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Activation cross sections for the (n, 2e) reaction in the region of Z=40—60 at 14.4&0.3 MeV have been

measured by using the mixed-powder method and Ge(i i) p-ray detection. The total cross sections {m+g)
measured are {in mb) Zr~, 652~31; Zr", 1456~80; Mo", 217&18; Mo'~, 1389+84; Ru", 569~30;
Ru", 1168~96; Ru"' 1440+80 Rh"' 957+57y Pd"' 637+45; Pd'" 1416+150.Cd"' 865+100 Cd'"
1221+150. Cd»~, 1389~71; Sn»4 1239~130; Sb"' 1615~63; Sb~, 1542+80. Te», 1615+].].0 Te»,
1661~161;Te"' 1455+55; I"', 1649+80; Cs"' 1542+75; Ba"' 1574+100;Ce"' 1318+90.Ce'~, 1593+
130; and Ce"', 1730%170. Some partial (n, 2n) cross sections also are reported. The measured values

are compared with the semiempirical predictions of Pearlstein and of Gardner. No significant shell effects

are seen, and the data suggest that 14-Mev (n, 2n) reactions are governed predominantly by the statistical
model of the compound nucleus. An empirical fit for the ratio of neutron emission to all modes of compound-

nucleus decay, o, /sr„„ois deduced from the present results.

I. INTRODUCTION

Y using the statistical model approach, attempts' '
have been made to interpret measured (I, 2rt)

~

~

cross sections semiempirically. Pearlstein~ calculated

(rt, 2rt) cross sections (14-15MeV) for individual

nuclides from the statistical model, together with an

empirical formula to account for competition from other
reactions. Gardner calculated the ratios of the (n, 2rt)

reaction cross sections of adjacent isotopes of the ele-

ments. These ratios were then semiempirically nor-

maljzed to predict absolute (I, 2rt) cross sections. The
predictions from both sets of calculations agree equally
well with the relatively poor experimental data then

available. Although the two methods give significantly
diEerent predictions in a number of cases, they could

not be distinguished owing to gross disagreements in

the existing experimental cross sections. No attempt has
been made so far to compare bath sets of predictions
with accurate experimental values.

The existing experimental values were obtained by
various workers using different experimental methods

and somewhat diGerent neutron energies between 14
and 15 MeV, and the data have relatively large errors
and gross disagreements. In addition, the earlier data
appear to contain some hidden systematic errors, as
reQected in the gross disagreements for the same
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reaction. Notwithstanding the poor data, however,
"shell effects" were observed in the (rt, 2st) cross sec-
tions. 4 ' On the other hand, later investigators' '
reported that shell-structure e6ects are relatively minor
or absent.

In the present study, therefore, the (rt, 2rt) cross
sections for elements with Z=40—60 were measured
accurately at 14.4 MeV by the activation method using
Ge(Li) detection and mixed monitor and sample
powders. "The Z= 40—60 region was selected because in
this region there are a number of isotopes of each ele-
ment whose (rt, 2rt) products are radioactive and offer
good possibilities for accurate measurement by means
of y detection. The (rt, 2rt) cross sections for most of
the lighter isotopes of these elements have not been
measured previously, owing to their low natural
abundance s.

The present results are compared with the semi-

empirical predictions of Pearlstein' and Gardner. ' The
consistent set of (rt, 2rt) cross sections in the region
Z=40—60 has been analyzed in terms of the statistical
model, and a critical examination for possible shell

eGects has been made. The present results demonstrate
an absence of shell-structure eGects and agree better
with the statistical model approach of Pearlstein~ than
with that of Gardner

4 M. Bormann, Nucl. Phys. 65, 257 (1965).' F. Manero, International Conference on the Study of IVuclear
Structure saith Neutrons, Antwerp, 1965 (North-Holland Pub-
lishing Co., Amsterdam, 1966), p. 546.

e P. Cuzzocrea and S. Notarrigo, International Conference on
the Study of Nuclear Structure with Neutrons, Arlteerp, 1965
(North-Holland Publishing Co., Amsterdam, 1966), p. 544.' R. Ruder, Sitzber. Osterr. AIrad. Wiss. 175, 53 (1966).' J. Csikai and G. Peto, Acta Phys. Acad. Sci. Hung. 23, 87
(1967).

e P. Hille, Nucl. Phys. A107, 49 (1968).' P. Venugopala Rao and R. W. Fink, Phys. Rev. 154, 1023
(1967).
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II. EXPERIMENTAL PROCEDURE

"E.Kondaiah, N. RanaK. umar, and R. W. Fink, Nucl.
A120, 329 (1968)."E.Kondaiah, N. RanaKumar, and R. W. Fink, Nucl.
A120, 337 (1968).

