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Study of the Reactions 0( Li, He) F and 0( Li, t) Ne at E( Li) =24 Mev*
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At a bombarding energy of 24 MeV, angular distributions have been measured for the reac-
tions O(6Li, ~He) ~F and O(~Li, t) Ne. A distorted-wave Born-approximation (DWBA) anal-
ysis in the zero-range three-nucleon-cluster-transfer approximation has been performed.
The sensitivity of the DWBA calculations on Li parameters was demonstrated, with 160-190-
MeV real-well-depth 6Li parameters giving the best Qts. By using Watson's 6Li parameters,
it was possible to account for the observed differences between the ( Li, 3He) and ( Li, t) cross
sections. The extracted relative spectroscopic strengths are consistent with the known struc-
ture of the final states.

I. INTRODUCTION

In recent years, several lithium-induced three-
nucleon-transfer reactions have been studied' '
on light targets. Most recent1y, a predominantly
direct-reaction mechanism has been suggested'
for the strong transitions observed in the reactions
"0('Li, 'He)"F and "0('Li, t)"Ne at a bombarding
energy of 24 MeV. It has also been suggested' '
that strong ('He, 'Li) transitions proceed by the di-
rect pickup of a three-nucleon cluster. The
strength of these transitions reflects the structure
of the final states and the magnitude' ' of the 'He-
/ clustering in the 'Li ground state —which is com-
parable'' to the magnitude of the n-d clustering.

If the 'Li-induced three-nucleon-transfer reac-
tions proceed by a direct mechanism, then the
extraction of quantitative spectroscopic informa-
tion from the experimental data becomes passible.
Such reactions then offer the possibility of study-
ing the detailed spectroscopy of complex multipar-
ticle, multihole states. However, the extraction
of exact spectroscopic information is still difficult
because of the problems involved in calculating
realistic multinucleon form factors. In order to
extract meaningful information it is necessary to
make assumptions about the internal structure of
the transferred three-nucleon system. For ex-
ample, the effects of coherence are well docu-
mented" for two-nucleon transfer. Such effects
may be even more important when three nucleons
are transferred.

In the present study, additional evidence support-
ing the predominance of a direct mechanism for
the 'Li-induced three-nucleon-transfer reactions
is presented in the form of anguIar distributions
for the reactions '~0( Li, 'He)"F and '60(8Li, t)'9Ne
In spite of the difficulties previously discussed,
we have attempted a distorted-wave Born-approxi-
mation (DWBA) analysis of the stronger transitions,

using simple assumptions. While such an approach
is not justifiable, a priori, the reasonable agree-
ment between the predictions and the data for the
strong transitions provides the justification a pos-
terion.

II. EXPERIMENTAL PROCEDURE

AND RESULTS

Angular distributions of the reactions "0('Li, 'He)-
"F and "0('Li, t)"Ne were measured in 7-,'' inter-
vals from 7—,

' to 82-,'' (lab) by making a single ex-
posure in the University of Pennsylvania multi-
angle spectrograph for each reaction. The bom-
barding energy was 24.0 MeV. The reaction prod-
ucts were identified by selectively scanning Ilford
K2 and K-1 nuclear emulsions for triton and helium-
3 tracks, respectively. 2- and 5-mil Mylar ab-
sorbers were placed in front of the emulsions for
the "0('Li, 'He) and "0('Li, t) reactions, respec-
tively, to absorb the scattered 'Li ions and other
heavier reaction products. Because of the large en-
ergy loss of Li ions in matter, it was necessary to
use a gas target assembly having no entrance win-
dow. " The gas target allowed the calculation of
the absolute cross sections to an accuracy of +15/o
and made possible a detailed comparison of the
"0('Li, 'He) and "0('Li, t) transition strengths.
The use of "thin" gas targets, 20 Torr (34 pg/cm')
and 16 Torr (27 pg/cm') for the ('Li, 'He) and
('Li, f) reactions, respectively, made possible a
resolution of about 35 keV full width at half maxi-
mum.

