E) is the transmission coefficient for 7-th partial wave with /~l + s, and can 
be derived from optical model potentials. Other notations a r e : i, spin of the target 
ground state, spin of the excited state to which inelastic scattering occurs, i", spin of 
the state to which gamma-rav decay leads, «/-, spin and parity of the compound state, . / , 
P, multipole order and parity of gamma raj-, a.\''f relative transition amplitude of gamma 
ray normalized to unity. 

This equation reduces to a simpler form for the special case that the first excited 
state in the even-even nucleus is excited, followed by an E2 transition to the ground 
state : 

« i-7 >' — even./z Ij ZJ 1 i"J ( II J I'j' fixt'cIJr 
(15) 

w here 

CL(jf) = C - Dj, + ": 5(2/+1) ( 2 2 1 - 1 | LO) 0 7 1 / 2 - 1 / 2 | L 0) W(2/2/; j'L). 

(16) 

If the contributions of partial waves with orbital angular momentum / > 4 or / ' > 4 
are neglected, the equation can be expressd as follows : 



10 Excitation Cross Sections of the (n, »' r ) Reactions on Fc.Co,Ni,Cu,Zn,Mo,Afi,Ct!, nnti Sn J A E R I 107S 

8 dg(0,2; 0) _ f 2T0"!(£) [7V"(-EQ + do, \ 7Y'=( £) + 7V,=( £') + 7V,:( 
27V'a(£)C7V'2(£') + 7Y'2(£')3 
2Y'S( £) + £0 + C £') 

4 T,3'2 ( £) C 7V12 ( £') + T,3'2 ( £') + 7 V" ( £')+ 
7Y'-'( £) + T/'-'C E') + 7Y'~( E0 + 7y "( £•') + T 

6 7 V2 ( £)C T0"- ( £') + T,312 ( £') + T,5'2 ( £') 
+ T2='=( £) + r."sC £') + T>'a( £') + 7V'="( £') 

7V"2( £) + 7Y'2( £') + 7Y'2( £') + 7Vs( £') + 7y »( 

87Y"(E) £0 + 7Y'2( £') + £')]] p , 
7Y'2(£) + 7Y'!(£0 + ̂ :>5':(£0+7Y,2(£') J nV ; 

3,2 ( £ ) + TY' 2 ( E'} + T,3'2 ( £ ' ) + T,5 '2( £ ' ) + {T: 

4T,3'2 (£)[~T,1,:C£') -AT35'2(£') -fi- 7Y<2(£')] 
+ 7Y'2( £) + 7Y'2( £') + TY,r( £') + 7V7- (£') + 7V'-(£'j 

67Y'2(£)[i-7Y<2(£') +-^7Y'2(E') -12 7Y'2( £') j 
T25,2C £) + T„1i:! ( £') + T,3'2( £') + T25i-'( £') 

67V,2(£)[i-7Y'2(£') +12Ti3'2(£') _^T35'2(£') T3-J2(£')] 

8T/'2(£)[gT,-''-(£') +-J|-7Y'2(E') —ijL 7Y<=(£')] 
7V'"( £ ) 4- 7\3'=( £ ' ) + 77"- ( £ ' ; + T >'=( £ ' ) }p2(cost>) 

6T25'2(£)[—1T„>'2(£') +|?7Y<2(£') -J® T2S'2(£')J 
+ j 77Tz( £)T~77<-( E') 

67Y<2(£)[—iT,:"=(£') +§?V<2(£') -^7Y<=(£') + J L T/'2(£')] 
+ T,s'2(£) + 7 7 ^ £ ^ 7 Y ' 2 ( £') + T7^(ir~)TT7rrTEr) 

ST/'2(£)[-^7Y<2(£') +|~7Y<2(£') - | j 7V'2(£')] 
+ J (costf) . 

(17) 

Furthermore, if the optical potential does not include spin orbit force as in the case of 
Beyster or Emmerich potential, T(i is j independent, i.e., Tt'~ll2= T / + U ! ! = T ( , so that 
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the above equation reduces to 

4 da _ f 2Ta{E)T,l(E') Tx ( E) CT,( £Q + 1\( 
R/.Qr V TU ( £ ) + 2 Tt ( £ ' )" T , ( £ ) + T , ( £ ' ) + T , ( £ ' ) 

T, ( £) + T. ( £') + 2 2\ ( £') ̂  1\ (£) + 2 T, ( £') + 2T, ( £') 
6 T 3 ( £ ) C T 1 C £ 0 + T 3 ( £ 0 ] 4 T 3 ( £ ) C T , ( E Q + 2 ? \ ( E Q ] ) » R „ O S ^ 
T,(E)+2Tl(E')+2T3(E') ^ T3QE) + T,(£0+2Ts(£0 J ^ ; 

fT,(JE) [ - T ^ f i ' ) - A Ts(2S')] [T , (£0 - A T,(£ ' )] 
+ I - T = ( JE) + T„ ( £') + 2 T^/i7) + ~ T ^ E J + 2 T , ( /£') + 27 VT^T" 

3TS(E) |T,(E') 4T 3(£)[gT,(E0 - J L . T,(J5')] 
. + 2 7\( £/)+271

3(£/) + 7\{E)+riCE')+2l\{_E') jP-XcosO) 

