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An experiment is described in which E-mesonic x rays were observed in He . The experiment was per-
formed in an unseparated beam by selecting E stopping in a liquid-helium target with a system of fast
counters, and observing the x rays in a gas proportional counter gated by the stopping signal. An x-ray line
was observed at 6.5&0.4 keV and was identi6ed to be the L transition of kaonic helium. There was also
some evidence for a second line in the spectrum at 35.4+0.9 keV, assumed to be the E, with an intensity
of (49+22)'P& relative to the L . The absolute yield of the L transition was determined to be (85&25)%.
This directly establishes that most E are absorbed from low-lying states in helium. A simple model was
constructed for the de-excitation of kaonic helium and was used to calculate the atomic cascade. With
reasonable assumptions about the initial population of states, this calculation gave values for both the L
yield and the cascade time consistent with the experimental values, and was used to predict a nuclear-capture
schedule for E in helium. From the line assumed to be the E, it was possible to deduce an upper limit for
the complex-energy shift to the 1S level from the K-a interaction, and a value for the absorption rate from
the 2I' level.

I. INTRODUCTION

ECENTLY E-mesonic x rays have been observed'
in an experiment in which E were brought to

rest in a large liquid-helium target. In this experiment,
the existence of one x-ray line in the observed spectrum
was firmly established, and its measured energy corre-
sponded to that of the I. transition of kaonic helium.
There was also evidence for the presence of a second
x-ray line, believed to be the E transition. The abso-
lute yields of these transitions have been given in a
preliminary report. ' In the present paper, we describe
the experiment and its results more in detail, and
explore what can be learned from these results about
the nuclear absorption process of E in liquid helium.

The problem of negative-meson absorption in helium

has been discussed in the literature for several years. ' '
The only experimental work to shed light on the problem
has been the measurements of absorption times made in
liquid-helium bubble chambers. Measurements have
been reported both for x,'4 and for E—

4, and the
absorption times were found to be much longer than
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the corresponding times for m
' and E in liquid

hydrogen, or for m in liquid deuterium. A qualitative
difference was expected, but important features of the
absorption process cannot be obtained from the absorp-
tion times alone. It was well known that in hydrogen,
Stark mixing within the principal levels leads to a large
amount of S-state capture while the mesons are still at
high atomic levels. ~"In helium, one expected much less
Stark mixing, since the En+ ion cannot approach the
nuclei of other atoms as closely as the neutral Ep atom;
however, the question of the precise capture schedule
had not yet been settled. ' The absolute yield of the I.
transition seen in the present experiment directly
establishes that the amount of capture from the higher
levels is small. Using this as a guide, we have investi-
gated the atomic cascade and have calculated a capture
schedule for E in helium.

The remaining sections have been set up according to
the following plan: in Sec. II, the experimental appa-
ratus is described in detail and the observed x-ray
spectrum is discussed; Sec. III describes how the
absolute yield of the x rays was determined; in Sec. IV,
the atomic cascade is investigated and a capture
schedule is calculated; and in Sec. V, the results of the
experiment are summarized and the main conclusions
which can be drawn from them are given.
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FiG. 1. Beam layout for the experiment.
'
Kaons were trans-

ported for 18.0 m at 840 MeV/c, selected electronically, and
brought to rest in a liquid-helium target. The beam was not
separated.

II. EXPERIMEN'T

The mesonic x rays were observed in an experiment
performed in a.low-momentum, unseparated E beam
at the Argonne Zero Gradient Synchrotron (ZGS). The

experiment has been brieQy described in Ref. 1.A scale
drawing of the low-momentum beam is shown in Fig. 1.
Negative particles were selected near 0' from an internal
target of the ZGS and transported for 18.0 m at 840
MeV/c in a helium atmosphere. The X in the beam
were selected with counters, slowed by a copper de-
grader, and brought to rest in a liquid-helium target.
The x rays were observed in a gas proportional counter
which was gated on the stopping E signal. A summary
of the characteristics of this beam and some typical
rates are given in Table I.

A drawing of the helium target and counter geometry
is shown in Fig. 2. Two inverse-threshold Cerenkov
counters, "Cr and Cs, were used to select kaons (P=0.863
for 840 MeV/c) in the incident beam. These two count-
ers were identical; each consisted of a 7.6-cm thick
Lucite radiator with four 56AVP photomultipliers
masked to accept Cerenkov light in the Lucite at an
angle of 38.9' from the beam axis, corresponding to
P=0.863. Pion light (47.9', P=0.987) was rejected by
total internal reQection in t;he lucite. Pion contamination
of this signal was caused by nuclear interactions and
delta rays in the Lucite: about one pion in 10' was found
to register in the two counters in coincidence, giving a
kaon to pion ratio of about 6/1 in this signal.