Energy spectra of the two reactions obtained at
a lab angle of 7-,'' are presented in Fig. 1. These
reactions are observed to selectively populate the
members of the ground-state (K' = ~') rotational
band, and to a lesser extent, the members of the
four-particle-one hole (EC' = ~ ) rotational band.
The members of these bands are summarized in

682



STUDY OF THE REACTIONS. . . 683

Table I. For example, the —,
"member of the

ground-state band is populated more than 20 times
as strongly as the second ~" state (at 3.92 and 4.04
MeV in "F and "Ne, respectively). As previously
suggested, ' such selectivity is evidence for a pre-
dominantly direct-reaction mechanism for the
strong transitions and makes possible the mirror
identification' of states in the nuclei "F and "Ne.
The population of the high-spin states (e.g. , the
T' and z' states) —which could not be reached via
single-nucleon transfer —indicates that these re-
actions could provide an excellent means of search-
ing for high-spin states of simple configurations,
e.g. , (j„)'j~coupled to large J.

Angular distributions of the "0('Li, 'He) (points)
and "0('Li, t) (crosses) reactions to members of
the known (see Ref. 1 and references therein) K'

and —,
' rotational bands are shown in Figs. 2

and 3. These angular distributions are observed
to be forward-peaked, and similar in nature to the
angular distributions of other Li-induced reac-
tions'" "that have been interpreted as proceed-
ing by a direct mechanism. The "0('Li, 'He) an-
gular distribution to the ground state of "F is very
similar to the angular distribution of the time-
reversed "F('He, Li) transition' to the ground
state of "O. The center-of-mass energy for the
outgoing 'Li in that study was 13.59 MeV to be
compared with 17.45-MeV c.m. incident 'Li in the
present study. The general shapes of the other

('Li, 'He) and ('Li, I) angular distributions are
similar to those observed for "F('He, 'Li) transi-
tions' to the excited states of "O.

Three interesting features are observed in the
comparison of the ('Li, 'He) and ( Li, I) angular
distributions: (1) The shapes of the angular dis-
tributions to mirror states in "F and "Ne are
very similar; (2) both the (8Li, He} a.nd ( Li, I)
cross sections are observed to increase with in-
creasing spin up to the spin-& states, and then to
decrease for higher spins and higher excitation
energies; (3) the strengths of the ('Li, He} and
('Li, t) transitions to mirror states are compar-
able for the low-lying states; however, with in-
creasing excitation energy, the ('Li, t) transitions
become weaker than the corresponding ('Li, 'He)
transitions.

Hopefully, it should be possible to explain these
three features in terms of simple DWBA calcula-
tions. Assuming isospin invariance of the nuclear
force and ignoring the effects of the Coulomb force,
these two reactions should be the same. Thus the
similarity of the shapes and magnitudes (for the
low-lying states) of the ('Li, 'He) and (8Li, I) angu-
lar distributions is qualitatively understood. How-

ever, we shall see below that in order to explain
the observed differences in the strength of the
(8Li, 'He) and ('Li, t) transitions (e.g. , to the &'
member of the ground-state band), it is necessary
to include the effects of Coulomb distortion in the
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FIG. 1. Spectra of the reactions 0( Li, 3He) F (top) and 0( Li, t) SNe (bottom) obtained at a bombarding energy of
24 MeV and a laboratory angle of 7.5'. Energies are in MeV.
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exit channels and the differences in the reaction
Q values for transitions to the mirror states.
[The ground-state Q values are -4.094 and -7.350
MeV for the ('Li, 'He) and ( Li, t) reactions, re-
spectively ] .The analysis of the angular distribu-
tions in the DWBA formalism is discussed in the
following section.

III. DWBA ANALYSIS

TABLE I. Known rotational bands in ~F and ~Ne.

Excitation energy ~

fBF "Ne

0.00

1,56

0.20

0.00

1.54

0.24

1-
2

Jp
2

+

i++
2

5.47

2.78

(6.50) '
4.65

0.11

1.46

1.35

4.01

4.04

5.43

2.79

4.62

0.27

1.62

1.51

4.14 d

4.20 d

' Band member assignments are from the literature as
summarized in Ref. 1.

"This is the only known low-lying iti+ state in F [see
J. H. Aitken, K. W. Allen, R. E. Azuma, A. E. Lither-
land, and D. W. O. Rogers, Phys. Letters 288, 653
(1969)]. This level, however, was not strongly populated
in the 0( Li, He) reaction, whereas other known
members of this band were.

