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The multiplicity (M» }of prompt K x rays emitted in ( Li~n) reactions has been meas-

ured for twelve targets in the mass range 180&A & 209, at bombarding energies between 55
and 124 MeV. From the high multiplicities of x rays (1 & (M» }& 3) characteristic of the

observed evaporation residues, we infer that highly converting, low-energy M1 transitions

constitute a substantial portion of the y-decay cascades (especially at moderately high spin,
12&I&20) in a large number of nuclides in the transitional region between the shell clo-

sure at E=126 and the strongly deformed rare earths. The unexpectedly simple systematic
variation of the (M» } measurements with neutron number within this mass region sug-

gests that the converting transitions occur predominantly among members of as yet un-

known, mildly deformed, high-E, deformation-aligned rotational bands. From the mea-

sured values of (M» }and the singles E x ray yields we extract absolute total cross sections

for the (Li~n) reactions. Expected statistical features of the x-ray multiplicity distributions

and associated limits on the applicability of the present technique for evaporation-residue

cross section determination are discussed.

NUCLEAR REACTIONS: ' Hf, ' 'Ta ' W ' ' Re ' ' Pt ' Au
Tl, Pb, Bi( Li~n), Ez; ——55 —124 MeV; enriched targets;

measured x-ray —x-ray and x-ray —y-ray coincidence yields; deduced K
x-ray multiplicity and total (Lipn) cross sections. Origin of x rays ac-

companying nuclear reactions, multipolarity of converting y transitions,
structure properties of transitional nuclei.

I. INTRODUCTION

There has been considerable recent interest in the
mechanism for the production of prompt x rays ac-
companying nuclear reactions. ' The yields of
such x rays reflect nuclear reaction cross sections
and hence are generally smaller by orders of magni-
tude than the yields of x rays characteristic of the
target (or projectile) element, which are copiously
produced in charged-particle bombardment via
long-range atomic collisions. Two basic classes of
mechanism have been discussed for the ionization
of inner atomic shells in nuclear reaction products.
The first involves electron collisions or rearrange-
ments occurring at some point along trajectories
which lead to close approach of the projectile and
target nuclei. In the second mechanism the elec-
tron vacancies result instead from the decay of ex-
cited nuclear states by internal conversion. If the
nuclear deexcitation proceeds through a cascade of

y transitions, it is possible for more than one of
these transitions to convert, and hence multiple x-

ray emission may occur.
X rays from the second mechanism have some-

times been viewed as an undesirable background,
masking the small "signal" from atomic collision
vacancy-production processes, which might be used,
for example, to provide a time calibration for the
associated compound nucleus or deeply inelastic nu-

clear reactions. ' ' In the present work we investi-

gate x-ray emission in fusion-evaporation reactions
where internal conversion is the dominant source,
and we emphasize that this mechanism itself has a
number of interesting and unexpected characteris-
tics and applications.

Our interest in the prompt x rays characteristic
of fusion residues was stimulated by the possibility
of significant multiple emission per nuclear reac-
tion, as was suggested by a comparison of measured
x-ray and y-ray yields for (a,xn} reactionss'o and
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also by earlier coincidence studies" of fission-
fragment x rays from the decay of U and Cf.
We have made direct measurements of the mean
multiplicity ((M»)) of K x rays emitted from
( Lipn) residues via detection of x-ray —x-ray and
x-ray —y-ray coincidences. As we have reported
briefly in previous publications, ' ' the results of
these measurements have been applied both to
determine absolute total evaporation-residue pro-
duction cross sections and to infer certain average
properties of nuclear level schemes at moderately
high spin in the transitional nuclides with A =200.

The use of the x-ray multiplicity technique to
measure total cross sections (o.„„)for (Lipcn) reac-
tions is a crucial aspect of a broader program aimed
at understanding the decay modes of hot, high-spin
nuclei. The goals and results of that program are
reported elsewhere. ' We developed the present
technique since we have concentrated on a mass re-

gion where more conventional methods for deter-
mining cr», involving detection of the heavy resi-
dues themselves or of prompt y-ray spectra from
their decay, pose significant experimental problems.
In the present paper we apply the x-ray multiplicity
technique to fusion residues with A=200 and dis-
cuss the expected limits on its usefulness for
measuring cr„„. Its success hinges on there being a
moderately high multiplicity () 1) of E x rays, as
we have indeed observed for a large number of
bombarding energies and targets in this mass re-

gion.
The observation of high (M») values has in it-

self interesting implications for the structure of the
emitting nuclides, on which we focus in the present
paper. We investigate the systematic dependence of
(M» ) on bombarding energy and on neutron num-

ber of the (Li~n) residues, allowing us to form a
consistent picture of the nuclear structure features
which may be responsible for the x-ray emission. In
particular, we propose that the x rays originate
predominantly in highly converting, low-energy M1
transitions between states belonging to strongly cou-
pled rotational bands built upon high-E few-
quasiparticle intrinsic configurations. We also dis-
cuss the general ways in which structure informa-
tion from (M») measurements may complement
that available from other spectroscopy techniques.

II. METHODS OF DETERMINING
X-RAY MULTIPLICITY AND o. ,

In the present experiment we detected charac-
teristic prompt x rays which result from X-shell

internal conversion occurring during y cascades
deexciting evaporation residues. During these cas-
cades, transitions proceeding via internal conversion
create a vacancy in the atomic K shell. Such a va-
cancy is filled by an electron from a higher atomic
shell very quickly' —within —10 ' s, with the ac-
companying emission of an x ray characteristic of
ZcN Ztarget +Zprojectile Repeated E-shell conver-
sion (hence multiple J x-ray emission) is then possi-
ble since nuclear transition lifetimes for heavy
atoms are typically much longer than the atomic
vacancy lifetimes.

Our aim is to determine both the absolute total
cross section 0„„for producing nuclides with atom-
ic number Zciv and the mean number (M» ) of E x
rays emitted during the deexcitation cascades in
those nuclides. The singles yield Ni of relevant E x
rays in a detector of efficiency g~ depends on both
o.» and (M»):

Ni ——Ccr» (M»)9i ~

where C is a constant depending on the number of
incident particles, the target thickness, dead-time
corrections, etc.; O,„represents the total (particle,
xn) reaction cross section summed over all x values;
and (M» ) is the mean E x-ray multiplicity, an ap-
propriately weighted average over all y-decay paths
in all (particle, xn) residues.

Two independent techniques have been used in
the present work to supplement the x-ray singles
measurements in order to extract both (M») and
o». The first technique involves measurement of
x-ray —x-ray coincidences and the second, more
direct, but much more time-consuming, method is
based on detecting coincidences between E x rays
and characteristic y-rays from the accompanying
cascades.

In the first method, used for the majority of
measurements reported here, the number Nii of
detected K x-ray —E x-ray coincidences is given by

Ni2 ——Ccr»((M»(M» —1)) )r)iv]2,

where g2 is the efficiency of the second x-ray detec-
tor. Comparison of the singles yield (Ni) with the
number 1Vi2 of coincidences gives

N i2 (M»(M» —1))

(3)

where b,» represents the variance ((M» )
—{M») ) of the E x-ray multiplicity distribution
averaged over all (particle, xn) products. We have
extracted values of (M») from Eq. (3) by assum-
ing a Poisson multiplicity distribution, for which
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b,x ——(Mx ), and hence

D =(Mx) . (4)

Detailed statistical arguments supporting the ex-
pected validity of the assumption of a Poisson dis-
tribution are given in the Appendix. We argue
there that the systematic uncertainty in the extract-
ed (Mx ) values arising from the possible deviations
from a Poisson distribution is not worse than +0.2
for the cases we have studied, where we always ob-
serve D & 1.

Once (Mx) is known, the total production cross
section for (particle, xn) products (cr») can be deter-
mined from the measured singles x-ray yield at a
single angle via formula (1), since the angular distri-
bution of E x rays is isotropic' to very good ap-
proximation. It is worth noting that the values ob-
tained for rr» do not depend on the absolute values
of the x-ray detection efficiency, but only on the ra-
tio g2/g~ of efficiencies for the two detectors,
which can be determined with better accuracy.

Supplementary measurements of the K x-ray
multiplicity were performed in selected cases using
the x-ray —y-ray coincidence method. These mea-
surements served both as a cross-check on the valid-

ity of the x-x coincidence technique and as a source
of information about the location of the converting
transitions in the level schemes of selected nuclides
(see Sec. VA). By comparing the number of coin-
cidences N„r observed between specific y rays and
ECN and K~ x rays to the number of corresponding y
singles, one obtains directly the mean number

(Mx)r of X x rays accompanying the y transition
of interest:

(M, )„=
Ix ~

(5)

where q„represents the efficiency of the x-ray
detector. This formula, although similar in form to
Eq. (4) for x-ray —x-ray coincidences, does not
depend on the assumption of a Poisson multiplicity
distribution. The second moment of the distribu-
tion is relevant to the x-x, but not to the x-y, coin-
cidence yields, because in the former case high-Mx
cascades are already weighted more heavily than
low-Mx cascades once we detect the first of two x
rays. There is, however, no such bias introduced
when we detect a y ray. Formula (5) is analogous to
the one used in determining y-ray multiplicity in
standard Ge(Li)-NaI coincidence experiments. '

Measurements of triple coincidences among E x
rays have been used to provide another consistency
check on the validity of the assumption that the

probability of observing a certain number of E x
rays in a given (particle, xn) reaction is adequately
described by a Poisson distribution with mean value

equal to the observed D. In analogy with Eq. (3) the
ratio of triple (N~23) to double x-ray coincidences is

given in general by

N», (Mx') —(M, ') —2
N»g3 (M, ') —(M )

(6)

where ri3 is the efficiency of the third x-ray detec-
tor. If one assumes a Poisson distribution,

and

(Mx ) =(Mx) +3(Mx) +(Mx),

(M ')=(M )'+(M, ),

(7)

(8)

from which one obtains, in analogy with Eq. (4),

=(M )=
F1293 N)g2

(9)

Therefore, if the assumption of a Poisson distribu-
tion of the x-ray multiplicities is valid, one should
obtain consistent results for (Mx ) from the
triples-to-doubles and the doubles-to-singles ratios.