» N. RanaKumar, E. Kondaiah, and R. W. Fink, Nucl.
A122, ,

'619 (1968).
"N. RanaKumar, E. Karttunen, and R. W. Fink,

Phys. A128, 333 (1969).

Phys.

Phys.

Phys.

Nucl.

Neutrons were produced by the H'(d, n) Hee reaction
in the Georgia Tech 200-kV accelerator. Samples usually
were about 2 cm' in area and subtended an angle of
&65' to the incident deuteron beam, thus encompassing
neutrons of energies 14.4&0.3 MeV. The decay of the
neutron flux is monitored by a Si(Li) detector to count
associated n particles at 90' to the beam, and the fIux

decay was fitted to an exponential decay curve to get
the neutron fIux decay constant A. During short irradia-
tions, the Qux was kept constant. Typical neutron yields
were 1—3&&10' n/sec, and the target balf-lives were
around 60 min.

A coaxial 16 cms Ge(Li) detector with resolution of
about 3.6 keV full width at half-maximum (FWHM)
at 1332 keV~was used to measure y rays of energies
greater than 100keV. Low-energy p rays were measured
with an 8-mm-diam&& 5-mm-deep Ge(Li) x-ray detector,
fitted with a Be window, and having resolution of about
500 eV FTHM at 14.4 keV. For each detector, a photo-
peak detection efFiciency curve for p rays in the geom-
etries used was constructed and is accurate to 3%
based on the use of sources calibrated to 1—2%, supplied

by the Int. Atomic Energy Agency, Vienna.
A fast-rabbit system (transit time &1 sec) between

the neutron target and the 16-cm' Ge(Li) detector was
used to measure short-lived activities, together with a,

digital tape recorder for rapid and successive storage of
multichannel spectra (400 channels recorded on tape
in 4.5 sec) .

The mixed-powder method was 6rst developed by
Rao and Fink' and later used extensively by us" '4 in
activation cross-section measurements with thermal and
14.4-MeV neutrons. In this method, a uniform mixture is
made of sample and monitor powders, where the cross
section of the monitor is well known. This procedure
eliminates geometrical errors present in the procedure
of sandwiching foils and enables one to count sample
and monitor together. In the present investigation, the
reactions Si"(n, P) AP' (2.238 min), APr(n, P) Mg"
(9.46 min)& Fe"(n, p)Mn" (2.576 h), and APr(n, n)Na'4
(14.96 h) were used as monitors, selected according to
the half-life and p-ray energy of the activity under
measurement. This minimizes errors in the neutron fIux
decay correction and in the relative photopea, k eKciency
correction. Furthermore, in most of the runs mixtures
containing both Fe and Al powders were used, in order
to recognize from the Mnbs jNa" activity ratio any error
due to nonuniform mixing of sample and monitor pow-

ders."Powders of the same grain size are usually em-

ployed to make uniform mixtures. The irradiations were
generally repeated at least twice.

III. CALCULATION OF RESULTS AND ERRORS

The following equation is used to calcu, late the cross
sections:

(Ce f f.„ f 1+n
I

cV„

( C «f, fe &1+n j 1V

(
exp( —), t.) —exp( —X tb) l f X—3,

exp( —) t,) —exp( —Xtb) j (X —AX,(1)
exp( —AT) —exp( —) T)
exp( —A T) —exp( —),T)

where subscript ns stands for the monitor a,nd 0- is the
cross section under study; C is the total number of
counts under the photopeak; ~ is the ph. otopeak detector
efficiency; f, is the source self-absorpton correction
factor; fe is the fraction of decays giving rise to the ob-
served number of emitted y photons; n is the total
internal conversion coefFicient; E is the number of atoms
of the target isotope irradiated; X is the decay constant;
t is the time elapsed between the end of irradiation and
the start of counting; t~ is the time elapsed between end
of irradiation and end of counting; 3 is the neutron fIux
exponential decay constant; and T is the duration of
the irradiation.