0 Not known.
d These two levels may possibly be reversed in ~9Ne,

i.e., the 4.14 being the && band member and the 4.20
being the

&
member.

Based on the evidence that the 'Li-induced three-
nucleon stripping reaction is predominantly direct, '
an attempt has been made to describe the ('Li, He)
and ('Li, I) transitions to the low-lying members
of the ground-state band using the DWBA formal-
ism. Even though the inadequacies of such an anal-
ysis are mell known, it mas hoped that some of
the interesting features observed in the a,ngular
distributions could be reproduced by the calcula-
tions. The success or failure of such a, procedure
may suggest possible improvements or alterna-
tives.

DWBA cross sections were calculated in the
zero-range approximation with local potentials
using the code DWUCK. " In the 'He-$ cluster de-

scription of the 'Li ground state, the 'He and tri-
ton exist in a relative s state in which the 'He- t
wave function is suggested" to be appreciably more
localized than the a-d wave function. Thus the
zero-range assumption may have some validity.
Indeed, in the (d, 'Li)" and ('Li, d)' reactions,
the results of finite-range calculations have been
observed to differ only slightly from those of zero-
range calculations.

The bound-state form factor was calculated in
the "three- nucleon-transfer approximation" ";
i.e., the internal structure of the three-nucleon
cluster in the final state was assumed to be the
same as it is in 'Li. The cluster wave function
was taken to be an eigenfunction of the Hamiltonian
describing the motion of a particle of mass 3 and
spin —,

' in a real Woods-Saxon-plus-Coulomb poten-
tial. Bound- state geometrical parameters x, = r„
=2.0 F and a=0.65 F were used in all the calcula-
tions. These are the values that were used in the
DWBA analysis of a recent "F('He, Li)' 0 study~
and are of a similar magnitude to those used in
analysis of (d, 'Li) reactions on light nuclei. " The
rather large value for y, and r„reflects the finite
size of the bound three-nucleon cluster. No spin-
orbit force was included in the bound-state calcu-
lations. For the ground-state band, it was as-
sumed that the three nucleons were added to the
sd shell [i.e., 2(N-I)+I. =6].

All calculations discussed herein used the same
optical-model parameters in the exit channel
(Table II). [The use of the same optical-model pa, -
rameters for the 'He and t exit channels is justi-
fied, since the isospin-dependent term of the opti-
cal-model potential (o-t ~ Tz) has the same value for
the 'He+ "F channel as for the I+ "Ne channel. ]
These parameters are those used in an analysis
of the reaction "F('He, 'Li)"0 and are of the same
discrete family as the 'He parameters used in
analysis of one- and two-nucleon-transfer reac-
tions in this mass region. " Calculations using
other mass-3 parameters were performed with
no significant improvement in the fits.

One of the difficulties encountered in the DWBA
analysis of Li-induced reactions has been the lack
of good optical-model parameters for Li scatter-
ing. Recently, several new sets of 'Li parameters
have appeared in the literature. In the present
analysis, we have used six separate sets of 'Li
parameters, all of which are listed in Table II.

Parameter Set 1 has been used in an analysis
of the time-reversed reaction' "F('He, 'Li)"0(g.s.).
This set also gave a good fit to the elastic scatter-
ing data. 7 '"" Parameter Sets 2 and 3 are due to
Watson, "who fitted elastic "0+'Li data of Bethge,
Fou, and Zurmuhle. " Watson's real well depth
(V=159 MeV for 'Li+ "0) is shallower than 6
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TABLE H. Optical-model parameters used in DWBA calculations of the reactions 60( Li, He) ~F and 0( Li, g) Ne.