III. MEASUREMENTS

A. Experimental configuration

The measurements of E x-ray multiplicity and to-
tal (Li~n) cross sections were made using s Li+++
beams from the Indiana University Cyclotron Facil-
ity. (Mx) has been measured for ( Li pen) reactions
at bombarding energies of 55.4, 74.8, 84.4, 94.4, and
124.4 MeV on twelve targets ranging in mass from

Hf to ~Bi. Measurements for ' Au, Pb, and
Bi targets were also made using Li beams of 67.8

and 69.4 MeV. Henceforth we will refer to nominal
beam energies: 55, 69, 75, 85, 95, and 124 MeV.
The full list of projectile-target-bombarding energy
combinations is given in Table I.

The targets (except for ' W and 's5's Re) were
made from self-supporting metallic foils of 2—10
mg/cm thickness, with isotopic enrichment & 95%
in all cases. The W and Re targets were of similar
thickness and enrichment, but were made, respec-
tively, from tungsten oxide and from metallic rheni-
um dissolved in a benzene-styrene solution. The
targets were chosen thick enough to stop the heavy
evaporation residues yet cause insignificant self-
absorption of the low-energy photons of interest.
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TABLE I. E x-ray multiplicities, absolute E a(Z&&) production cross sections, and total (Li~n) cross sections deduced

from x-x coincidence data.

Target Ecw (m, )„ &rc, ~Zcw)
d

&xn

'"Ta
194pt

198pt

197Au

208pb

a 87()S
200Tl
' ri
203pb

214At

59.8
59.5
61.6
60.8
48.9

Li E] b ——55.4

106.0
114.0
117.8
115.9
125.0

1.08+0.09
2.69+0.17
2.46+0.17
1.16+0.09
1.06+0.07

575+63'
1054+23
1004+25
399+25
499+36'

1070+149'
799+83
832+90
702+67
868+82'

180Hf
181T
a 86~
185Re

187Re

19Sp,

197Au

205Tl

208pb

209Bi

186R

a 87~s
]92y

191pt.
193pt
' ri
203pb

211po

214At

"'Rn

78.7
79.3
79.0
78.6
79.9
81.1
80.3
75.5
68.5
69.8

La, E],b ——74.8

104.2
104.1
108.1
106.2
108.0
115.9
114.0
120.5
123.1
123.0

1.56+0.17
1.16+0.26
2.29+0.17
1.79+0.19
1.46+0.15
3.05+0.34
2.15+0.26
1.82+0.20
1.70+0.13
2.16+0.20

1349+216'
651+48

1353+135e

915+110'
785+94'

1660+52
688+17
913+82'
875+40
634+51'

1729+329'
1127+265
1193+167'
1086+185'
1032+175'
1110+127

653+81
1023+133'
1055+94
605+78'

181Ta

194pt

198pt

'"Au
208pb

187()s
' r&'

r&

203pb

214A

88.4
88.1

90.2
89.4
77.6

Li, E],b ——84.4

103.4
111.4
115.2
113.3
122.2

1.25+0.21
3.12+0.17
3.21+0.16
2.25+0.13
2.24+0.17

634+61'
1383+88'
1627+85'
638+37'
786+57'

1023+208'
904+94'

1034+99e
578+52'
719+67'

181Ta

194pt

198pt

'"Au
203Tl

208pb

187os
200Tl
' ri
203pb

209po

2a4At

98.2
98.0

100.1
99.3
96.4
87.5

La, E],b ——94.4

102.8
110.8
114.6
112.7
116.9
121.6

1.03+0.25
3.15+0.35
3.21+0.22
1.83+0.29
1.82+0.38
2.34+0.21

681+82
1196+37
1651+35
657+48
545+49'
921+29

1329+360
775+89

1049+75
732+128
614+86'
807+77

185Re

194pt

'9Spt
197A

208pb

19aPt
'

r&' ri
203pb

214At

125.5
126.1
128.3
127.5
115.7

Li, E],b ——124.4

102.6
108.6
112.4
110.5
119.3

0.80+0.13
2.52+0.26
3.13+0.22
2.24+0.21
3.09+0.25

521+101'
695+127'

1230+216'
384+66'
518+88'

1315+372'
563+124'
802+136'
350+66'
344+62'

197Au Pb 74.3

Li, E],b ——67.8

115.6 2.04+0.13 742+67 742+96'
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TABLE I. (Continued. )

Target CN EcN N OX, (ZCN)

Li, E1,& ——69.4 MeV

208Pb

209Bi

215A

216Rn
61.6
63.5

124.8
124.6

1.8S+0.15
1.26+0.10

909+82'
613+55'

1007+120
1002+119

'Initial excitation energy of compound nucleus.
Mean neutron number of the populated (Lipn) residues, determined from y-singles spectra measured in the present ex-

periment and the work of Ref. 38.
The specified errors in (Mx)„reflect primarily counting statistics and background subtraction uncertainties. Overall

absolute normalization uncertainties (-+S%%uo) and possible systematic errors (-+10%%uo) arising from deviations from a
Poisson x-ray multiplicity distribution are not included.
cr,„ is determined from Eq. (11). The quoted errors arise from counting statistics and background subtraction uncer-

tainties in the analysis of x-ray yields, and from uncertainties in the normalization procedure described in Sec. III E of
the text.
Absolute x-ray cross sections were obtained via extrapolation or interpolation from the measured energy and Z depen-

dence of the target x-ray production cross sections. Quoted errors include the uncertainty in this procedure.
Absolute x-ray cross sections were obtained via interpolation of the measured energy dependence of the target x-ray
production cross sections, assuming (Ref. 22) o7„.(E)=~6 . ( 7 E).

The target chamber and beam transport pipe were
constructed from thin (0.8 mm wall) aluminum tub-

ing in order to reduce background and to minimize
photon absorption along the path to the detectors.

The detector array consisted of two or three in-
trinsic germanium crystals of 1 or 1.5 cm thickness
and a Ge(Li) detector of 50 cm volume. The detec-
tors were placed at distances from 6 to 15 cm from
the target and at laboratory angles of +50' and
+135'. The resolution of the primary x-ray detector
(Ge 1, with 100 mm active area) was 550 eV (full
width at half-maximum) at 100 keV, while the coin-
cidence Ge detectors (Ge 2 and Ge 3, each with 510
mm active area) had -2.0 keV resolution. The ab-
solute efficiency of the Ge detectors was determined
using calibrated standard sources and was almost
constant over the x-ray energy range of interest.
The efficiency of Ge 1 was typically —1X10
while the summed efficiency for the two coin-
cidence Ge detectors was typically -5)& 10 . Iron
collimators and thin (-0.4 mm) Cu absorbers were
used to shield all the detectors from low-energy
photons present in the room background and to
limit the detector singles rates arising from I x rays
originating at the target.

Signals from the detectors were processed by con-
ventional electronics which allowed storage of indi-
vidual time spectra for all relevant combinations of
detectors. The time spectra covered a 1 ps range,
with typically 15—20 ns resolution for x-ray —x-ray
coincidences. High-resolution singles energy spec-

tra from the Ge 1 and Ge(Li) detectors were ac-
quired in multichannel analyzers, while coincidence
events were stored event by event on magnetic tape.
Good energy resolution was achieved despite the
high singles count rates with the help of a pileup re-
jection system built into the linear amplifiers.
Corrections for deadtime and pileup losses in the
electronics and computer processing were deter-
mined with a pulser fed into the detector preampli-
fiers and triggered by a scintillator counter viewing
energetic particles from the target. The losses were
measured independently for the singles and for the
coincidence spectra, and were typically -25% and
—30%, respectively.

B. X-ray singles spectra

X-ray spectra obtained with the high resolution
Ge detector during bombardment of ' Re with 75
MeV Li and of 2osPb with 69 MeV 7Li are shown
in Fig. 1. In addition to the large x-ray peaks re-
sulting from primary ionization of the target ele-
ment with atomic number Z„one observes in each
spectrum a series of x-ray peaks characteristic of
the nuclear reaction products with atomic numbers

Z, +1, Z, +2, and Zcw ——Z, +3. The x-ray yields
accompanying nuclear reactions are surprisingly
large in the cases investigated here, being reduced
from the atomic collision yields by no more than
one order of magnitude. Unfortunately, the K 2
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FIG. 1. Representative singles spectra of E x rays
from 75 MeV Li bombardment of ' Re and 69 MeV
Li bombardment of Pb. Atomic x-ray peaks charac-

teristic of the target element are the strongest in each
spectrum. Note that the E ~ and EC~ peaks characteris-
tic of Z~~ (Pt in the case of the Re target, At for the Pb
target) have no contributions from other elements. Un-

labeled peaks correspond to low-energy y rays from re-
action products. The energy resolution is the same
(-600 eV FWHM) in the two spectra, but the disper-
sion of the energy scale differs for the two.