After the Cerenkov counters, the beam was slowed by
a copper degrader of mean thickness of 188 g/cm'. The
degrader was designed with a 15.2' wedge to correct for
the lateral dispersion of the beam (1.06 MeV/c cm at
the degrader). Since a large portion of the kaons were
lost by nuclear interactions in the degrader (see Table I),
it was necessary to provide a subsequent means of
selection. The surviving kaons were about four times
minimum ionization, while the surviving pions had a

c, cp
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pro. 2. Target and detector positions in the experiment. C1 and C~ were Cerenkov counters selecting incident kaons, and D was
a scintillator with a high-amplitude threshold selecting kaons out of the degrader. The x rays were detected in P, a gas proportional
counter, gated on C1C2D.

"J. Farr, Argonne National Laboratory, ANL-HEP Report, 1964 (unpublished).
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residual momentum of about 500 MeV/c, high enough
still to be near minimum ionization. A 1.27-cm thick
plastic scintillator D, with an amplitude threshold set
to be just below four times minimum ionization, was
used to select kaons emerging from the degrader. The
complete gate signal used for the observation of the
x rays was the coincidence C&C2D. The kaon-to-pion
ratio of this signal was about 4.

The target" held 6 liters of liquid helium, with a
thickness along the beam of 4.0 g/cm'. The cryostat
was designed with especially thin windows between the
helium and the x-ray detector so that the x-ray absorp-
tion would be as small as possible. The total thickness
of material between the liquid helium and the gas of the
proportional counter consisted of: 0.14 mm of Mylar,
and 0.10 mm of beryllium metal (heat shield).

The proportional counter used to detect the x rays
is shown as I' in Fig. 2. A proportional counter was used
several years ago by West and Bradley" to observe
m-mesonic x rays. The counter used in the present ex-
periment followed many similar design features; how-
ever, it was designed for a somewhat lower energy
range, 5 keV to 40 to include the E and I- transitions
of kaonic helium. A drawing of the counter is given in
Fig. 3(a). It was filled with argon "counting gas"
(10% methane, controlled concentration) at 1 atm.
Fresh gas was continually circulated through the
counter at a slight overpressure to eliminate contamina-
tion. The center wires were 0.152 mm (0.006 in. )
diameter spring steel music wire; deviations in the
uniformity of the diameter of this wire were measured
to be no greater than &1%.There were two wires in
the counter, as shown in Fig. 3(a), and a ground plane
was placed midway between them. Field tubes 1.9 cm
(0.75 in.) in diameter were situated at each end of the
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TmLE I. Some characteristics of the low-momentum,
unseparated E beam. 0.7p;sec, MAXIMUM VARIATION

Internal target
Solid angle acceptance
Central momentum
Momentum acceptance
Beam length, to degrader
Survival of E from decay
Degrader
Survival of E from losses

in degrader
Liquid-helium target
Typical rates':

Internal proton beam
Negatives into degrader
E into degrader
E stopped in target

Typical spill time

0.32X0.32X9.78 cm, copper
8X10 4 sr
840 MeV/c

1.0'
18.0 m
0.060
188 g/cm', copper
0.12

4.0 gjcm'

3.5X10»
8X.10'
2 8X10'
15
0.10 sec

CI Cy 0

FIG. 3. (a) Diagram of the proportional counter. (b) Block
diagram of the electronics.

+ Rates given are per ZGS pulse. The repetition cycle was 4.0 see.
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wires, and the voltages of these were adjusted separately
to give a uniform gain throughout the active volume of
the chamber. The gain throughout the active volume
was measured using a collimated x-ray source and was
found to be constant to within &1.5% when the field-
tube voltages were adjusted properly. The active vol-
ume I shown in Fig. 3(a)j was sharply defined by the
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field tubes and had an area of 300 cm' at the window
surface of the counter. The window surface was of 0.05
mm (0.002 in. ) aluminized Mylar, which gave greater
than 80% transmission for x rays &5 keV. The counter
was 10.2 cm (0.16 g/cm') thick, which gave nearly 100%
absorption for x rays &15 keV, and 24% absorption
for 35 keV.

The center wires were at a positive potential of
3000 V, the field tubes were at about 1200 V, and the
outer conducting can and window surface were
grounded. A block diagram of the electronics system is
given in Fig. 3(b). The charge pulses from the center
wires were collected onto a capacitance of about 25 pF
(76 cm of RG-114 cable plus ~10pF stray input circuit
capacitance). The resulting voltage pulse was shaped and
ampliffed in a low-noise preamp system (ANL Elec-
tronics Division, A-168) and stored in a 200-channel
pulse-height analyzer (TMC 401). The preamp gave a
pulse which rose to a peak value in 0.4 p,sec and had an
exponential trailing edge with a 0.6 @sec time constant.
The gain of the preamp was about 80, its noise level
was below 0.05 mV, and the output pulse height was
about 3.5 mV/keV. The energy resolution of this system
was measured to be 11.2% (full width at half maximum)
for 22.2 keV and was inversely proportional to the
square root of the energy over the designed energy
range. The linearity of the system, as determined by
three different x-ray sources (Fe", Cd'~, Cs"'), was
better than &0.3% over the designed energy range.
Gain variations seen when a source was moved through-
out the region of space corresponding to the position of
the liquid-helium target were less than 0.5%.