Channel
Vp

(Me V)
w

(MeV)

w' =4wa
(MeV)

tp
(F) (F)

c
(F)

&o
(F)

a'
(F) Reference

6Li
Set 1
Set 2

Set 3
Set 4
Set 5
Set 6

3He-t

Bound state

190.0
159.0
159.0
37.8
60.3

171.0
155.2

0
0
7.0
0
4.6
7.24

18.8

47.32
34.0

0
32.28

0
0

1.05
1.24
1.23
1.42
1.47
1.33

1.15

2.0

0.89
0.78
0.78
0.95
0.75
0.67

0.73

0.65

2.50
2.50
2.50
2.50
2.50
2.50

1.40

2.0

1.95
1.55
2.15
1.90
2.29
1.45

1.55

0.55
0.80
0.80
0.62
0.85
0.72

0.70

7

20
20
21
21
22

The bound-state well depths were adjusted to give the t/3He a binding energy of P = —[15.79+Q( Li, 3He-t)] MeV.

times the single-nucleon potential (-300 MeV) —as
expected as a consequence of the Pauli principle.
Sets 2 and 3 differ mainly in the radial form of
the absorptive potential —Set 2 has surface-peaked
absorption; whereas, Set 3 has volume absorption.

Parameter Sets 4 (surface absorption) and 5
(volume absorption) were derived from the origi-
nal analysis" of the 20-MeV elastic 'Li+ "O scat-
tering. In that analysis, all parameters were
allowed to vary in order to obtain a best fit for

the elastic scattering of 'Li on "O. Set 6 was ob-
tained by fitting 13-MeV Li+ ' C elastic-scatter-
ing data and has been used" in a DWBA analysis
of the reaction "C('Li, o)' N at bombarding ener-
gies of 12 and 14 MeV.

Results of calculations using these parameters
for the "0('Li, 'He)"F(g. s.) transition are com-
pared with the data in Fig. 4. The agreement for
eLi parameter Set 1 is striking. The predictions
of Sets 2 and 3 are in excellent agreement with
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FIG. 2. Angular distributions for the 0( Li, He) SF (points) and t~O( Li, t)t~Ne (crosses) reactions to mirror states
in the ground-state rotational bands of F and Ne. The curves serve only as guides to the eye.
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the data for the first two maxima, but they pre-
dict the third maximum at a larger angle (-10')
than observed. Set 6 predicts the position of the
maxima correctly, but the magnitudes of succes-
sive maxima are not at all reproduced. Set 5 re-
produces the second maximum, but the calcula-
tions and the data become grossly out of phase at
larger angles. Set 4 does not even correctly pre-
dict the position of the second maximum.

It is perhaps not surprising that calculations
based on parameter Set 1 agree well with the "0-
(~Li, 'He) "F ground-state transition. Calculations
using this set in conjunction with the 'He parame-
ter set used in the present study give a good fit to
the time-reversed reaction "F('He, 'Li)"0. It can
be seen that the 'Li parameter sets having a real-
well depth of 159-190 MeV (Table II) are the most
successful in reproducing the shape of the ground-
state angular distribution. In an analysis of the
"F('He, Li)"0 ground-state transition, it was
found' that reasonable fits were obtained only when
the 'He real-well potentials, V3„„were used in
combination with the next deeper Li family, i.e.,
V8 J i V3H + 40 MeV. This same criterion al so
seems to have some significance in the present

study. It might be expected that in three-nucleon
stripping and pickup reactions the entrance- and
exit-channel real potentials should differ by three
single-nucleon potentials (i.e., =150 MeV). It is
interesting, however, that the real well depth
necessary to correctly bind the three-nucleon
cluster is about 50 MeV.

The dependence of the DWBA angular distribu-
tions on the lower-cutoff (LCO) radius was used
to investigate contributions of the nuclear interior.
This dependence is demonstrated in Fig. 5 for the
' 0( Li, ~He)"F ground-state transition. It is ob-
served that the cross section near the first two
maxima remains relatively constant (i.e., within

30%) for LCO's inside the nuclear radius. The
changes in shape and magnitude for cutoffs within
the nucleus largely reflect the oscillations in the
distorted waves. A cutoff just outside the nuclear
surface (LC0= 6 F) gives a forward-angle cross
section that does not differ drastically from that
for LCO = 0. The angular distribution predicted
for LCO=6 F, however, falls off less rapidly
with increasing angle than does the one for LCO
=0. The predictions based on LCO's outside the
nuclear radius demonstrate that the main contri-
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TABLE III. Relative spectroscopic strengths.