The following parameters were used for the monitor
reactions:

Si"(n, p) Al" (2.238 min); E7= 1780 keV, fg = 1.0
(Ref. 15), n =0, and o =252+15 mb (Ref. 14);
Al' (n, P)Mg'r (946 min), Er=842 keV, f„=0.696
(Ref. 15), n=0, and o.= 68&8 mb (Ref. 14);
Fe"(n p)Mnb' (2.576 h), E~=847 keV, fe=0 9867.
(Ref. 15), n = 0, and o = 100&6 mb (Ref. 16);
APr(n, n)Nas4 (14.96 h), E„=1369keV, fe=1.0 (Ref.
15), n=0, and o = 114&6mb (Ref. 17).

Table I lists the results of the cross-section measure-
ments in this work, together with the half-life of the
product, the&-ray energy, fe and n of they rays counted.

The error limits quoted in Table I for the measured
cross sections are root-mean-square errors and are
composed of the following:

(i) Error in the relative photopeak efficiency of the
detector. This represents the major error in the measure-
ment, as it is not possible to get a photopeak eKciency
curve to better than 3% accuracy, since it has to be
determined with sources calibrated to a,n a,ccura, cy of
1—2%. In general, this error was less than 4%. Selection

"C.M. Lederer et al. , Table of Isotopes (John Wiley tL Sons,
Inc. , New York, 1967), 6th ed.

"H. Liskien and A. Paulsen, J. Nucl. Energy 19, 73 (1965).
'TH. Liskien and A. Paulsen, EURATOM Report No. EUR-

119e, 1966 (unpublished).
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Tanr. z I. Cross sections for {n, 2e) reactions with 14.4&0.3-MeV neutrons from the present work.

Reaction

Zre(e, 2n) Zre
Zre(n, 2n) Zres

Zre(n, 2n) Zre

4.19min
78.4 h

65.5 day

(keV)

588
910

,
724

0.94
0.99
0.431O

0.08
0.01
0

0,

Measured cross
section (mb) b

79.5&5.6
572+30

Nb" (n, 2n) Nb™
Mon(e, 2e) Mo""
Moe(, 2 )Mos'
Moaw(e, 2e)Mon
Ru" (n, 2n) Rue
Rue(n, 2e) Rue
Rule {n 2n) Rue

Rhlss(n 2n)Rh

10.16 day
64 sec '

15.49 min
66.7 h
1.65 h
2.88 day

39.5 day

934 0.99
658 0.5/

(measured g/m = 12
740 0.12
340 0.75
215 0..91
49/ 0.88
698 0.422'

~ 768 0.31m
1050 0.316~

0
0.055

.4+0.6)
0
0
0
0
0
0»

0,

578&30
16.2&1.2

201&17
1389+84
569&30

1169&96
1440&80

Rh"'(n, 2e) Rh'e'
Pd'ss(n, 2e)Pd"'
Pdns(n, 2n) Pd'~
Pd'" (e, 2n) Pd'~g

Cd'«(m, 21)Cd»&

Cd'"(n, 2n) Cd'e
Cd'11(n, 2n) Cd"'~

Cdnr(n ns) Cdrnm

Cd"'(e, 2e) Cd'"~
Cd"'(e, 2e) Cd "sg

Snlls(n 2n) Sn111(FC)In111

Sn'11(n nP)+. * In"'

Sn»4(n 2n) Sn"'
Sn "s(n, 2e) Sn'"

Sn'"(n, n') Snn™

Sb'n (n, 2e) Sb~

Sb'11 (n 2n) Sb'"&

Sb"'(n 2n) Sb'e

Te'e(n, 2e)Te'n~
Te'"(e 2e)Te'"&
Tgls4 (~ 2~)"fe1$8m '