For the observation of the kaonic x rays, the pulse-
height analyzer was gated by the stopping E signal,
C~C2D, as shown in Fig. 3(b). During the run, the
timing of the gate signal relative to the proportional
counter pulse was adjusted by observing on an oscillo-
scope the timing between the two simultaneous p rays
from Co~: one which was detected in the scintillator D,
and the other which was detected in the proportional
counter. The timing adjusted in this manner did not
affect the gain or resolution of the system when the
spectrum from an x-ray source was recorded with self-
gating of the pulses from the proportional counter.
Although no direct observation was made of the resolu-
tion with external gating, the resolution was not ex-
pected to be affected by the gating because the sensitive
time of the pulse-height analyzer was adjusted to be
long enough to accept the maximum variations in the
time of arrival of the proportional-counter pulses. These
variations (caused by electron collection time variations
over the sensitive volume of the counter) were observed
with Co" to be a maximum of 0.7 psec. As shown in
Fig. 3(b), the sensitive time of the gated pulse-height
analyzer was long enough to include this time variation:
the pulses rose to full amplitude in 0.4 @sec, and the
sensitive time was 1.5 p,sec. Since the proportional

counter was exposed to a Aux of charged particles from
the degrader and the target (see Fig. 2), the pulse rate
of the counter was monitored during the run to verify
that gain variations from pulse pile-up remained
negligible. The maximum rate seen during the run was
3.4&&104 sec '; thus, the probability for pile-up in the
sensitive time of the gate pulse-height analyzer was
less than 5%. Energy calibrations with an x-ray source
taken during the beam spill showed no change in gain
at these rates.

The x-ray lines from kaonic helium were found by
taking the difference between the spectrum recorded
with the target full of helium and the spectrum recorded
with the target vessel in place, but empty. The target-
full data were taken in six individual runs over a period
of about eight hours, and the target-empty data were
taken in one run lasting about 90 min. The energy
calibration was periodically established with the lines
from two x-ray sources: the 5.9-keV line of Fe', and
the 22.2-keV line of Cd'~. The energy calibration of
each individual run, including the effect of gain drift,
was established to an accuracy of about +2%, and this
number was taken to be an estimate of the over-all
uncertainty in gain. Because of long-term gain drifts,
the energy gains of the six individual target-full
spectra differed by as much as 10%; therefore, before
these spectra were summed, each was corrected to have
the same gain as for the target-empty run. These drifts
in gain were caused by changes in the gas density in the
proportional counter over long periods of time from
temperature and barometric-pressure variations. The
base line (channel for zero energy) was established by
the two sources to an accuracy of &1.5 channel; it
remained stable throughout the runs.

The spectrum which is the sum of the six gain-
corrected, target-full runs and the spectrum from the
target-empty run are both shown in Fig. 4(a). In obtain-
ing the difference between these two spectra, the target-
empty spectrum was scaled to give the same total
number of counts as the target-full spectrum in the
interval from channel 40 to 188.The difference spectrum
is shown in Fig. 4(b). In this spectrum, three adjacent
channels have been combined in order to make the peaks
more apparent to the eye, and the amount of statistical
uncertainty in the difference is indicated by the brackets
at several representative points. In Fig. 4(c), lines are
shown from the two calibration sources taken during
the run, and from a third source, Cs"' at 32.2 keV,
which was used to check the linearity of the system.
The energy scale deduced from these sources is shown
beneath the figures.

The difference spectrum, Fig. 4(b), has a pronounced
peak centered near channel 20. The total number of
counts in this peak, summed from channel 9 to 30, is
1975+465. The center of the peak was determined by
locating the channel position which gave the number
of counts to the left of it (to channel 9) equal to the
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TmLE II. Results of various least-squares fits to the difference
spectrum, Fig. 4(b), in the region of the suspected K peak.

Range of
fit (channel

numbers)

52-120

120-188

120-188

120-149
143-174
169-188
143-174

Hypothesis

Straight line
(best fit)

Straight line
(best fit)

Normal curve
(best fit)

Zero line
Zero line
Zero line
Normal curve

(best fit)

Number of
degrees of
freedom

67

67

66

30
30
30
27

64.73

74.25

62.62

25.78
43.92
32.17
24.31

x'
confidence

level

0.56

0.16

0.60

0.69
0.05
0.37
0.66

"We note that the difference spectrum given in Fig. 4(b) has
three adjacent channels combined so that the peaks show more
clearly. The maximum amount of information on the shape of the
line is contained in the channel-by-channel difference spectrum,
and it was this spectrum which has been used in all least-squares
fitting.

number to the right of it (to channel 30). For this peak,
the center was located at channel (18.8+1.4); the un-

certainty is statistical. From the energy calibrations, the
gain was established to be 0.208+0.004 keV/channel,
and the base line was located at channel (—12.3+1.5).
The energy of this line, therefore, was 6.5&0.4 keV.
The expected energy of the L transition in kaonic
helium is 6.5 keV. The various contributions to the
quoted error were the following: 0.29-keV statistical
uncertainty, 0.13-keV uncertainty in gain, 0.31-keV
uncertainty in base line, and 0.02-keV uncertainty in
linearity. These uncertainties have been combined in
quadrature. In order to determine the width of this
line, a normal curve was fitted to the peak by the method
of least squares. "This gave a full width at half maxi-
mum of 10.4 3.5+ ' channels, compared with an ex-
pected width of 7.4 channels. This method, of course,
gave results for the center position of the peak and the
area under the peak which were consistent with those
values quoted above.