" I T Z E J T T 0 ( + 27\( + 7'3(E) +2T1(/i') -|-2T3(£0 

ST3(E) [--|T,(E0 +-± T3(£')l 
- T3 (7i) + T, (£')+2T,(£') j pXcos0). (1S):!: 

The (w, "')') cross sections were calculated by using the transmission coefficients 
derived from the optical model potentials of BEYSTER cl al.s', BJORKLUND and F E R N B A C I I 1 " , 

P E R E Y and B U C K 1 2 1 , EMMERICH13', and SUGIE5'. The numerical values were taken from 
the published tables8' J131 )UI except for the SUGIE potential, in which case the transmission 
coefficients were calculated by the IBM 7044 computer** for several depths of the imaginary 
potential W. For even-even nuclei such as Ni, Zn, Mo, and Sn, eq. (17) or (18) was 
applied. For odd-even nuclei Ag, more complicated equations derived from eq. (14) were 
used. In each case, numerical calculations were performed by the IBM computer***. 

In Figs. 2 and 3, the excitation cross sections of the (M, «';•) reactions on Zn and Ag 
evaluated at (7 = 90° Q\Tz{da{n,n'y)/dQr}„=9n<0 are shown together with the experimental 
points. Similar curves for Ni, Mo, and Sn are presented in ref. 4. The inelastic cross 
sections integrated over angles are also plotted in Fig. 4. The angular distributions of gamma 
rays for Zn and Ag calculated by using several types of potentials are shown in F igs. 5 
and 6. The curves shown are normalized so that the integrated cross sections over angles 
are equal. 

From Figs. 2 and 3 it can be seen that the inelastic scattering cross sections are 
sensitive to the shape and parameters of the optical model potential adopted. The angular 
distributions of gamma rays are not so sensitive, however, as arc seen from Figs. 5 and 
6. The general trend that the experimental cross sections are smaller than the theoretically 

* SATCHLER also derived a similar formula for the angular distributions of gamma 
rays following inelastic neutron scattering01'101. A comparison of equation (IS) with 
corresponding equation (last equation in ref. 10) shows that two errors are involved 
in Satchler's equation, i.e., P2(cos0) should be replaced by (4 -I-1\ (cosfl)) and 

(10 + 0.714 P2(cosfl) + ) should be read as ( 1 0 - 0 . 7 1 4 P,(cosfl)H ) . 

** Program NPOP 

*** Program I N N G E for even-even nucleus 
I N N G A G for Ag. 
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Fig. 2. Excitation cross sections of the Zn (?',«'}) reaction evaluated at /? = 90° ('1 - (<7 ct ( ?(';•) / 
<1Qt~)„-vqo), using the transmission coefficients derived from several types of optical model 
potentials. The optical potential used is indicated on each curve by the initials of the 
authors who proposed the potential. The closed circles show the experimental cross sections 
corrected for finite angular resolution of the detecting system. In all the cases, the isotopic 
cross sections averaged over even isotopes of Zn are evaluated. 

Neutron encrRV (MoV) 
Fig. 3. Excitation cross sections of the Ag(?j,«'5') reactions evaluated at 0 — 90°('\x(.c/(j(.?i,?i'y)/ 

clQr)a=so"), using the transmission coelficients derived from optical model potentials. The 
optical potential used is indicated on each curve by the initials of the authors as is in Fig. 2. 
The closed circles show the experimental cross sections corrected for finite angular resolution 
of the detecting system. 
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(b) 
Fig. 4. Excitation cross sections of the (m,m'j0 reactions on Zn and Ag integrated over angles. The 

experimental cross sections shown by circles were derived from the experimental differential 
cross sections obtained at # — 90°, assuming the theoretical angular distributions for the 
gamma ray. 
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Fig. 5- Theoretical angular distributions of the 1. 02-MeV gamma ray from the Zn (>i, n'y~) reaction, 
averaged over even isotopes. Angular distribution curves calculated from several types of 
optical model potentials are shown. These curves are normalized so that the integrated 
cross sections over angles are equal. 

Fig 6. Theoretical angular distributions of the 0. <120-McV gamma ray from the A g (/i,tt'y) reaction. 
Angular distribution curves calculated from several types of optical model potentials are 
shown. These curves are normalized so that the integrated cross sections over angles are 
equal. 
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calculated ones11 seems to suggest that the value of the imaginary potential IV is smaller 
at the neutron energy range of interest ( E n < 2 MeV). In this energy range, however, 
the number of competing outgoing channels is small, and the Hauser-Feshbach formalism 
may not have complete validity. The level width fluctuation effect131 >1G' tends to decrease 
the inelastic scattering cross sections. Recently Moldauer developed a revised theory21'313171 

which includes the level width fluctuation effect as well as the revised relationship between 
optical model absorption and average compound nucleus formation. The inelastic scattering 
cross sections calculated by this theory are in general considerably smaller171'161 j10'^"1 than 
those calculated by the Hauser-Feshbach theory. Fairly good agreement has been obtained4' 
in the case of Zn between experimental cross sections and those calculated by the Moldauer 
theory using the transmission coefficients derived from Perey-Buck potential. These facts 
indicate that the ambiguities involved in the formulation of statistical theory itself affect 
seriously upon the cross sections in the neutron energy range considered here. The 
development of a theoretical formalism based on firmer ground is earnestly desirable. 
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