Tersl (n n&) Telnm

Te1e (e, 2n) Tersr"
Te'e (n, 2n) Te11'a

Terl (e, 2e) Te'e~

Te'" (n, 2n) Te1es

206 day
8.4h
4.69 min

13.5 h
6.5 h

453 day

48.6 min

43 day
2.23 day

2.81 day

115 day

14 day

5.8 day

15.89 min

154 day
17 day

34.1 day

475
298
188
88
93

934
335
'173

1030

1171
564

,696

212
573

41/
417
460

4 487
[69'

460

0.57
0.30
0.58
1.0
1.0
1.0

1.0

0.02&

0.960

0.99

0.99

1.0

1.0

0.99

1.0
0.0132
0.66

0.034

0.90
0.8i

1.0

0.0082~
0.0083~
0.06b

0.0112h
0.038"

0.083h

0
0
0.72

26.5
19.7
26.5

O. 065

0
1.15
0.115

0.064&

0.156

0

0,
0
0

0

0.084
0

0.19

0
0
0
0»

0,

0

0,

522+45
637+45
510a35

1416a150
865+100

1221&150

725~50

569~50
820a50

1275&100

1239+130'

957~100

427~20

1188&60

1542~80

890~100
725~40

980~100

949&150
712&60

885&45
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TAsrE L (Continued. )

Reaction Half-life
jV

(keV)
Measured cross
section (tab)

I'"(e, 2e) P"

Cs"'(n, 2e) Cs"'

12.8 day

6.59 day

386

668

0.34

0.978

0.019 1649%80

1542~75

(Ba"'(n, 2e) Ba'n(EC) Cs'"

Ba'so(e& np) +.~ ~ Cs'n
Ba'"'(n, 2n) Ba"'
Ba'~(n, 2n) Ba"'
8 '"(, 2 )H

Ba186(n n() Ba185m

32. 1 h

12 day
38.9 h

28. 7 h

f372

,411
496
276

268

0.36'

0.241

0.486
1.0

1.0

0.05 '

0.02,
0.013
4.7

5.25

1371&70

1574&100
783&56

1149a80

Ce'"(n, 2n) Ce'~
Ce'~(n, 2n) Ce'"~
Cdn(e, 2e) Ce"~
Ce'n(e, 2e) Ce'"&~+&&

Ce'~(n, 2n) Ce'4'

17h
34.4 h
54 sec

140 day
32.5 day

265
255
746
165
145

0.4742

0.994
1.0
1.0
0.70

0.069
8.1

0.08
0.24
0.45

1318%90
958W100
621+70

1593+130
1730&170

~ The conversion coeKcient at ~ is taken as zero whenever it is measured
or estimated to be less than 0.01.

The cross sections of the reactions Mo92 (n, 2n) Mo»~ and
CeI«(n, 2n)Ce'»~ are based on the S128(n, P)A12s monitor reaction with
0'=252~15 mb (Ref. 14). All other cross sections are based on the
Fe5 (n, p)Mns monitor reaction with a =100+6 mb (Ref. 16).

o L. Broman and S. Boreving, Arkiv Fysik 34, 259 (1967).
~ M. Adachi, H. Taketani, and K. Hisatake, J. Phys. Soc. (Japan) 24,

227 (1968).
G. Graeffe, C. W. Tang, C. D. Coryell, and G. E. Gordon, Phys. Rev

149, 884 (1966).
The measured cross section includes only 91'P0 metastable state. but

it is included as a total cross section within the error limits.
g Nuclear DataSheets, compiled by K. Way et al. (Printing and Publishing

Once, National Academy of Sciences—National Research Council, Wash-
ington, D. C. 20418).

h G. Berzins, L. M. Beyer, and W. H. Kelly, Nucl. Phys. A93, 456 (1967).
' G. Grae6e and W. B. Walters, Phys. Rev. 153, 1321 (1967).
2 A. Abdulmalek and R. A. Nauman, Phys. Rev. 166, 1194 (1968).

of a monitor having a p ray with energy close to the one
under investigation helps in reducing this error.

(ii) Statistical error. This error in counting statistics
was about 1%.

(iii) Error in the self-absorption correction. Thin
samples were used whenever low-energy p rays were
involved to reduce the error in this correction. In the
case of low-energy y rays, the error in f, amounted to
1—2% at most, but is considerably lower than this for
high-energy p rays.