In the region around channel 155, there is possibly an
indication of a second peak in the spectrum. In order to
investigate this more quantitatively, a straight line
was fit to the spectrum, by the method of least squares, "
in two different intervals: first from channel 52 to 120,
where no peak is apparent; and then from channel 120
to 188, in the region of the suspected peak. The results
of these fits, shown in the first two rows of Table II,
give values of X.' corresponding to a confidence level of
0.56 in the lower interval, and 0.16 in the upper interval,
indicating a fairly low probability that the peak around
channel 155 is a statistical fluctuation from a straight
line. On the other hand, the best normal-curve fit to the
spectrum in this upper interval gives a X' corresponding
to a con6dence level of 0.60 (third row of Table II);
moreover, this fit gave a value for the width which was
consistent with the expected instrumental resolution
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for a line in this region. If the zero level of the difference
spectrum is taken to be fixed by the subtraction proce-
dure, the probability for a statistical Quctuation is lower,
as shown in the last four rows of Table II. In the 30
channels centered around the suspected peak, the line
constrained to the zero level gives a X' corresponding to
a confidence level of 0.05, whereas the gest-fit normal

I, t I a I a I I I ~ I & t i I
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CHANNEL NUMBER

I I I I I I

5 IO I5 20 25 30 35 40
ENERGY SCALE&KEY

FIG. 4. (a) The pulse-height spectra from the gated propor-
tional counter taken with the target full of helium and with the
target vessel in place, but empty. (b) The target-full spectrum
with the target-empty spectrum scaled (see text), and subtracted
as background. The combined counts in three adjacent channels
have been plotted. The brackets indicate the amount of statistical
uncertainty. The arrows mark the centers of the peaks assumed to
be the I, and K transitions of kaonic helium. (c) The spectra
from three x-ray sources used for calibration.
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curve gives 0.66. In all other 30-channel intervals of
the spectrum above channel 40, the zero line gives X'
sums corresponding to confidence levels ranging from
0.3 to 0.7.

The assumption of 6xing the zero line in these tests,
of course, depends upon how well the background
subtraction is known. If we accept the target-empty
spectrum as the appropriate background, then the
statistical uncertainty in the zero line is determined by
the uncertainty in the scale factor multiplying the
target-empty spectrum. This scale factor, it will be
recalled, is the ratio of the total number of counts in the
interval from channel 40 to 188 in the target-full
spectrum to the total number in the same interval in the
target-empty spectruln. Defined in this way, the scale
factor is 68 226/11 212=6.09+0.06; thus, in the region
of the suspected peak, the statistical uncertainty in the
zero level is &2 counts. This amount of variation of
the zero line has a negligible effect on the values of &'

given in Table II. This statistical argument, however,
rests entirely upon the assumption that the target-empty
spectrum is the appropriate background. The only dif-
ference between the two spectra being subtracted is the
presence or absence of liquid helium in the target vessel,
and this is the basis for expecting that a deviation
above the zero line is a signal from kaonic hehum (the
evidence that kaons were stopping in the liquid helium
will be discussed in the next section). On the other hand,
it can be argued that the helium itself can introduce a
coincident background, by causing additional scattering
and nuclear interactions of the kaons, for example. It
would be remarkable, however, if this CQect would
produce a peak. in the difference spectrum of the same
width as an x-ray line.

If the zero level in the di8erence spectrum is assumed
to be fixed by the above procedure, then the total
number of counts in the interval from channel 143 to
174 is 540&205, or 2.6 standard deviations above zero.
The statistical center of this peak was located, in the
same manner as the center of the L peak, at channel
(15'/.8&2.6), giving an energy value of (35.4&0.9) keV.
The K.lein-Gordon value for the energy of the E line,
corrected for nuclear size and vacuum polarization, is
34.9 keV."The contributions to the quoted error (again,
added in quadrature) are: 0.54-keV statistical uncer-
tainty, 0.68-keV uncertainty in gain, 0.31-keV un-
certainty in base line, and 0.11-keV uncertainty in
linearity. The normal curve fitted to this peak by the-
method of least squares gave a full width at half maxi-
mum of 14.5 5.&+62 channels, compared with an ex-
pected width of about 16 channels. The expected width
includes an expected instrumental width of 14.9 channels
broadened by an average gain drift during the individual
runs of abo'ut 7 channels, added in quadrature. The
least-squares fit of the normal curve also gave values for

I' V. Fisenberg and D. Kessler, Phys, Rev. 130, 2352 (1963).

the center of the peak and the area under the peak
consistent with the values quoted above.