10

I

70
I I

80 90

E [k6V]
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FIG. 2. Representative beam-off singles x-ray spec-
trum (above) accumulated during a 600 s counting

period immediately following -1 h bombardment of
2 Bi by 75 MeV 6Li. The half-lives of the dominant

( Li~n) residues are 24 and 29 m. A corresponding in-

beam spectrum is shown below for comparison. There
is clearly no appreciable contribution to the Z~~ E ~

and EIn peaks from the p activity of reaction products.

atomic transition energy for each element populated
is nearly identical with the X~I energy from the
preceding element, and similarly the Ep~ 3 and E~
peaks from neighboring elements are unresolvable.
The only peaks in the spectrum that can be attribut-
ed strictly to a single element are the E

&
and Epz

peaks characteristic of the compound nucleus Z and
the K~2 and EpI 3 peaks characteristic of the target
Z (if contributions from the element Z, —1 can be
neglected). Besides conversion x rays from evapora-
tion products [(Li,pxn) or (Li,axn}] the Z, +2 and

Z, +1 peaks include x rays produced during the
deexcitation of residues formed in alpha- or
deuteron-transfer reactions, and also considerable
contributions from the a or P decay of radioactive
(Li~n) products (half-lives in this region vary from
10 s to 10 h). Despite the fact that the average
number of x rays emitted per radioactive decay is
generally smaller than the number of prompt x rays
per nuclear reaction, the contribution to the ob-
served Z„Z,+1, and Z, +2 peaks from x rays fol-
lowing a or P decay is not at all negligible. An ex-

ample of the activity contribution to the in-beam
measurements is shown in Fig. 2 by an off-beam
spectrum acquired during a 600 s period following
—1 h bombardment of Bi. One may note in Fig.
2 the obvious absence of any activity peak in the
E I(ZzN) region. For some of the systems studied
we observed small activity contributions (never
exceeding l%%uo) to the Zc~ %~I peak, arising from

Ep x rays emitted during the decay of radioactive
products with charge Z, .

There were three primary peaks of interest in the
singles spectra: the X~2 and Ep~ 3 peaks characteris-
tic of the target [E 2(Z, ) and K@3(Z,)] and IC I

characteristic of the (Li~n) residues [E I(Zc~)].
Characteristic target x rays produced in atomic col-
lisions were used to determine absolute E-shell ioni-
zation cross sections, whereas the Z~z x rays were
applied in determining the cross section and x-ray
multiplicity for the (Li~n} reactions. The (Z, +1)
and (Z, +2) x-ray yields could, of course, also be
used in principle to deduce the corresponding
residue-production cross sections. We do not
present such results here since there is a large uncer-
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FIG. 3. Representative spectra of (a) the time difference between coincident events in two intrinsic Ge detectors and

(b) the energy of events in the poorer-resolution (Ge 2) detector in prompt coincidence with a K &(ZcN) x ray in the

high resolution (Ge 1) counter. The spectra were obtained during 85 MeV Li bombardment of ' Pt. The periodic
structure in the time spectrum arises from accidental coincidences between events initiated by projectiles from different

cyclotron beam bursts. In (b) the Z&N K and K~ x ray peaks appear prominently, but the energy resolution of Ge 2
(=2.0 keV FTHM) is not sufficient to separate cleanly the constituent K or Kp lines. The vertical lines mark the
lower and upper edges of (a) the accidental (A) and prompt (P) time windows and (b) the Compton (C) and Z&N K en-

ergy windows used to gate the Ge 1 energy spectra shown in Fig. 4. Compton background windows on both the low-

and high-energy sides of the K x-ray peaks in (b) were used in the sorting process.

tainty in their interpretation, arising from the un-

folding of the contributions to the x-ray peaks from
neighboring elements, from the subtraction of P-
activity contributions, and from the competing nu-

clear reaction paths which populate these nuclides.
The major uncertainty in extracting the number

of counts to be included in the x-ray peaks of in-
terest arises from the background subtraction. In
the case of the K ~(Zc~) peak, the background was
from 10% to 25% as large as the peak area itself.
Smooth backgrounds were drawn under the entire E
x-ray region, in a consistent manner for the various
targets and bombarding energies, and were subjected
to the constraint that the resulting EN/IC& intensity

ratios for both Z, and Z~~ be close to the theoreti-
cally expected values. ' The systematic uncertainty
in this subtraction procedure [typically 5 —10% of
the extracted E &(Zcjz) sum] was estimated by scal-
ing the optimum background curve up and down to
the extreme values deemed consistent with the
above constraints.

C. X-ray —x-ray coincidence measurements

A representative time spectrum for coincidences
between photons in two of the three intrinsic Ge
detectors is shown in Fig. 3(a). The corresponding
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FIG. 4. X-ray spectra for the high-resolution (Ge 1)
detector obtained under various Ge 1-Ge 2 coincidence
gating conditions, to illustrate stages in the extraction of
a true prompt E x-ray —E x-ray coincidence spectrum.
The time [accidental (A) or prompt (P)] and Ge 2 energy
[Compton (Q or IC ] windows used to gate each spec-
trum are as follows (see Fig. 3 for the settings of the
windows): (a) P+E; (b) A +E; (c) P+C; (d) A +C.
Spectrum (e) is the final true prompt coincidence spec-
trum, obtained by first normalizing the background
spectra (b), (c), and (d) to the same time- and energy-
window widths as used in (a), and then subtracting the
renormalized spectra (b) and (c)—(d) from (a).

energy spectrum of Ge 2 events in prompt coin-
cidence with a K t(Zc~) x ray in Ge 1 is displayed
in Fig. 3(b). With this coincidence requirement we
observe only E and E~ peaks characteristic of Zcz
in Fig. 3(b). However, in an ungated Ge 2 spec-
trum, the Z~N E energy window indicated in Fig.
3(b} would also include some contributions from
elements of lower Z, because of the limited resolu-
tion of this detector. The coincidence spectrum of
the high-resolution detector, gated by software win-
dows on the prompt time peak in Fig. 3(a) and on
the ZcN E energy peak in Fig. 3(b), is shown in

Fig. 4(a). The other spectra in Fig. 4 illustrate vari-

ous types of backgrounds which must be subtracted
to generate a spectrum of true prompt E x-ray —E
x-ray coincidences, as described below.

There are two primary sources of background in
the raw coincidence spectrum of Fig. 4(a). The first
originates from accidental coincidences with E~ x
rays in Ge 2, and is characterized by the spectrum
shown in Fig. 4(b), obtained by shifting the software

gate on the time spectrum off the prompt peak, as
indicated in Fig. 3(a). The second source
corresponds to true prompt coincidences not with
real E~ x rays detected in Ge 2, but rather with

Compton-scattered y rays giving pulse-height sig-
nals in the same energy range as the E x rays. The
Ge 1 spectrum in prompt coincidence with the Ge 2
Compton background regions indicated in Fig. 3(b)
is shown in Fig. 4(c}, and the corresponding spec-
trum of accidental coincidences with Compton
background events is shown in Fig. 4(d}. Coin-
cidences of the latter sort are included in both Figs.
4(b) and 4(c}, and must be subtracted from one of
them to avoid double counting. The final coin-
cidence spectrum in Fig. 4(e) is obtained by first
normalizing the various background spectra to the
same energy- and time-window widths as were used
to gate the raw spectrum [Fig. 4(a)], and then sub-

tracting the renormalized spectra b and (c-d} from
spectrum a. This background subtraction procedure
was followed for all detector combinations of in-
terest.

The number of true prompt E ~
—E coin-

cidences Ntz(E~) is now obtained by summing the
counts in the E ~(Zc~) peak above the low, flat
background observed in Fig. 4(e). The uncertainties
in Nt2(E ) are dominated by counting statistics in
the E~& peaks of the constituent spectra [4(a)—4(d)]
used in generating the final coincidence spectrum.
In extracting a full E x-ray multiplicity value from
Eqs. (3) and (4), we must compare the K, (Zcz)
singles yield to the total number (Nt2) of E~t —K~
plus E ~

—Ep coincidences. The latter coincidences
were not usually included in the sorting process be-
cause the Ep peak-to-Compton ratio in the Ge 2
and Ge 3 spectra were generally poor [see Fig. 3(b)].
However, N&z(K~) can be readily corrected for this
omission as follows:

Nt2 ——Nt2(E )(1+Ip/I~),

where the Ep-to-E~ intensity ratio Ip/I~ is taken
from atomic physics calculations in Ref. 18, and is
=0.28 in the Z range of interest. We do not include
in %~2 those events for which one of the E vacan-
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high-spin isomers in the decay schemes allows ob-
servation of delayed x-y coincidence spectra dom-

inated by a few prominent lines. For example, in
Fig. 7 we show a spectrum of delayed y rays in
coincidence with K ~ (Zc~} x rays which are
prompt with respect to the cyclotron beam burst.
Only y transitions deexciting the 12+, T&&2 ——269 ns
isomeric state in ' Pb (see inset, Fig. 7) are ob-
served in this coincidence spectrum. Comparison of
these delayed coincidence yields with the
corresponding singles y yields allows us to extract
(using the known y-decay lifetimes) the multiplicity
of E x rays feeding the 12+ isomer, and hence pro-
vides a constraint on the origin of the x rays within
the y decay cascade (see Sec. V A).