(iv) Error in weighing and mixing of the samples.
Weighing errors are negligible ((0.1%), but the error
due to nonuniform mixing of sample and monitor
powders can be comparatively high, ' but this becomes
obvious from measurement of the Mns'/Na'4 activity
ratio with mixed Fe and Al monitors'; such spurious runs
were eliminated.

(v) Errors in timing. For long irradiations and count-

ing times, the timing errors are negligible. When short-
lived activities are involved, the irradiation and
counting times vere measured to 0.5 sec accuracy.
Spectra were taken generally with less than 20% dead-
time in the analyzer, and when the deadtime changed
significantly during the counting period a proper
correction was made. In general, timing errors were

negligible.

The errors in the monitor cross sections, and in fq, n,
and half-life of the sample or monitor activities are sot
included in the reported error, because any revision in
the decay schemes and conversion coeKcient values
permits easy recalculation of the cross sections in the
future.

A discussion of cases requiring special explanation is
given below.

A. Mo"(n, 2n)Mo" Data

As there is no y-ray transition in Mo'" decay, the
ns/g ratio was determined by following carefully the
decay of the positron annihilation radiation. The (n, 2n)
cross section for the Mo"(n, 2n) Mo ' (64 sec) reaction
was measured by counting the 65$-keV y ray, and the
total cross section was then computed by using the
m/g ratio determined above.

B. Sn"'(n, 2n)Sn"' Data

Owing to the short half-life of Sn'" (35 min), the
weak y-ray emission could not be followed because of
the presence of strong interference from other activities.
Therefore this cross section was determined by measur-
ing the 2.8-day daughter activity, In"'. As the (e, 2n)
and the (n, ep) + ~ ~ ~ contributions could not be
separated accurately, their sum is reported in Table I.
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TABLE II. Comparison of experimental (», 2») cross sections with Pearlstein s predictions and with literature values.

Reaction
(m+g)

Experimental
cross section

(mb)
present vrork

Pearlstein's
predicted

value (mb) Literature» values (mb)

Zr»(», 2») Zr»

Zr" (|s, 2») Zr»
Mo" (», 2») Mo"

Mo'»(», 2N) Mo"

Ru»(», 2») Ru»

Ru 8{n, 2n) Ru9~

Ru+4(n, 2n)Ru 3

Rh'"(», 2») Rh'"

Pd (n, 2n) Pd«~

Pd'"(n, 2n) PdIOO

Cd'"(n, 2n) Cd'"

Cd' (n, 2n)Cd' ~

Cd'" {n, 2n) Cd'0'

Cd "'(»2») C,
d'"

Sn "4(n, 2n) Sn~~e

Sb»i(n 2„)Sb»

Sb~23(n, 2n) SbI2~

Te'»(», 2») Te'»

Te'»(», 2») Te' 's
Te"0(n, 2n) Te''9

P"(n, 2n) I'"
Xe'~(n, 2n) Xe'~'
Xe»'(n, 2n) Xe'~
Xe~~(n, 2n) Xe»
Xe»4(n, 2n) Xe»3
Xe36(n, 2n) Xe'~

Cs'33(n, 2n) CsI32

652+31

1456+90
217+18

1389+84

569~30

1168a96

1440~80

957+57

637+45

1416+150

975+88"

865+100

1221+150

1389~71

1239~130

1615~63

1542+80

1615+fi0

1661+161

1455~55

1649&80

1130+110~
1355+1650
1530a170
1698&170' ~

1700~100

1542+75

600

1535
400

1560

930

1405

1060

1665

975

1410

1310

1750

1500

1810

1850

1720

1320
1455
1630
1800
1930

1740

953&97, 768+23, 502&36,
677&51, 544+22, 750&50,
800&120

256~35, 158~5, 170+14,
107&7, 155&10,132&21,
21f+16, 130+29,310+87,
315W35, 197a40