To summarize the results of this section, it can bc
stated that the evidence for kaonic x rays is found in the
difference spcctI'lllll Fig. 4(b). Tllls spcctluln llas a
pronounced peak which corresponds to an energy con-
sistent with the L transition. There is also some evi-
dence for a second peak believed to be the E line.
There is no evidence for the presence of the Lp transi-
tion at 8.7 keV, or the Ep transition at 41.3 keV, at
intensities comparable to that of the E .The M transi-
tion at 2.3 keV was not seen because of its low energy;
it was too highly absorbed in the target to be detected.
The main features of the data are the following.

(a) Energy. The energy values of the two lines were
found to be: 6.5+0.4 keV, assumed to be the L transi-
tion, and 35.4+0.9 keV, assumed to be the E transi-
tion. Both of these energies are consistent with the
Klein-Gordon values for kaonic helium, corrected for
nuclear size and vacuum polarization": 6.5 keV for the
L line, and 34.9 keV for the E . Assuming that the
line identified as the E is real, this implies that the
strong interaction contribution to the energy shift of
the 15 level is &1.0 keV.

(b) Iinewidth. The peaks were both fitted with
normal curves to determine their widths, and both wire
consistent with the instrumental resolution width. The
one standard deviation limit to the line broadening for
the E„transition is &1.3 keV. This corresponds to an
upper limit on the rate of nuclear capture from the 15
state of +2)(10'8 sec '.

(c) Intensity. The total number of events in the I
peak was found to be 1975&465, and the total number
in the peak believed to be the E was 540+205. In
order to compare intensities of the two lines, the CK-
ciency for detection was calculated for each of the two
energies. This was done by graphically dividing the
target into 64 units of equal volume, and obtaining the
CKciency for each small unit of volume by computing
for each energy the absorption loss in the helium and in
the walls of the target, the CGective solid angle of the
detector, and the absorption probability in the detector.
The CKciency for each energy was then averaged uni-
formly over the volume of the target (the evidence that
E were stopping uniformly over the target volume will

be discussed in the next section). The uncertainty in this
calculation was estimated to be about &5%.The detec-
tion CKciency values are 0.0205 for 6.5 keV, and 0.0114
for 34.9 keV; thus, the total number of x rays emitted
dullIlg thc cxpcrllricnt was: 96300&23 100 L tI'allsl-

tions, and. 47 400&18 100 E„transitions, and the ratio
of E to L transitions is 0.49&0.22. The absolute
yield depends on a measurement of the number of E
stopped in the experiment, This is discussed in the
following section,
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III. ABSOLUTE YIELD MEASUREMENT

The absolute yield of a transition is dered as the
number of x rays per stopped meson. The absolute
yield values for the transitions observed in this experi-
ment are of interest in clarifying the picture of the
nuclear capture of E from atomic orbitals around the n
particle. Specifically, the number of E making theI, or m=3 to e=2, transition shows directly the
amount of nuclear capture from the higher atomic levels.
A discussion of what can be deduced about the capture
schedule from these results is given in Sec. IV.

Once the number of x rays has been found (previous
section), the missing factor needed to determine the
absolute yields is the number of E stopped. The mea-
surement of this number w'as not trivial because the
beam was unseparated: although the stopping E signal,
CjC2D, was used as a gate for the observation of the
x rays, it was too highly contaminated to give an accu-
rate measure of E stopping in the target. The measure-
ment was performed by placing C~C~D in coincidence
with a detector system, Ã in Fig. 2, which responded to
secondaries from the target at approximately 90' to
the beam. This signal was observed to be strongly de-
pendent on the secondaries from E interacting at rest
in the target, and was used to calculate the number of
E stopping.

The detector system, X, viewing secondaries from
the target consisted of three large NaI(Tl) crystals
embedded in heavy lead shielding. The crystals were
10.2 cm thick by 22.9 cm in diameter, and subtended a
solid angle of 4.8%%uo of the total sphere. . The threshold
of the system was set to be just below the pulses given

by minimum-ionizing cosmic-ray muons going directly
through the 10.2-cm thickness. This threshold corre-
sponded to an energy loss in the crystal of 49&5 MeV;
the error quoted is an estimate of the uncertainty in the
threshold adjustment. A fast-logic pulse was derived
from the leading edge of the NaI pulse and was used to
form the coincidence CjC2DX.

In order to verify that this signal was caused by E
stopping in the helium target, it was observed as a
function of beam momentum around 840 MeV/c. The
result of this observation is shown in Fig. 5. The signal
is seen to drop for lower momenta, where the E stop
in the degrader before reaching the target, and again for
higher momenta, as the range of the kaons exceeds that
of the degrader plus target. The width of this peak
(+1.9%%uo) is consistent with the momentum acceptance
of the beam broadened by range fluctuation. The
uncertainties shown are those of counting statistics.
Accidental rates were monitored, using delayed coinci-
dence, and corrected for: they were typically less, than
20'%%uo of the signal. This measurement was made im-
mediately after the x-ray run, and the vertical scale has
been normalized to the same beam monitor I' that
was used. to monitor the x-ray run.