For reasons explained in Sec. II, we have also
found it useful to acquire triple coincidence yields
among Zc~ x rays in the three Ge detectors for 85
MeV Li bombardment of ' Pt. The spectrum ob-
tained is shown in Fig. 8. Backgrounds from ac-
cidental coincidences and from coincidences with
Compton-scattered y rays have been subtracted
from the x-ray triples spectrum in Fig. 8 using a
procedure similar to that described in the preceding
subsection.

E. Absolute normalization procedure

Absolute normalization for the measured x-ray

yields was provided in a separate series of runs at
bombarding energies of 55 MeV (Pt and Au targets)
and 75 and 95 MeV (Ta, Pt, Au, and Pb targets). In
these runs singles x-ray spectra were acquired
simultaneously with Li elastic scattering yields in a
163-cm diameter scattering chamber. The Li pro-
ducts were detected in two Si solid state counters
placed symmetrically at 10.0'+0.04 to the left and
to the right of the beam direction. The x-ray detec-
tor Ge 1 was placed at 120' at a distance -75 cm
from the target. The improved geometry of this ex-
periment in comparison with the coincidence mea-
surements allowed for much smaller background
subtraction uncertainties, and hence higher accura-
cy of the measured x-ray peak intensities.

The absolute x-ray production cross sections were
normalized against the Li elastic scattering cross
sections [o;~(10')] using the measured ratio of x-ray
detector efficiency to Si-detector solid angles. The
former was determined with a variety of calibrated
radioactive sources to an absolute accuracy of
+5%o, while the latter, were measured geometrically
to +3%. In measurements at E6,——55 and 75 MeV

Li

we took o;~(10') for all targets equal to the Ruther-
ford values (oa„,h), an assumption accurate to
—+2% according to optical model calculations. '

At 95 MeV, values of o',~(10')/crR„,h(10') deduced in
a previous experiment' were used. The absolute
target x-ray production cross sections determined
via this normalization procedure will be reported
elsewhere.

The absolute x-ray cross sections we report at
E6„.——85 and 124 MeV, and for targets other than

Ta, Pt, Au, and Pb at all energies, were determined
not by direct calibration against the elastic scatter-
ing, but rather via interpolation of the absolute tar-
get x-ray cross sections [ox(Z, )] from the directly
measured results at 55, 75, and 95 MeV. In this in-
terpolation procedure, we assumed smooth energy
and Z dependences of ox(Z, ) similar to those meas-
ured for a-particle bombardment in corresponding
velocity and Z ranges. ' ' '

IV. RESULTS

The E x-ray multiplicities determined from x-
ray —x-ray coincidence yields ((Mx)„}, the mea-
sured absolute cross sections for production of K ~

x rays characteristic of Zc~[ox (Zc~)] and the to-
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tal absolute cross sections for (Li~n) reactions (o„„)
are listed in Table I, along with a summary of the
sources of the quoted uncertainties. We have calcu-
lated o„„from other measured quantities as follows:

Ox, (Zciv)

(M )J., '

where f i is the fraction of all Zc~ E x rays ap-
pearing in the K i peak. Values of f i were taken
from theoretical calculations'; for the elements of
interest f i is typically 0.50. The errors in (Mx )„
arise mainly from background subtraction uncer-
tainties in the x-ray singles and coincidence spectra
(see Sec. IIIC) and from coincidence counting
statistics. The possible systematic error (-+0.2)
associated with deviations from a Poisson multipli-
city distribution (see the Appendix) is not included
in Table I. The errors in o.„„reAect those in
(Mx )„,but include in addition the relative normal-
ization uncertainties for the x-ray cross sections.
The variation of (Mx )„with bombarding energy
for the five primary targets on which we have made
systematic measurements is presented in Fig. 9. A
detailed description of these results is given in the
next section.

Similar values for (Mz) were obtained in the

complementary x-y coincidence experiment. For
the two cases investigated in detail, we obtained
(Mx )r——2.37+0.13 for 85 MeV Li bombardment
of ' Au and (Mx)r ——3.11+0.30 for ' Pt bom-
bardment at the same energy. These numbers are
cross-section-weighted mean values of (Mx )r aver-
aged over the lowest-lying transitions in various
( Lipcn) residues, and are to be compared with the
corresponding (Mx )„values of 2.25+0.13 and
3.21+0.16, respectively. The x-ray multiplicities as-
sociated with particular y transitions are given in
Ref. 12.

The excellent agreement between the (Mx) „and
(Mx )r values confirms the validity of the x-x coin-
cidence method, and specifically justifies the use of
the Poisson x-ray multiplicity distribution. Addi-
tional, although weaker, confirmation comes from
the x-ray triples measurement for 85 MeV
Li+ ' Pt, which yields via Eq. (9) (Mx )3„=3.3+0.6, to be compared with (Mx )„=3.21+0.16.

The measured values of (Mx)„ listed in Table I
vary from about 0.8 to 3.2, depending on target
mass and bombarding energy. This observation
agrees qualitatively with a previous determination
[involving a comparison of x-ray singles yields with
total (a,xnan) cross sections] by Deconninck and
I.ongree' of the average number of E-shell vacan-
cies (i)x) produced in a-induced reactions in the
same mass region. For incident o.'energies varying
from 40 to 110 MeV, gz was observed to increase
smoothly from 0.8 to 2.2 for a Pb target and from
0.4 to 1.8 for Bi. In Sec. V A we consider the exper-
imental constraints on the origin of this surprisingly
large number of prompt x rays observed. In Sec.
VB we explore the systematics of the variation of
(Mx ) with target and energy, and discuss the nu-
clear structure conditions which may be responsible
for this systematic behavior.

The success of the x-x coincidence method, as
verified by the complementary x-y and x-x-x meas-
urements, allows quick (-1 h per target and bom-
barding energy) and relatively accurate
(-10—15%%uo) measurements of absolute residue-
production cross sections, in cases where alternative
techniques require either detection of the very low-

energy, high-Z residues themselves, or detailed
knowledge of y-decay schemes for products far
from the line of stability. The limitations on the x-
ray multiplicity method for determining residue
cross sections are discussed, in Sec. V C and in the
Appendix.

The total (Lipcn} cross sections measured in the
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present experiment constitute a major portion of the
total fusion cross sections (or„,) for the systems
studied. Accompanied by measurements of the
cross sections for charged-particle evaporation and
for fission, these O.„„values have been used in a sys-
tematic study of the statistical competition between
fission and particle decay modes in heavy-ion fusion
products. ' One may note from the higher energy
results in Table I an overall tendency for o.„„to de-

crease as Z /A (i.e., the fissility) of the compound
nucleus increases. This behavior is expected be-
cause fission competes more favorably with neutron
evaporation as fissility increases. Indeed, when the
charged-particle emission and fission cross sections
are added to 0.„„,the measured values of o.~„, are
found' to be essentially independent of target and
bombarding energy over the limited ranges covered
in the present experiment. The only statistically
significant deviations observed from the average
value of O.g„, are anomalously low results for
Li+' Au at 75 and 85 MeV. There are no rea-

sons to expect any greater systematic error in our
o„„measurement technique for these cases than for
all others; however, we are not confident that the
anomaly has a real physical significance.

V. DISCUSSION

A. Constraints on the origin of the x rays

In the present experiment we have observed large
yields of E x rays characteristic ef nuclear reaction
products, specifically —1 —3 X x rays emitted per
(Li~n) reaction in all the cases studied. The only
reasonable mechanism to account for such large
yields is internal conversion during the y cascades
deexciting the evaporation residues, although there
is no direct evidence from our results to verify this
claim. In what follows, we argue first that the al-
ternative processes which might in principle lead to
production of x rays characteristic of Zc~ are ex-

pected to be very weak; we then make it plausible
that internal conversion can indeed account for not
only the observed magnitude of (Mx ), but also its
variation with target and bombarding energy, as
long as certain restrictive nuclear structure condi-
tions are satisfied.

The atomic processes capable of producing x rays
characteristic of Zc~ include: (1) collisionally-
induced ionization of a E-shell electron by a Li pro-
jectile on its "way in" to fuse with the nucleus of
the same target atom; (2) "shakeoff" of a K-shell

electron caused by the sudden change of nuclear
charge effected by fusion; and (3) K-shell ionization
of the fused atom as it recoils through the target
foil. One would expect naively that the first process
is several orders of magnitude weaker than simple
ionization of the target (Z, ) E shell, since in the
former case impact parameters are restricted to a
much smaller range, as the projectile is constrained
to undergo subsequent nuclear fusion. Processes (2)
and (3) might cause significant rearrangements in
outer electron shells, but do not seem likely to pro-
duce appreciable E-shell vacancies. These qualita-
tive expectations can be placed on a more quantita-
tive footing on the basis of several measurements
and calculations. %'e note that essentially the same
three atomic processes are accessible in a emission
from radioactive nuclei. However, in the case of.

'

' Po, they combine to yield a measured daughter-
nucleus K-shell ionization probability of only
-2p 10 per a decay. In a measurement involv-

ing relative velocities of the projectile and the K-
shell electrons closer to those used in the present ex-
periment, the K-vacancy production probability ac-
companying compound-nucleus contributions to
(p,p') reactions at E~=7 and 12 MeV was deter-
mined to be -10 per nuclear reaction. Calcula-
tions of E-shell ionization via "shakeoff" suggest24

probabilities —10 per nuclear reaction. Although
this information is admittedly fragmentary, it
nonetheless indicates that the Z~z x-ray yields ob-
served in the present experiment are too large by
several orders of magnitude to arise from the above
mentioned atomic processes. This conclusion is
also consistent with evidence from x-ray —y-ray
coincidence measurements for the a+' 'Ta system
at E~=20 MeV, where Smolorz et al. find that
within S%%uo the observed x-ray yield characteristic of
Zc~ can be accounted for by internal conversion of
known y-ray transitions in excited residues.