1510+180, 3790+1900,
2039+210, 1910+190,
1762~200

634+55, 478&90, 2600~300,
860&43, 616+50

2500a500

1948&1000, 2570~160,
2942~200, 1590~80,
1590~140

827~63, 820~80, 1358&136

504+76

1587&127, 1634+116,
1180+180

1800&100

1562+156, 1546+107,
184i+115

1245~300, 1950+200,
1263+135, 1706&100,
2280~200

1280&128

457&120, 753&107,676&58,
599&120

1.120+400, 1320+132, 1300&80,

1289~46, 1625%135,
1550&250
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TAM,E II. (Continued. )

Reaction

(ez+g)

Experimental
cross section

(mb)
present work

Pearlstein's
predicted

value (mb) Literature' values (mb)

Ba'~{n, 2n) Ba'"
Cd"(I, 2a) Gda

Ce'~(n, 2n) Ce"9

Ce'4'(», 2a) Ce'4'

1574:+100
1318&90

1593+130

1730&170

1645
1570

1840

1280

2280~200, 1804+105,
1740&100,3000&400

1695~102, 1600~300,
1860a170

a See cxNDA-68, Index to Literature on Microscopic Neutron Data,
and Supplement, U. S. Atomic Energy Commission, Division of Technical
Information Extension, 1968 unpublished).

Previously reported by W. Lu and R. W. Fink, Radiochim. Acta 12,

62 (1969).
6 From Ref. 12.
, Previously reported (Ref. 12) as 2360&240 mb due to an error in the

photopeak eKciency.

C. Ba''s(n, 2n)sa"' Data

The decay schemes of the Ba"9 isomers are not
well lrnown, and therefore the (zz, 2N) cross section
was determined by observing p rays in the decay
of 32-h Cs'~ daughter. Owing to insufIj. cient infor-
mation about the decay modes of the Ba"' isomers, the
Ba'ze(zz, 2tz)Ba's (EC) Cs' and the Ba'zs(tz zzP)+
Cs"' cross sections could not be separated (see Table
I).

IV. DISCUSSION

A. Comparison of the Results with Prior Work

Most of the previous measurements were made with
P-ray or y-ray counting with NaI(T1) detectors. P-ray
counting poses the problem of resolving the continuous

P spectrum into its different half-life components and
is very unreliable when many activities or thick sources
are involved. y-ray counting with NaI(T1) detectors
suffers from the defect of poor resolution. Some of the
ea,rlier results were not corrected for the decay of the
neutron Qux during irradiation, which can give rise to
substantial errors when the activities compared do not
have comparable half-lives. There are very few measure-
ments reported with Ge(Li) detectors.

In Table II the present total (zzz+g) cross sections
for the 14.4-MeV (zz, 2zz) reactions are compared with
values from the literature (E„=14-15 MeV), and with
the semiempirical predictions of Pearlstein. 2 The present
values, in general, agree rather well with Pearlstein's
predictions, but a close examination indicates that our
values are about 5—10% smaller than his predictions.

3. (n, 2n) Reaction Systematics

Taking all of the experimental values reported in the
literature and plotting them against mass number in
separate curves for even-Z and odd-Z cases, Bormann4
observed apparent shell-structure eGects around the
magic neutron numbers. A similar study was made by
Manero' and he implied that effects can also be seen at

the closure of proton shells. Cuzzocrea and Notarrigo'
reported that at neutron shell and subshell closures in
the target nuclei, (n, 2n) cross sections are found to
increase by a factor of as much as 3. They suggested
that this enhancement may be due to direct interactions.
Ruder has shown that there is no significant shell effect
in the (zz, 2N) cross sections of nuclei with neutron
numbers close to 50. Csikai and Peto' pointed out that
(zz, 2N) cross sections differ greatly even for different
target nuclides with the sunse neutron number. No
significant shell effect can be recognized when the cross
sections are plotted against target neutron or mass num-
ber. They observed an (1V—Z) dependence of (zz, 2zz)

cross sections and suggested that it could be due to the
influence of the direct inelastic scattering (~z, zz'y)

reaction. Barr et al. ' noted a dependence of (zz, 2n) cross
sections on the asymmetry parameter (1V—Z) /A.
Hille' pointed out that shell effects can only cause minor
deviations from the smooth trend of increasing cross
section with increase in (1V—Z)/A.