A range curve can be deduced from Fig. 5 by substi-

0.004

0.005—

ci 0.002—
O

t 2.5 f 0.5 ) & lO:

O.OOI

TARGET REMOVED

l t g g t l t t t t I

coo e50 900
CFNTRAL MOMENTUM t MEV/C)

FIG. 5.The stopping E signal as a function of beam momentum.
The counters CI, C2, D, and Ã are shown in Fig. 2. F was the
beam monitor

8=eSciency of CtCgDS for stopping K .

The efliciency b was calculated in the following three
steps. (1) The observed branching ratios for all possible
E interactions at rest in helium were obtained from
helium bubble chamber measurements. '7 (2) The energy
distributions of all of the secondaries produced in the

"Helium Bubble Chamber Collaboration Group, in ProceeChngs
of the 1960 International Conference on High Energy Physics at
Rochester (Interscience Publishers, Inc. , New York, 1960), pp. 423
and 426; also J. B. Kopelman (private communication).

tuting for tht: momentum value of ea,ch point, the
thickness of copper required to stop E of that momen-
tum. When this was done, the peak was found to have
a full width at half maximum of about 25 g/cm'. Since
the helium target thickness was only 4 g/cm', this would

imply that the E were stopping uniformly along the
length of the target. In the plane perpendicular to the
beam direction, the E could be expected to stop uni-
formly over the target because of multiple scattering in
the degrader. As an experimental check of this, the
counts from the coincidence of CtCeLI with each of the
three different NaI detectors (each was in the plane
perpendicular to the beam direction, and each was
separated by 45' in that plane) were found to be equal
at 840 MeV/c, within a statistical uncertainty of
about 12%.

The rate shown in Fig. 5 with the target removed is a
direct measurement of the amount of background in
this signal, and subtracting it from the peak value gives
a number dependent only on X interacting at rest in
the helium. The number of E stopped in the experi-
ment, then, . is given by

SIr-= I'S/8,
where

I'= monitor counts during x-ray run =2.871)(10,

CtCtD&1 (CtCgDEs=
F ) target full k I ) ta'rget removed

= (2.5+0,3)X10 ',
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various interactions, a,nd their probability for inter-
cepting the NaI crystals were computed by the Monte-
Carlo method. (3) The detection probability for each
type of secondary was computed from its energy dis-
tribution. This could be done using the known proper-
ties of energy loss of the secondary particles in NaI,
since the energy threshold of the crystals was known.
A detailed description of the calculation of b and a dis-
cussion of the estimated uncertainty in this calculation
is given in the Appendix. The efficiency was computed
to be

8=0.0630+0.0076,

where the error quoted is the estimated uncertainty in
the calculation.

Using this value for 8, the number of E stopped in
the x-ray experiment becomes E~-= 114000+19000.
Taking the number of x rays in each transition from the
previous section, we obtain the following numbers for
the absolute yields:

yield of L transition =0.85&0.25,
yield of E transition =0.42+0.17.

IV. ATOMIC CASCADE AND NUCLEAR
ABSORPTION

The high yield for the L transition measured in this
experiment shows directly that the amount of nuclear
absorption from states with n&&3 is small; in fact, it is
&15%. It is useful at this point to investigate the
atomic cascade, to construct a model which gives the
observed high L yield, and to use this model to predict
quantitatively the complete nuclear capture schedule for
kaons in liquid helium. As a further constraint, the
model must predict an average cascade time consistent
with the observed value of (2.4+0.4) &&10 "sec.'

The capture schedule for kaons and pions in liquid
hydrogen has been discussed in the literature for several
years; it was first investigated by Wightman'; later
extended by Day, Snow, and Sucher, ' and by Russell and
Shaw'; and most recently worked out in detail by
Leon and Bethe."The result is that the rate for Stark
mixing of the angular-momentum states is sufficiently
high to lead to rapid nuclear capture from the higher
levels: n~& 3 for pions, and n&&5 for kaons. This conclu-
sion is re-enforced by the fact that the calculation
successfully predicts the short ( 2&(10 "sec) cascade
times which have been observed. ~'

The situation has been less clear for liquid helium,
however. A theoretical investigation of the capture
process in helium was initially given by Day, " who
concluded that Stark mixing induced by molecular fields
auld be sufIicient to lead to rapid 5-state capture from
the higher levels, and predicted a capture rate similar
to that for hydrogen. Later, the cascade times were

' A. S. Wightman, Ph.D. thesis, Princeton University, 1949
(unpublished); Phys. Rev. 77, 521 (1950).