(MeV} Set 1~

160(6Lj, He) 19F
a

Set 2~ Set 3"
Ex

(MeV) Set 1"

160(6Li g )f9Ne
a

(Taq ~0 DWuCK
Set 2b Set 3b

g+
2

2

2

7+ c
2

0.00

1.56

0.20

2.78

5.47

0.41

0.32

0.33

0.35

0.29

0.28

0.25

0.26

0.35

0.38

0.33

0.32

0.27

0.00

1.54

0.24

2.79

5.43

0.45

0.25

0.34

0.20

0.27

0.28

0.27

0.23

0.37

0.32

0.36

0.33

0.25

' See text for description of DWBA calculation.
See Table II and text for description of parameters

used. The same He-t parameter set was used in all
the calculations.

' Even though full angular distributions were not mea-
sured for the ~2" state, the DWBA calculations did cor-
rectly account for the difference in cross sections in the
two reactions (see text).

states in "F and "Ne. For 'Li parameter Sets 2

and 3, the ratios are observed to differ by &15'
(&10% in all except two cases), even though the
cross sections for the ~' states differ by over 50%.
The calculations using 'Li parameter Set 1, how-
ever, do not properly reproduce the differences
in cross sections observed in the two reactions.

Since the intrinsic state corresponding to the
ground-state band of "F and "Ne is nearly identi-
cal to the cluster-model state, "all members of
this band should be populated with comparable
spectroscopic strengths. ""This is indeed the
case. The ratios o~„„/o»«„, extracted using
parameter Sets 2 and 3, differ by &20 j~ for the
members of this band.

Complete angular distributions for the ~7' mem-
bers of the ground-state band were not measured
(see Fig. 2), because of the difficulty of detecting
low-energy exciting particles. Because of insuf-
ficient experimental data for the & states and the
poorer fit for the l=4 transfer at forward angles
(Fig. 6) no distorted-wave calculations are shown
for the &" states. However, DWBA calculations
based on 'Li parameter Sets 2 and 3 do predict
the observed difference (Fig. 2) in ('Li, 'He) and
('Li, t) cross sections for the T members of this
rotational band.

A distorted-wave analysis was also attempted
for angular distributions of the states belonging to
the K'=-,' rotational band (see Fig. 3). The agree-
ment between the predicted and measured angular
distributions, however, was poorer than for the
positive-parity band. Perhaps the most interest-
ing feature of the angular distributions for the
negative-parity states is the similarity between
the —,

'' and 2 angular distributions, and between
those for ~' and —,

' and those for —,
"and —,

' . One
would perhaps have expected the —,

' and ~ angu-
lar distributions to be similar to each other and
to be described by an I, = 1 DWBA calculation. Such

is not the case. The —,
' angular distributions are

much more similar to the —,
"angular distributions

that to those for the ~ states. These characteris-
tics of the negative-parity states are not at all re-
produced by the DWBA calculations. Two factors

1.0~~—,

' 0( Li He)' F

1
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O. l
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FIG. 6. Experimental (points) and theoretical (curves)
angular distributions for the reactions O(6Li, ~He) 9F
and ~ 0( Li, t) Ne populating mirror states in the ground-
state rotational bands of 9F and Ne. The solid curves
were obtained using 6Li parameter Set 1, the dashed
curves Set 3.
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which may contribute to the poorer agreement for
the negative-parity band are: (1) The negative-
parity band is more weakly excited; hence, con-
tributions from reaction mechanisms other than
direct three-nucleon transfer may be more impor-
tant. This possibility is consistent with the fact
that these states were more weakly populated rela-
tive to the members of the K' =-,"band in a recent
"0( Li, t)'9Ne study at an incident energy of 36
MeV than they were in the present study at 24 MeV.
(2) The members of the negative-parity band, which
are believed to be based predominantly on a 1p-
shell hole"" may be populated by the transfer of
more than one configuration. They may, e.g. , be
excited through either the two-particle-two-hole
or four-particle-four-hole components in the "0
ground state, as well as by adding one of the nu-
cleons to the lf 2p she-ll. (For deformed nuclei
one of the single-particle orbitals from the 1f 2p-
shell is expected to come quite low in excitation
for large deformation. ") Therefore, the effects
of coherence may be more important in the transi-
tions to the negative-parity band than for the posi-
tive-parity band, where the predominant configura-
tion is three 2s-1d-shell nucleons outside a closed
"0 core."