By plotting our experimental values against the
asymmetry parameter (1V Z) /A, a smoo—thly increas-
ing trend appears, as shown in Fig. 1, where the error
limits include possible errors in fs, half-life, and a, since
they affect the trend. The error in 0- is not included,
because as it is a systematic error, it would not affect the
trend. No difference between odd-Z and even-Z nuclei
could be discerned. It can be clearly seen that there is
no shell effect corresponding to the proton-shell closure
at Z=50. Shell effects corresponding to neutron num-
bers S=50 and 82 are also not seen. The cross sections
of ~4Xe82' ' and ~SCe82'4 also follow the general trend.
The 42Mo50" and 40Zr~o" cross sections are small and do
not follow the same trend, since their thresholds are
relatively high. In Fig. 2 the corresponding separation
energy S„(the separation energy of the last neutron in
the target nucleus), taken from Ref. 18, is plotted
against (1V—Z)/A. This also shows a similar trend,
although with a bit rebore scattering.

zs J. H. E. Mattauch, W. Thiele, aud A. H. Wapstra, Nucl,
Phys. 67, 1 (1965).
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By 6tting experimental values of O„,~„ to curves of
o„,&„/6r„,sr generated by the model, the value of o„„~can
be determined. Knowing o„„the ratio o„,sr/6r„, can be
calculated. Barr et a/. ' found an empirical fit to the
ratio given by

o„,sr/o„, = 1—1./64 exp) —18.14(1V—Z)/A j, (5)

0
Q,QQ

1

0.10
t

0.12
1 1

0.14 0.10
(N-Z) / A

1

0.10
l

0.20

1

0.22

FIG. 1. Plot of experimental total (I, 266) cross sections at
14.4 MeV from the present work against (E—Z) /A. The dashed
curve is a least-squares 6t to the empirical data. Shell-structure
effects at X=50 and 3T=82 are not discernible.

'0 N. N. Flerov and V. M. Talyzin, J. Nucl. Energy 4, 529
(19S7).
"G. Mani, M. MelkanoG, and I. Iori, French Report No.

CEA-2380, 1963 (unpublished) ."In evaluating the ratios containing o.„,~, the contribution to
neutron emission from the reactions (66, p66) was not included
in the calculations of Pearlstein (Ref. 2) or Gardner {Ref. 3).
However, in certain of the lightest isotopes of even-Z elements,
the contribution to neutron emission from these reactions is
signi6cant or may even be the predominating one {e.g., Ni~s,
Zn64 Pd166 C($66 8nu2)

C. Theoretical Predictions

The theoretical (r6, 2N) cross sections at a particular
energy are computed from the statistical model by using
the relation'

&~,2n=one &n, W 0~6 &n, 2n/&n, m 2 (2)

where 0„,is the nonelastic cross section and 0.„,~ is the
sum of the neutron emission cross sections 6r„,„+
o„,s„+6r„,s„, where &=neutron. The variation of the
nonelastic cross section with mass number is well known.
Pearlsteinm used the values given by Flerov and Taly-
z~n's" empsr~cal formula

0„,= 6r (0.12A'"+0.21)' b,

whereas Gardner' used values tabulated by Mani et al."
from optical-model potential calculations. The ratio
o„,s„/o„,sl is calculated using the statistical model
assuming that the compound nucleus emits a second
neutron whenever it is energetically possible. " This
ratio can be calculated knowing the separation energies
S„and S2„ for the erst- and second-emitted neutrons
and the level-density parameter a.It is a well established
fact that the level-density parameter varies with mass
number. Many authors have used such parameters as
@=A/7, A/10, A/20, etc. Gardner' found that the
results are not very sensitive to the change in the param-
eter from A/10 to A/20 and so did not use sophisticated
level-density parameters incorporating shell-structure
and nuclear-spin assignments. Pea.rlstein2 took the

which was used by Pearlstein' to get the ratio o„M/a~6.
6ardner' also plotted this function, but he assumed that
it varie', s with Z. Pearlstein provided curves for
res~/n, ~M, 6r, ~,sr/0' „and 0„„from which cross sections
can be obtained. Gardner, on the other hand, calculated
the absolute cross section for the isotope closest to the
line of stability with even S, and used a ratio equation
by which the absolute cross sections of the other iso-
topes of a given element are calculated by multiplying
0-'„,~„, calculated by the above procedure, with the
ratio.