'9 T. B. Day, Nuovo Cimento 18, 381 (1960).

measured'4 and found to be longer by a factor of about
100. In order to understand these results, another
theoretical investigation was undertaken by Russell, '
who made new estimates of the rates for de-excitation
and obtained times about five times shorter than the
observed values. He regarded this factor to be con-
sistent with the approximations used in his calculations.
He also made estimates of the rates for nuclear capture
from higher levels caused by molecular-field Stark
mixing and obtained rates comparable to the rates for
de-excitation; however, the uncertainty in these calcu-
lations made it impossible to determine conclusively the
amount of capture from higher levels. Another model
for the capture process has recently been proposed by
Condo. "He suggested that most mesons are rapidly
captured from the higher levels as predicted by Day,
but that the (apparently) long cascade times measured
result from the decay of a small population of the mesons
that form metastable atomic states.

The x-ray yields measured in the present experiment
settle this question empirically: =85% of the kaons
survive nuclear capture down to v=2. This provides a
direct guide to a theory of the atomic cascade and
nuclear-capture schedule. Since the survival of kaons
down to m= 2 is so large, we are led to consider a model
for the cascade in which the rates for de-excitation
from the higher levels are much larger than the rates
for nuclear capture induced by molecular-field Stark
mixing in these levels. In the remainder of this section,
we describe a calculation of the atomic cascade and
nuclear capture schedule based on this simple model.
This calculation is similar to calculations done by
Kisenberg and Kessler for muons, "pions, "and kaons, "
in elements with Z&~ 3. In kaonic helium, the de-excita-
tion is dominated by the external Auger eGect in the
higher levels and by radiation in the lower levels. In the
calculations of Kisenberg and Kessler, the de-excitation
is dominated in the higher levels by the internal Auger
eff'ect, but the matrix elements for the external Auger
transitions are similar. After computing the E1 matrix
elements for the external Auger and radiative de-excita-
tion, a Monte-Carlo calculation was made of the atomic
cascade, starting froIn an initial level in the neighbor-
hood of e= 24, with an assumed initial population of the
angular momentum states. This calculation gave pre-
dictions for the mean time spent in the atomic cascade,
the yields of the lowest x-ray transitions, and the
nuclear-capture schedule.

One particularly interesting feature was encountered
in this calculation of the cascade: A model which com-
pletely neglects Stark mixing predicts that in the higher
levels, the states with maximum angular momentum
will be metastable with respect to de-excitation. Above
m=16, the spacing between the adjacent energy levels
of kaonic helium is less than the ionization potential of

'0 G. T. Condo, Phys. Letters 9, 65 (1964).
~' Y. Eisenberg and D. Kessler, Nuovo Cimento 19, 1195 (1961).
'~ Y. Eisenberg and D. Kessler, Phys. Rev. 123, 1472 (1961).
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RtoInlc helium and no extelnRl AugeI' tI'Rnsltlons CM1

occur for Ae= —1.Since the states with maximum / can
make only a de= —1 transition in the E1 approxima-
tion, and since the radiative rates are low for these
transitions, these states must be metastable on the time
scale of the atomic cascade. We are thus led to the
conclusion that although the rate for Stark mixing in
the higher levels was assumed to be low enough to
prevent Inuch nuclear capture from 5 states, it must
nevertheless be high enough to depopulate these states
rapidly. A more quantitative estimate of this is made
later in this section.

A. Description of the Cascade

Before proceeding to details of the cascade calcula-
tion, it may be helpful to review the general description
of the atomic cascade and nuclear capture for kaonic
helium. Although quantitative calculations of absolute
rates have been uncertain, the general physical picture
of the competing mechanisms involved in the cascade
is well understood. 4 5 After losing energy by ionization
and excitation, the free kaon rapidly displaces two
electrons from a helium atom and 6nds itself bound in
an atomic orbital around the alpha particle, " with a
binding energy roughly equal to the ionization potential
of the two electrons; this corresponds to I=24. The
atomic cascade, then, begins from principal levels in
the neighborhood of +=24, and the system de-excites
until the kaon is captured by the nucleus. Nuclear
capture occurs from states in which the kaonic wave
function has a large overlap with the nucleus; i.e.,
from Sstates, and possibly from I' states. The de-excita-
tion occurs in the higher levels by the ejection of elec-
trons from neighboring helium atoms during collisions
(external Auger effect). The partial rates for the ex-
ternal Auger transitions are largest for the smallest
possible change in e; therefore, the de-excitation pro-
ceeds from the higher levels in small steps of I, with
~3=&1. For levels below m=5, the rate for radiation
becomes large compared with the rate for external
Auger transitions, and the de-excitation proceeds ex-
clusively by radiative transitions.