IV. CONCLUSIONS

A zero-range DWBA analysis based on the trans-
fer of a three-nucleon cluster is successful in re-
producing the angular-distribution shapes and the

relative strengths of the members of the K' = ~'
ground-state rotational bands in "F and "Ne popu-
lated by the "0('Li, 'He) and "0('Li, t) reactions.
This success supports the suggestion' that these
states are populated by a predominantly direct-
reaction mechanism at 24-MeV incident energy.
The sensitivity of the DWBA calculations to 'Li
parameters was demonstrated, with the 160-190-
MeV real-well-depth 'Li parameters giving the
best fits. By using the Watson Li parameters, '
it was possible to account for the observed dif-
ferences between the ('Li, 'He) and ('Li, t) cross
sections. The extracted relative transition
strengths are consistent with the known structure
of the final states within the K' =-,'' g.s. band. The
over-all agreement resulting from the simple zero-
range, three nucleon-cluster-transfer approxima-
tion is probably better than one would have expect-
ed a priori, and gives encouragement for future
DWBA calculations for 'Li-induced transfer re-
actions.
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We have measured the intensities of 2p-1s pionic x-ray transitions in ~Li, Be, C, and
l60 using an absolute-efficiency technique. A pion-cascade calculation which was constrained
to reproduce the observed yields predicted population probabilities for the mesonic levels
and gave values for the strong-interaction level widths. The 2P-level broadenings are 0.015
+0.005 eV for Li, 0.16+0.03 eV for Be, 2.1+0.6 eV for C, and 12+4 eV for ~ O. Compar-
isons are made with results obtained by others and with predictions based upon a semiphe-
nomenological optical potential. Empirical capture schedules for n in Li and C are also
presented.

I. INTRODUCTION

The yield, or intensity, of the 2P-1spionic atom-
ic transition, defined as the number of Ke x rays
emitted per stopped pion, can be used to deduce
the nuclear-absorption rate for a pion in the 2P
state. ' Ericson and Ericson' have described the
absorptive interaction in terms of an imaginary
part of a semiphenomenological optical potential.
A recent analysis by Krell and Ericson' has sug-
gested that either this optical potential does not
satisfactorily describe 2p-state absorption for all
elements or that a systematic uncertainty exists
in one or both of the experimental methods used
to determine the absorption rates. In particular,
measurements in elements with Z & 11 were in sub-
stantial disagreement with predictions based on
measurements in higher-Z elements. We wish to
report here the first measurement of the 2p-1s
pionic transition yield in 'Li in addition to new
measurements for 'Be, ~C, and MO. The yield
in 9Be is in excellent agreement with a recently
reported value from CERN, but is in disagree-
ment with another measurement by Berezin et al. '
Previously published~' yields in C and "0 (as
H~O) which were based on comparisons between
muonic and pionic x-ray spectra are substantially
larger than those obtained in this investigation.

The results of the present work compare favor-
ably with predictions based on an optical potential
whose constant parameters have been independent-

ly determined' from selected pionic x-ray data.
A secondary purpose of this investigation was to
determine the capture schedule for m in 'Li, for
which no previous measurements exist. This cap-
ture schedule is of particular interest to those
engaged in a theoretical comparison of radiative
pion capture and muon capture in this element. '
The capture schedule for C is also presented be-
cause of apparent disagreements in the literature'
on the interpretation of existing yield data.

II. EXPERIMENTAL TECHNIQUE
AND DATA ANALYSIS

The data were obtained in two experiments using
a 190-MeVlc negative-pion beam of the NASA
Space Radiation Effects Laboratory (SREL) syn-
chrocyclotron. Standard scintillation-counter coin-
cidence techniques were used to obtain a m-stop
signal. A 1600-channel analyzer sorted and stored
pulses from a Si(Li) or Ge(Li) detector when a coin-
cidence existed between the m-stop signal and the
detector signal. The timing window for this coin-
cidence was 320 nsec wide and was typically about
3 times the full width at 0.1 maximum of the tim-
ing peak. Other features of the experiment were
the following:
(1) Absolute muonic x-ray yields were also mea-
sured to investigate systematic errors which might
have arisen either in the experiments or in the data
analysis. The muonic K series is particularly use-