If the ZCN x rays observed in the present experi-
ment arise essentially entirely from internal conver-
sion, what can we say about the nature and location
of the converting transitions within the level
schemes of the nuclides studied? Experimental con-
straints on the origin of the K x rays are imposed
by: (1) the known low-lying yrast levels in many of
the residues populated, (2) our x-y coincidence data,
(3) the total fusion cross sections (or„,), determined'

by combining charged-particle measurements with
the o„, values from Table I, and (4) the energy
dependence of the (Mx ) results. This constraining
information is most extensive for the neutron-poor
Tl and Pb isotopes produced in Li+' Pt, ' Au
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bombardment, and for this reason we concentrate
on these systems in the discussion below. %e will
consider the behavior of (Mz ) for the other targets
in depth in the following subsection.

Only a small fraction ( & 20%) of the observed x
rays from Pb isotopes formed in ' Au(Lipcn) reac-
tions at the energies studied could be attributed to
internal conversion of known yrast transitions
among states with spin I & 12. Extensive x-ray side
feeding of these low-lying yrast states is unlikely in
light of the near constancy in each of several iso-
topes of the (Mx)r values determined from x-y
coincidence yields for 85 MeV Li+' Au (see Ref.
12). Furthermore, coincidence yields between
prompt x rays and delayed y's depopulating the 12+
0.27-@sec isomer in ' Pb (see Fig. 7) indicate that
all (2.2+0.2 compared to a total of 2.25+0.13) of
the ' Pb E x rays observed at 85 MeV bombarding
energy result from as yet unknown converting y
transitions which feed the 12+ state. In the Tl iso-
topes produced in Li+ Pt fusion, typically
-0.5 —1.0 of the three x rays observed might arise
from known transitions with I & 14 (see Ref. 25 and
Sec. VB of the present paper), with the remainder
presumably originating again at higher spin.

Information on the upper limit of the spin range
of populated states whose decay might be respon-
sible for the observed x rays can be inferred from
the measured values of of„, (900—1300 mb for the
Li+Pt, Au systems at all energies' ). On the basis
of crfgs and statistical model calculations' (assum-
ing no lower cutoff on the entrance-channel orbital
angular momenta contributing to fusion) we esti-
mate the average spin at which the ( Li~n) residues
are populated for Es, ——85 MeV to be (I)=20. As
the bombarding energy is lowered to 55 MeV, one
would expect this average populated spin to ap-
proach I=12, and as a result the x-ray multiplicity
to drop off to the smaller values expected from
transitions among the known low-spin states. This
is indeed observed for both ' Pt and ' Au targets
in the low-energy falloff in (Mz) shown in Fig.
9(a). We have specific evidence that this falloff is
not related to the change in neutron excess of the
dominant residues between 55 and 75 MeV: A
measurement for Li+' Au at E~,b ——69 MeV, po-
pulating the same residues as 55 MeV Li+' Au,
but at appreciably higher spin, yielded
(Mz ) =2.04+0.16, in excellent agreement with the
higher-energy Li+Au results (see Table I).

It thus appears that for all of the Pb and Tl iso-
topes populated, -2 E x rays must be accounted
for by converting transitions in a small region of

IO.O—
Z =82
CONVERSION COEFF IC IENTS

I+~K ~L ~M

I Ot—' ~

0.5

0.2

O. l
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0.02

spin, 12 &I &20. This condition cannot reasonably
be fulfilled if the transitions in this spin region are
predominantly E2 (of any energy), since the max-
imum number (pz ) of E x rays emitted per E2
transition is 0.14 for Z =82; p» occurs for

max

E&-150 keV, below which E2 transitions primarily
undergo L-shell and M-shell conversion (see Fig. 10
and Ref. 26). Thus, it would require —14 optimally
converting E2 transitions to yield -2 x rays. In
contrast, low-energy M1 transitions are very effi-
cient at producing E x rays in a narrow spin range,
because of both their high conversion probability
Px (see Fig. 10) and the small spin change per tran-
sition. About five M1 transitions of energy
100&E&&300 keV would be sufficient to account
for the observed x rays. Contributions to the x-ray

o.ol I
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FIG. 10. The coefficients a~, aL, and a~ for E-, L-,
and M-shell internal conversion of E2 and M1 transi-
tions in Z =82 nuclei, as a function of transition energy.
Also plotted (solid curves) are Psr& and Pz2, the fraction
of all M1 and E2 transitions which yield E x rays, as
calculated from the formula given in the figure, with the
E-shell fluorescence factor (fraction of E vacancies filled
in radiative atomic transitions) for Z =82 taken to be
co&——0.968. The conversion coefficients are taken from
Ref. 26.



25 MULTIPLICITY OF EX RAYS AND COLLECTIVE STRUCTURE. . . 1369

yield from higher multipolarity transitions (e.g., M2
or M3} are less likely since such transitions tend to
have relatively long lifetimes, while the observed x
rays are predominantly prompt with respect to the
beam, and since too little range in spin is available
for a significant number of high dd transitions.

In summary, the experimental constraints strong-
ly suggest the existence of a narrow spin range
dominated by highly converting low-energy M1
transitions at moderately high spin in the neutron-

poor Tl and Pb isotopes, where there is almost no
detailed information available about the level
schemes. Additional constraints on the nuclear
structure in this mass and spin region, provided by
the systematic dependence of (M» ) on nuclide, will

be discussed in the next subsection.
It is useful to consider our x-ray multiplicity re-

sults in light of other experimental techniques
which have been applied recently to investigate y-
transition multipolarities in continuum or quasicon-
tinuum regions of the photon spectra from high-
spin cascades. ' The methods used most exten-
sively involve measurements of y-ray angular distri-
butions or polarization ' ' and measurements
of conversion electron spectra. 3~ For example, in
' 'Yb and ' ' 5W (Ref. 29), y-ray anisotropy data
suggest the presence of a substantial dipole (El or
Ml) component in the yrast cascades at low transi-
tion energies (-300 keV}. On the whole, however,
these techniques have so far provided only fragmen-

tary, usually qualitative, and often contradictory
(e.g., see Refs. 29—32) evidence regarding the ex-
istence of significant Ml contributions to the y-ray
continuum. Although one can deduce information
about y-transition multipolarities from measure-
ments of (M») only indirectly, the present results
nonetheless make it clear that x-ray multiplicity
data very usefully complement these other methods.
For example, (M») is very sensitive to the differ-
ence between M1 and E1 transitions, whereas the
y-ray anisotropy is sensitive only to the dipole
versus quadrupole nature of the y transitions. The
occurrence of an appreciable admixture of non-
stretched radiation in the continuum region can
have considerably greater influence on the interpre-
tation of y-ray polarization and angular correlation
experiments than for x-ray measurements. The
x-ray multiplicity measurements also complement
conversion-electron measurements with respect to
the accessible y-ray energy range: The back-
ground-imposed lower limit of y-ray energy for
which singles conversion electron measurements are
useful is typically a few hundred keV, whereas the

largest contributions to (M») arise from transi-
tions of 80—400 keV. Some combination of y-ray,
electron, and x-ray measuring techniques applied to
the same residual nuclides appears most likely to
provide convincing evidence on the multipolarity of
high-spin y transitions.

While evidence independent of our (M» ) results
concerning the occurrence of M1 radiation in the
quasicontinuum region is presently inconclusive, it
should be stressed that our deduction of an appreci-
able number of Ml transitions in the moderately
high-spin y cascades for A 200 is certainly con-
sistent with available information on discrete low-

lying transitions in neutron-poor T1 and Bi iso-
topes. However, the known transitions can ac-
count for only a small fraction of the observed x
rays. In the following subsection we extrapolate
certain features of the known level schemes at low

spin to speculate on the nature of the structure at
moderate spin responsible for most of the x-ray pro-
duction.

B. Systematics of (M»)
and nuclear structure implications

The (M» ) results given in Table I and presented
in Fig. 9 exhibit a number of interesting systematic
features. In Fig. 9(a), we observe a similar depen-
dence of the multiplicity on bombarding energy for
~9spt(6Lipsn) and ~97Au(6Li~n), with (M») remain-

ing remarkably constant for each system over the
range from 75 to 124 MeV. The significant changes
in the mass distribution (from -6 to —10 neutrons
emitted} and in the spin distribution of the evapora-
tion residues over this bombarding energy range
have surprisingly little influence on (M»). The
falloff observed in (M») for both reactions at
E~,b ——55 MeV [see Fig. 9(a)] results, as explained in
the preceding subsection, from the reduction in spin
of the populated residues, rather than from the
change in the mass distribution. These results then
suggest that the "island" of highly converting tran-
sitions at moderately high spin postulated above
persists over a relatively long string of Pb and Tl
isotopes, without particular regard for the presence
of unpaired neutrons. Additional evidence that the
isotopic dependence of (M») is quite weak in this
mass region comes from the similarity of the mea-
sured multiplicities for the ' Pt and ' Pt targets at
E~,b ——85 and 95 MeV (see Table I and Fig. 9), and

from the x-y coincidence measurements, which
show' that (M») is equal within experimental un-
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certainties ( & 20%) for neighboring even-A and
odd-A Pb or T1 isotopes. Our results are in marked
contrast with a recent measurement of E-shell ioni-
zation yields per nuclear reaction (rex) in a number
of Dy isotopes formed in a- and ' C-induced reac-
tions. " In that experiment g~ was found to be
strongly dependent on the specific nuclide populat-
ed, with a pronounced staggering of rix (by more
than a factor of 2) between adjacent even-A and
odd-A isotopes, as one would expect when the x-ray
emission is dominated by conversion of relatively
few low-lying y transitions.