In order to test the method of Gardner, we have
calculated the cross sections for Xe isotopes with both
the level-density parameters a= A/10 and A/20 using
his procedure. Table III lists the predictions we ob-
tained together with the experimental values. Pearl-
stein's values are also given for comparison. In the
Xe calculations, the isotope Xe'" was chosen as the
isotope closest to the line of stability with even E, and
it is found that the results depend very much on which
isotope is taken as the normalization point closest to
stability. It can be concluded from Table III that for
the Xe isotopes Gardner's ratio approach is not appro-
priate, as some of the predictions exceed 0.„,and do not
agree well with experiment, whereas the approach of
Pearlstein 6ts better. However, Pearlstein used an
empirical 6t for tT„,~I//0-„, deduced from poor experi-
mental data, as seen from Fig. 3 of Ref. 2. Therefore,
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"T.D. Newton, Can. J. Phys. 34, 804 (1956).

Fro. 2. Plot of neutron separation energy S„versus (X—Z)/A
from Ref. 18, showing the smooth dependence with (E Z)/A. —
Error limits in some cases in S„exceed 1 MeV (e.g., for Ru'8,
Cd"', Xe"4, Xe'" Ba'~, Ce'0'). The dashed curve is a smoothed
fit to the data.
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pu ed a new 6.t for the o„,~/o, ratio by using
the present experimental data, and in computing the
ratio o.„,s„/o„,sr to get o„,sr, we used

u= 0.0952'I'( gg+gN+ I)

1.0—

for the level-density parameter as proposed by Abdel-
malek and Stavinsky. "With the above formula and
their scheme of shell filling, very good agreement with
experimental values of the level-density parameter a
was found. The values of 0„,used were taken from Mani
et al.' and the separation energies, from Mattauch et al."
We then Qtted our data to a curve represented b

o„,srjo„,= 1—1.8124 expL —12.99(IV—Z) jA j.

.3

I

.12 .14

tN-2)/A

l

.20

Thhe fact that the experimental values agree fairl
well with the predictions (Fig. 3) based on separation
energies and, the level-density parameter a suggests
that there are no significant shell eGects in the j.4.4-
MeV~~ 2 ~e~~ cross sections and that these reactions in
the region of Z=40-60 are governed predomina tl bn
he statistical model of the compound nucleus.

At energies above the (m, 3n) threshold, competition

Nuclide

Predicted according
to Gardner's method~ Experimental
o = 2/10 o =2/20 values

Pearlstein's
prediction'

Xel24

Xe126

XeI'8
XeI~
Xe"6

1040
1320
1740
3525
4415

1025
1235
1610
2850
3380

1130&110
1355&165
1530&170
1698&170
1700+100

1320
1455
1630
1800
1930

TAat, z III. Comparison of 14.4-MeV predicted (g, 2n) cross
sections for Xe isotopes with experimental values (in mb).

Fxo. 3. Plot of 0.~,sr/0~, versus (N —Z)/A. The points with
error limits are calculated from the present total (e, 2N) cross
sections using the statistical model as described in the tex . The
curve is a least-squares fit to the points, to give a revision of the
6tting parameters in Eq. (5) as shown by Eq. (7) in the text

from the (I, 2n) reaction is assumed to be a,bsent by
Pearlstein2 and by Gardner. a However, it can be seen
from the results on Ce'4' (for which Ss„——12.65 MeV)
that the ~e 2~~~ reaction, in fact, predominates just
above the (e, 3N) threshold. Thus, the assum tion that
multiple neutron emission of the highest order takes
place as soon as energetically possible does tno appear

Gardner'suggested that the cross sections for all
odd-N target nuclides should be increased by a function
H(Z), which corrects for the effect of odd neutron
number. This point cannot be experimentally tested

y the activation method, since the products of all
odd-S targets are either stable or long-lived W f le ee

a such a correction may not be needed, as the
(e, 2') cross sections are naturally larger due to smaller
neutron separation energies for odd-S nuclides.

a See Ref. 3.
b See Ref. 12.
0 See Ref. 2.
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