While the (Mx ) results in Fig. 9(a) exhibit little
isotopic dependence, they are clearly sensitive to the
Z of the compound nucleus: (Mx ) for Tl residues
is systematically higher by about one unit than for
neighboring Pb residues. The difference can be ac-
counted for approximately by transitions among
known low-spin (I &14) Tl states. The Z depen-
dence is reflected in the change of the relative inten-

sities of Z, +2 and Zc~ x rays between the two
coincidence spectra shown in Fig. 5. Since the coin-
cidence yield depends essentially on (Mz ) [see Eq.
(2)], E x rays from Tl residues are considerably
enhanced over those from Pb residues in the
Li+' Au case; in contrast, x rays from Hg are

barely observed in the coincidence spectrum for
Li + ' Pt, suggesting again that the multiplicity

for even-Z residues is substantially lower than for
odd Z.

The different energy dependences of (Mx) ob-

served for thrm other targets in Fig. 9(b) would
seem to suggest that the arguments above are appli-
cable only to a quite limited range of nuclides.
While (M~) for the ' Pt target is quite similar to
the ' Pt results at the lower bombarding energies, it
falls off appreciably at 124 MeV. In contrast,
(Mx) rises steeply with bombarding energy for

Pb, but is constant and low for ' 'Ta. It becomes
clear that these apparently haphazard energy depen-
dences simply represent different "slices" of a
broader systematic behavior when we plot the
(Mx ) results, not against bombarding energy, but
rather as a function of the neutron number N, aver-

aged over the mass distribution of residual nuclides
appropriate to each target and energy. This is done
in Fig. 11, where we have included all the (Mx)
measurements from Table I except those for
E6 .——55 MeV, since we have argued in Sec. V A

that the 55-MeV results are low for reasons in-

dependent of any variation of X.
The data in Fig. 1 1 clearly establish the existence

of two separate plateaus (for even-Z and for odd-Z
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FIG. 1 1. Compilation of measured E x-ray multipli-
cities for {Li~n) reactions induced on the targets shown

at bombarding energies from 75 to 124 MeU, plotted
versus the neutron number X averaged over the
residual-nuclide production distribution appropriate to
each target and energy. [Typically, two or three (Lipcn)
residues are significantly populated for a given target
and energy. ] The values of N are deduced to within
+0.5 from systematics established by y-singles spectra
measured in the present experiment and the work of
Ref. 38. The dashed curves guide the eye and are quali-
tatively consistent with the nuclear structure arguments
presented in the text.

compound nuclei) of high and constant (Mx) in
the region with 1 10 &X & 120. Furthermore, the
multiplicity falls off rapidly, and roughly linearly,
from both plateaus for N ( 110 and N ) 120. (Hen-
ceforth, we drop the distinction between the experi-
mentally determined quantity N and the neutron
number N )The res.ults for compound nuclei
within a few protons on either side of the Z =82
shell closure appear to fall on the same "universal
curves. " Fluctuations of the measurements about
these "universal curves" appear to set in when

(Mx ) (2, but even then are surprisingly small in
light of results for other mass regions. '

What persistent features of the nuclear structure
in the mass region we have investigated are refiect-
ed in this simple systematic behavior of (Mx)?
One can construct a scenario qualitatively con-
sistent with all our observations by supposing that
at moderately high spin (I) 12) in the transitional-
shape nuclides with 1 10 &N & 120, the y cascades
proceed mainly through strongly coupled
(deformation-aligned) rotational bands. We will

demonstrate below that if such bands are built upon
mildly deformed, high-E, few-quasiparticle [e.g.,
(vi~3/2) ol (1Th 9/2)(vi~3/2)] intrinsic states, then the
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intraband y transitions may optimally satisfy the
conditions required for high E-shell conversion pro-
babilities. After these general qualitative considera-
tions, we will discuss the level of support for this
scenario from the quantitative information present-
ly available concerning the level schemes in these
transitional nuclides.

Adjacent levels within strongly coupled bands
differ by one unit of spin, rather than by two units,
as is characteristic of weakly coupled bands. The
LU = 1 transitions within such bands have energy

AIEr(I~I—1)= (12)

where W is the moment of inertia with respect to
the rotation axis. Intraband M1 transitions compete
with nonstretched (I~I —1) and stretched
(I~I—2) E2 transitions, both of which are much
less likely to yield K x rays (see Fig. 10). Assuming
axial and reflection symmetry for the nucleus, the
ratio of leading-order collective M1 to E2 reduced
transition probabilities (for K+—,) is given by

B(M 1;K,I~K,I—1)
B(E2;K,I~K,I')

3
4m.

equi

2Mc

5
e Qo (IK20

~

I'K}
16m

2

(gx —gg) K (IK10iI —1K}

(13)

where gz and gR are the g factors corresponding, respectively, to the intrinsic and collective rotational com-
ponents of the total angular momentum. If we express the quadrupole moment Qo in barns and the ~=1
transition energy E in MeV, then Eq. (13) yields the following ratio of transition rates T for Ml vs non-
stretched E2 transitions:

T(M 1;K,I~K,I—1)
T(E2;K,I~K,I 1) — Qo'E'

=1.3

the corresponding ratio for Ml vs stretched E2 transitions is given (for I && 1) by

T(M1;K,I~K,I—1) 5 K I (gx ga)—
T(E2;K,I~K,I—2) 2I (I K )Q

0.16 1+—

(14)

(15)

Equations (14} and (15) indicate that Ml transi-
tions within strongly coupled bands would be
enhanced with respect to both stretched and non-
stretched E2 transitions by the postulated large
values of E and I, which are easily accessible in
heavy nuclei because of the availability of high-j
single-particle orbitals. The small quadrupole mo-
ments characteristic of the transitional nuclei (Qo
decreases from —8 b for rare-earth nuclei of
A —170 to -4 b in the A=190 region ') also tend
to increase T(M 1)/T(E2). An additional require-
ment for M1 enhancement is a microscopic configu-
ration appropriate to yield a significant difference
between gz and gR, which is not unusual in this
mass region. ' ' Furthermore, despite the mild
deformation assumed for the postulated strongly
coupled bands, the heavy nuclei considered here
have relatively large moments of inertia (rigid
sphere moment W„s/I —100 MeV '}. The large
value of W yields rotational transition energies [see

I

Eq. (12)] small enough to give large K-shell conver-
sion probabilities for Ml decay.

The qualitative considerations of the preceding
paragraph may be illustrated by a numerical exam-
ple. Consider a strongly coupled band with K =12
and I ranging from 12 to 22 (essentially the angular
momentum "window" discussed in Sec. VA). If
the moment of inertia for the band is 0.7&„s, then
the M =1 transition energies correspondingly vary
from —180 to —300 keV. If Qo ——4 b and

g~ —gR ——0.4, both realistic values for this mass re-
gion, ' then the I =22 state will decay -79~o of
the time by an M1 transition, —1% by LU =1 E2,
and -20%%uo by stretchai E2. The corresponding de-
cay fractions for I=14 are 96% M1, 1/o non-
stretched E2, and 3% stretched E2. With these
values for the decay fractions, use of the conversion
probabilities plotted in Fig. 10 yields a total of
-3.1 E x rays emitted on the average during a
deexcitation cascade from the I=22 to the I =12
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member of the band.
In reality, of course, it is highly unlikely that the

decay in any nuclide will proceed 100%%uo of the time
through a single, simple band, such as just con-
sidered. Nonetheless, the numerical example serves
to make it quite plausible that strongly coupled
bands at moderately high spin may account in large
part for the observed x-ray multiplicities for the
transitional nuclides. The unit difference observed
in (Mx ) for even-Z vs odd-Z compound nuclei (see
Fig. 11) could be attributed to similar bands at
lower spin built, for example, upon an h9/2-particle
state for the unpaired proton, as are known to exist
in relevant odd-A Tl (Refs. 33—35) and Bi (Ref.
37) isotopes.

The proposed scenario has the additional advan-

tage of providing a natural framework for under-
standing the observed behavior of (Mx }outside the
100&%& 120 plateau. The rapid falloff in (Mz }
observed in Fig. 11 for decreasing N would be ex-

pected, as we enter the strongly deformed region,
where yrast cascades are dominated by collective E2
transitions. On the other side of the plateau, in
nuclei approaching spherical symmetry at the
N=126 shell closure, collective rotational bands
should disappear, resulting again in a rapid reduc-
tion of (Mz ). One would also expect the systemat-
ic difference in (Mx) between even- and odd-Z
residues, attributed above to rotational bands, to
vanish as one approaches the shell closure, and this
feature is indeed suggested by the present data for
X& 122.

The high-K bands we have introduced to account
for most of the emitted x rays have not yet been
directly observed in y-ray spectroscopic investiga-
tions. There is, however, considerable existing in-
formation on the decay schemes and multipole mix-

ing ratios in the transitional 3=200 region which
supports the general idea of widespread strongly
coupled band structures with high cumulative K-
shell conversion probabilities. For example, such
bands based upon the —, [505] Nilsson state ori-

ginating from the h9/2 proton orbit have been found
in a number of odd-even T1 and Bi nuclides.
Indeed, detailed y-spectroscopy measurements have
revealed a large number of M1 transitions, with
& 20% E2 admixtures, between members of the —,

bands, and also higher-lying positive-parity bands,
in T1, T1, and Bi. ' Lieder et al. have
observed a quenching of the energy spacings be-
tween —, band members at moderately high spin in

odd-even T1 isotopes, which would tend to enhance
internal conversion. In all, one may account for

-0.6 K x rays coming from conversion of known
transitions within the —, bands in ' ' T1, and
-0.9 x rays from known transitions in Tl, using
measured multipole mixing ratios and intensity ra-
tios for the different transitions. ' In contrast,
less than 0.15 x rays can arise from converting tran-
sitions among known states in the even-Z Hg and
Pb isotopes ' of similar neutron number. The
known strongly coupled bands built upon an h9/2-
particle state for the unpaired proton can thus ac-
count well for the observed difference in (Mz }be-
tween even- and odd-Z residues (see Fig. 11), but
not for the overall magnitude of the measured mul-

tiplicities.
The observed band structure in the T1 isotopes

can be reproduced quite well by a-model in which
particles are coupled to a rotating, soft triaxial
core. In the case of ' T1, calculations within this
model show that a proton in the h9/2 Nilsson orbit
favors strong coupling while a neutron hole in the

ii3/2 orbit produces decoupled bands (see also Ref.
34). This difference could explain why we observe a
substantial change in (Mz }between even and odd
Z, but no appreciable sensitivity to the presence of
an unpaired neutron.

There is little information independent of mea-
sured multipole-mixing ratios on the g-factor differ-
ences gz —g~ in the mass region of interest. Both
measurements ' and Nilsson model calculations
yield gz -0.3. However, for gz, which depends
sensitively on the intrinsic configuration of the nu-

clear state, neither direct experimental results nor
systematic cranking-model calculations are avail-
able for the neutron-poor transitional nuclei. The

gz —gz values deduced from measured mixing ra-
tios are close to unity for a number of members of
the —, [514] band in ' Ta, ' ' " Re, and ' Au
(Ref. 47) and vary from 0.5 to 1.1 for members of
negative-parity bands in ' 'Tl (Refs. 33—35,
42, and 48). Calculations by Toki et al.~ yield

gz —gz in the 0.4—0.6 range for the states of the
[(ah9/p)(vii3/2) '] configuration in ' ' Tl. On
the basis of such fragmentary information, there is
clearly very little one can say about the gz —g~
values to be expected for the high-E bands (of un-

certain intrinsic configuration) we have postulated
above, except that it is plausible that they may be of
order unity.

In summary, our speculation concerning the
widespread existence throughout the transitional
A =200 region of strongly coupled rotational bands
associated with high-K, few-quasiparticle states is
qualitatively consistent with all aspects of the ob-



25 MULTIPLICITY OF K X RAYS AND COLLECTIVE STRUCTURE. . . 1373

served x-ray multiplicity systematics, and is plausi-
ble in the light of known spectroscopic properties of
lower-spin states.

C. Limitations of the x-ray multiplicity method

We have pointed out earlier (see Secs. II—IV and
Ref. 12) a number of important advantages over
more traditional techniques that the x-ray multipli-
city method (XMM) has in determining absolute
evaporation-residue cross sections for the systems
we have studied. Before attempting to extend this
method to different projectile-target combinations,
it is important to understand two significant limita-
tions on its applicability. First, in the prompt x-ray
spectrum at least one of the Zc~ X x-ray peaks
must be well resolved from, and not swamped by
background due to, the other x-ray peaks present in
the spectrum. Second, the average multiplicity
(Mz} must be high enough (& 1), and must vary
sufficiently slowly from one residual isotope to
another, that the assumption of a Poisson multipli-
city distribution is a good approximation to reality.

The first condition makes it difficult, for exam-
ple, to apply XMM to reactions induced by Be or B
projectiles, since E~ peaks from elements of lower
Z (see Sect. IIIB) will then usually interfere with
the E peaks characteristic of Zcz. This should be
less of a problem for still heavier projectiles, where
the Zz~ E~ peaks will emerge on the high-energy
side of the intense Ep region for targetlike products.
In Li-induced reactions on targets with Z & 70, the
large target x-ray production cross sections (which,
at the Li bombarding energies considered here, in-
crease rapidly with decreasing Z of the target)
hinder an accurate determination of the area under
the Zzz EC i peak [e.g., the intensity of the target
E@i peak in the singles spectrum for Li+ '65Ho at
E6 95 MeV is -.——25 times larger than that of the

neighboring E i(Zc~) peak]. A further complica-
tion arises from the fact that the energy separation
between the Zc~ E~~ peak and the target E~i 3 de-
creases with Z of the target from 3.3 keV for Pb to
2.2 keV for Ta and only 1.0 keV for Eu. While
these factors make precise evaluation of the x-ray
spectra from targets in the rare-earth region more
difficult, the analysis would still be possible with a
special peak-fitting program, incorporating the
measured detector response function for monoener-
getic photons and the expected intensity ratios and
energy separations between E and Ep peaks from
the various relevant elements.

The second, more fundamental, limitation on
XMM originates in the restrictions imposed by the
assumption of a Poisson distribution of M~ values
around the mean value (i.e., hz / (Mz }=1), under
which Eq. (4) for x-ray —x-ray coincidences has
been derived. In assessing the limits of the validity
of this assumption, we need to consider the statisti-
cal properties of the x-ray multiplicity distribution
arising from any one y-decay path, and then the ef-
fects of averaging over a number of such distribu-
tions associated with different decay paths, each
having in general a different mean value. These sta-
tistical considerations are described in detail in the
Appendix. Taken together with the nuclear struc-
ture conditions which ensure a high x-ray multipli-
city, as discussed in the preceding subsection, the
arguments in the Appendix suggest that the transi-
tional mass region investigated in the present work
may well be the optimum region for application of
XMM. However, it certainly seems worthwhile to
survey x-ray —x-ray coincidence yields, probably
with projectiles other than ' Li, for other mass and
spin regions where mild deformations may be ex-
pected.

VI. CONCLUSIONS

The measurement of prompt E x-ray multiplici-
ties for a number of nuclei around A =200 has been
presented as a new and useful technique in the in-
vestigation of the decay modes of fusion residues.
We have applied this technique to determine abso-
lute cross sections for (Li~n) reaction products at
bombarding energies between 55 and 124 MeV. We
have furthermore deduced new information con-
cerning the multipolarities of y transitions deexcit-
ing these evaporation residues, complementing data
obtained using more conventional spectroscopic
methods. In particular, the high x-ray multiplicities
observed in the present work (1 & (Mx }& 3) sug-
gest that highly converting, low-energy M1 transi-
tions constitute a substantial portion of the y-decay
cascades, especially at moderately high spin
(12&I &20), in a large number of nuclides in the
transitional region between the shell closure at
%=126 and the strongly deformed rare earths.
From the unexpectedly simple systematic variation
of the (Mz) measurements with neutron number
within this mass region, we have surmised that the
converting transitions occur predominantly among
members of mildly deformed, high-E,
deformation-aligned rotational bands.

Such structure information can be deduced only
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qualitatively and indirectly from the x-ray —x-ray
coincidence measurements we have described. It is
nonetheless of considerable value because insight
into average features of nuclear level schemes is not
so easily accessible with other experimental
methods in this transitional mass region, where lev-
el densities are quite high and y-decay intensities
are usually fragmented among numerous parallel
paths. Thus, while some strongly coupled rotation-
al bands, similar to those we have postulated, are al-
ready known for a few specific 3=200 nuclides
from extensive y-ray spectroscopy, the known bands
cannot account for the major portion of the ob-
served x-ray multiplicity.

Further theoretical and experimental work would
be useful to assess the validity of our speculations
on the structure of the transitional nuclei. For ex-

ample, it would be interesting to see whether struc-
ture calculations using various nuclear models could
account for the observed constancy of (M» ) in the
N=110—120 region, where presently only frag-
mentary structure predictions exist. Detailed exper-
imental verification of our hypothesis concerning
the widespread existence in this region of strongly
coupled rotational bands associated with high-E,
few-quasiparticle states would require a very exten-
sive program of mapping out level schemes via

y —y and x-ray —y coincidence measurements.
Hopefully, one could provide sufficient evidence to
support or reject the proposed nuclear structure
scenario by combining such detailed spectroscopic
information for a few selected nuclides with the
present systematics of (M») vs N. Measurements
of I. x ray Ex-ray -coin—cidence yields might also
shed new light on the energy of the converting tran-
sitions, since conversion probabilities vary much
more rapidly with energy for L-shell than for E-
shell electrons (see Fig. 10). Finally, although we
expect that the combination of nuclear structure
conditions necessary for high E x-ray multiplicity is
probably satisfied better for the E=110—120 nu-

clides investigated here than for any other mass re-

gion, it would still be worthwhile to survey E x-
ray —K x-ray coincidence yields for other regions of
transitional-shape nuclei.
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APPENDIX: Statistical Characteristics
of the X x-ray Multiplicity Distribution

In Sec. II we showed that the general relationship
between the measured doubles-to-singles ratio D for
E x-ray Ex-r—ay (x-x) coincidences and the mean
E x-ray multiplicity (M» ) depends on the variance

of the multiplicity distribution

D= —=(M»)+ —1 .
&~2 ~»'

&in2 M»)
(Al)

In the present work values of (M») have been ex-
tracted from Eq. (Al) under the simplifying as-
sumption that b,» ——(M» ), as would be the case if
the probability that Mz x rays are emitted in any
single (Li~n) event varied with M» according to a
Poisson distribution. The validity of this assump-
tion has been verified quantitatively via x-y coin-
cidence measurements for two of the targets stud-
ied, at a single bombarding energy. Can one consid-
er the assumption equally valid for other cases, in
which we have not explicitly performed cross-check
experiments?

In this Appendix, we present detailed statistical
arguments concerning multiple internal conversion
which allow us to estimate the extent of possible de-

viations from a Poisson multiplicity distribution
and to assess the consequent practical limits on the
validity of the x-x coincidence method for deter-
mining absolute evaporation-residue cross sections.
These arguments do not require detailed knowledge
of the structure of specific nuclides or of the nature
of the converting transitions. We suggest, in partic-
ular, that the applicability of the Poisson assump-
tion results from two competing tendencies: The
distribution characterizing any one y-decay path in
a given residual nuclide must be narrower than a
Poisson distribution with the same mean (M»),
while the effect of averaging distributions with dif-
ferent means, as are likely to arise from different
decay paths and nuclides, is to increase b,»2/(M» ).

Let us first consider a single y-decay path
comprising X transitions, the ith of which has a E
x-ray emission probability p; somewhere in the
range from 0 to P» & 1. The p; are understood to
incorporate the probabilities of both E-shell conver-
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sion (as opposed to y-decay or higher-shell conver-
sion) in the nuclear transitions and radiative (as op-
posed to Auger) atomic transitions. Since the nu-
clear transition lifetimes are typically much longer
than the atomic E-vacancy lifetimes, it is valid to
treat internal conversion from different nuclear
transitions in the cascade as independent random
processes. The overall E x-ray multiplicity distribu-
tion from such a cascade therefore has a mean
which is the sum of the individual probabilities,

(A2)

and a variance which is the sum of the individual
variances,

(A3)

For a given value of (M»), the broadest possible
multiplicity distribution from a single decay path
arises when the x-ray emission is uniformly distri-
buted over all N transitions in the cascade; we then
have a simple binomial distribution with

N;„=[2+D/P» ], (AS)

(where the square brackets signify truncation of the
contents to the nearest smaller integer);

(N;„1)P» —
ID (N;„—2)13»—

I 2(N;„—1)P» DI—
(A6)

D would underestimate (M») by -5—10%, since
typically N-10 —20 in the spin region of interest
in the present work.

A more serious underestimate of (M» ) would re-
sult from a single decay path if the conversion
probability were concentrated among significantly
fewer than N transitions. For a given measured
value of D the narrowest conceiuable distribution
corresponds to N;„converting transitions, all but
one of which are maximally converting (p;=P» ),

the remaining transition having a K x-ray emission
probability p' appropriate to reproduce D. Equa-
tions (Al) —(A3) yield the following characteristics
of such a distribution:

p;=p =(M»)N

=(M )(1—p),
D =(M»)(1 N') . —

(A4)

(M»&=(N . I)P»,„+—p' (A7)

(A8)

5» =(N;„1)P» (1—P»—)+p'(1 —p') .

For such a distribution the doubles-to-singles ratio This distribution gives rise to the "worst-case"

TABLE II. Possible underestimates of (M» & from x-x coincidences for a single y-decay
path.

D8 b
&min

2
b

(M» )

b
D

(M, &

(worst case)

D

(practical limit)

0.5
1.0
1.5
2.0
2.5
3.0
3.5

0.41
0.37
0.32
0.33
0.34
0.33
0.30

0.46
0.61
0.69
0.75
0.79
0.81
0.83

0.75
0.83
0.88
0.88
0.90
0.92
0.93

'The x-ray doubles-to-singles ratio, see Eq. (A1).
Values calculated from Eqs. (A5) —(A8) for the narrowest conceivable multiplicity distribu-

tion consistent with the specified value of D. The maximum possible probability of K x-ray
emission from any one transition is taken to be 0.70, and consequently 6» /(M» » 0.30.
The practical lower limit on D/(M») assumes a binomial distribution with 2N;„ transi-

tions.
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lower limit values of the ratio D/(M» ) specified in
Table II for various values of D, evaluated for
P» ——0.7. The latter value represents the max-

ID'
imum internal conversion E x-ray emission proba-
bility for E2 or Ml transitions (of any energy) in the
Z =80 region (see Fig. 10).

Even under the extreme assumption that the
(Li~n) reaction for a given target and bombarding
energy leads predominantly to a single y cascade, it
is highly unlikely that the corresponding x-ray mul-

tiplicity distribution could be systematically as nar-
row as the worst-case distribution considered above.
If so few converting transitions were actually in-
volved, one would expect large fluctuations in
(M». ) from one isotope to the next, and hence a ra-
pid variation with bombarding energy, in marked
contrast to the observations (see Fig. 11 and Ref.
12}. In our estimate of systematic errors in o„„,we
have based practical lower limits on D/(M» ) (see
Table II) on binomial distributions involving twice
the minimum possible number of transitions (i.e.,
2N;„). The mean E x-ray emission probability for
such binomial distributions is typically

p =0.2—0.3, values quite consistent, for example,
with average conversion coefficients for transitions
among states of the known low-lying strongly cou-

pled rotational bands in the neutron-poor T1 iso-
topes. ' For the range of D values measured in
the present work (D &0.8), we conclude from these
arguments that (M» ) may be underestimated, and
hence o~„ from Eq. (11) overestimated, by at most
10—20%.

In reality, of course, a number of y cascades in
several residual nuclides must participate with ap-
preciable probability in the (Lizn) reaction for a
given target and bombarding energy. Different de-

cay paths wi11 be characterized in general by indivi-

dual x-ray multiplicity distributions with different
mean values and widths. The observed x rays result
from an overall distribution averaged over all these
decay paths. The averaged distribution tends to be
broader than its constituents, as can be illustrated

by considering the averaging of two binomial distri-
butions with the same single-chance emission pro-
babilities p. Suppose that the first distribution has a
mean value (M»)i arising from Ni transitions

(Ni ——(M»)i/p), and is weighted by a probabiHty

Ai [i.e., the fraction Ai of all (Li~n) events are
characterized by this distribution]; the second dis-
tribution has (M»)2 f(M»)i,——N2 fNi (wit——h
f & 1},and a weight Az ——1 —A i. The averaged dis-
tribution (which is not itself binomial) then has:

(M» ) =(M») i(A i+A2f),

b» /(M») =(1—p)+(M»)AiA2(f —1) /(Ai+A2f)

A2(f 1)[Ni(f +1—) —1)+(Ni —1)
D/(M») =

Ni (A2(f —1)+1 j

(A9)

(A10)

(Al 1}

It is clear from Eq. (A 10) that the width

b» /(M») of the averaged distribution is always
greater than the width (1—p) of the constituent dis-
tributions. For given values off and Ni the distri-
bution broadening is maximized when

A2 ——(Ni+(f —1) 'J/'(Ni(f +1)—I ), (A12)

(D/(M») )ma. =(f+ I Ni '}'/4f . — (A13)

It can be shown that if one were now to average in
additional binomial distributions (at the expense of
the probabilities Ai and A2), with single-chance
probabilities p and mean values differing from
(M»)i by factors f, 1&f &f, the resultant dis-
tribution would always be broader than the consti-
tuents but not as broad as in the two-binomial case
represented by Eqs. (A12) and (A13).

A practical upper limit on D/(M») can there-
fore be based on Eq. (A13), using estimated max-
imum values for Ni (Ni =20 transitions) and for
the ratio f between the means of constituent distri-
butions which contribute significantly to the overall
x-ray multiplicity distribution. As discussed in Ref.
12 and Sec. VB, the consistency of the x-y coin-
cidence results for neighboring (Lipcn) residues, and
the absence of any strong fluctuations in (M»)
with bombarding energy or neutron excess of the
populated residues, all suggest that f,„=2 is a
conservative estimate for those cases in which
D &2. In those cases (e.g., Li+' 'Ta) where D is
close to 1.0, and the measurement uncertainties in D
are usually larger than for the other targets, a some-
what larger value of f,„ is possible. From these
considerations and Eq. (A13) we conclude that
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(Mx) may be overestimated, and hence o„„un-
derestimated, in the present work by at most
10—20 go.

All of the quantitative conclusions from the sta-
tistical arguments presented here are well incor-
porated by assigning a possible systematic error of
+0.2 to the (Mx) values deduced from our x-

ray —x-ray coincidence measurements. It is con-
ceivable that the Poisson assumption would remain
reasonably valid even if the number of relevant
transitions in any one decay path were significantly

smaller than we have assumed here, since then one
would expect larger fluctuations in (Mir ) between
different paths and nuclides (i.e., larger f,„), and
hence greater distribution broadening. Nonetheless,
if the measured values of D were significantly
smaller than unity or if they exhibited strong iso-
topic variations among the xn residues, it would be
difficult to assess the quantitative validity of the x-x
coincidence method without much more detailed
nuclear structure information.
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