Stark mixing of the angular-momentum states within
a principal level is induced by the electric 6elds acting
on the En+ system during collisions. The high rate of
Stark mixing in hydrogen is mused by the fact that the
Ep mesonic atom is a neutral object which can freely
penetrate the electronic cloud during a collision and
experience the strong electric 6eld in the neighborhood of
the nucleus. In helium, the En+ system is a charged
object which is repelled from the region of strong

~The time taken for the kaon to reach this state is usually
referred to as the moderation time, while the cascade time is
de6ned as the time spent in bound atomic states before nuclear
capture. The mean time measured in bubble chamber experi-
ments is the sum of these two; however, for liquid helium, the
moderation time is short compared with the cascade time, so the
experimental time is loosely referred to throughout this discus-
sion as the cascade time

electric field near the nucleus; however, it does ex-
perience molecular 6elds during collisions which may
lead to substantial rates for Stark mixing. ' "

3. Calculation of the Rates

The 6rst thing needed for the mscade calculation was
a computation of the de-excitation rates. Given each
state, the rate was calculated for external Auger and
radiative transitions to each allowed lower state. These
partial rates were suInined to give the total rate of
decay from the state, and normalized to the total rate
to give the branching ratio for each allowed transition.
In the Monte-Carlo calculation of the atomic cascade,
this information was stored in matrices, and used to
provide the appropriate statistical weights for the tran-
sitions and for the time spent in each state.

A more detailed description of the calculation of the
de-excitation rate follows. Throughout this paper, all
relations will be expressed in atomic units (ap ——m, =e'
=h=nc=l), unless speci&cally designated otherwise.

The total rate of decay from a state, characterized by
(N, l), is given by

I' ~= I'„~(radiative)+I"„t(Auger)

P I' p" (radiative)+ P I' P"(Auger), (1)

. where the summation extends over all 6nal states
(e', l') allowed by EI transitions. Higher-order multi-

poles are ignored, of course, since their rates are
negligible in comparison. The branching ratio for each
transition is simply

The radiative rates are well known; they are given
by24

=Z'Mx(2. 675)&10') sec ',

where Z is the nuclear charge, and Mx ——mrrm /
(mx+m ), the reduced mesonic mass (853.5 for kaonic
helium). The E1 selection rules are given by

s=1, for l'=)+1
=0, for /'= l—1.

The hydrogenic dipole matrix element, E„~"", is

'4H. A. Sethe and E. E. Salpeter, QNanAsm Mechanics of
One- and Two-E/ecderon Atones (Academic Press Inc. , New York,
1957), Chap. IV.
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given by"

g n'l' R„ i (r)R„I(r)r'dr,

2 3 4 2 3 4 2 3 4

I'73(Rad) - 3.62x 1010sec 1 I'73(Aug) * L01 x 1010 sec 1 F73 1.163x 1011sec-1

where R„I(r) is the hydrogenic radial wave function.
The external Auger rate is more difficult to calculate

with certainty. Leon and Bethe" have calculated this
rate in liquid hydrogen in the Born approximation,
using plane waves for the relative motion, and Coulomb
wave functions for the ejected electrons. Although the
validity of this calculation is much less certain for
liquid helium, it has been used here to obtain the rates
for the cascade calculation. The relative velocity in
collisions is about the same for the mesonic atom in
helium as in hydrogen (after the first ext;ernal Auger
transition, the charged Ee+ must recoil from the He+
ion with a few eV of kinetic energy), so as a first guess,
the Born approximation appears still to be valid. What
has been ignored, however, is the fact that the charged
En+ adiabatically distorts the electronic wave func-
tions around the helium atom during a collision. If this
eGect is important, it should tend to increase the rates
(since it would tend to increase the density of the bound
electrons in the neighborhood of the En+) from the
values calculated with the undistorted wave functions.
In any case, the ultimate justification of this method is
the fact that the results of the cascade calculation are
relatively insensitive to the absolute value of the Auger
rate. This was investigated by multiplying the values of
F„I""(Aug) obtained by this method by a common
strength factor before combining them with the radia-
tive rates in Eqs. (1) and (2). The absolute yields of the
lowest x-ray transitions given by the cascade calcula-
tion were then observed as this factor was varied from
0.1 to 10.When the strength factor was varied over this
wide range, the absolute yields were found to change by
only +4%; thus, this method for calculating the
external Auger rates seems to be appropriate for the
present discussion.

Taking the calculation of Leon and Bethe over for
helium, then, leads to the following expression for the
external Auger de-excitation rate:

i+s
1'„, "(Aug) =1'„g (P) (R„p'i')s

2/ 1

16n N, L1+ (Z—1)ej'
Z,Z2M~

f1+(Z—1)e]'= (1.028X10 )XN(in cm ')X sec ',
Z@3f~

where Z, is the effective charge on a bound electron
(1.69 for helium), e=nrir/(nric+rn )=0.117 for kaonic
helium, and N, is the density of electrons (=ZX atomic

' This definition is the same as that found in Ref. 24, p. 264.

4

(a) Radiation (b) Fxternal Auger (c) Combined

FIG. 6. De-excitation branching ratios for the state, {n,l) = {7,3).
For this example, the radiative and external Auger rates are com-
parable in magnitude.

The wave number k is Axed for a given transition by
conservation of energy. Since the En+ is much more
massive and moves slower than the ejected electron,
any change in relative motion during the transitions
may be neglected, and

1 1
k2= Z2M~ ———25,

n'2 n2
(7)

where the first term is simply (twice) the energy lost by
the En+ system in the transition, and 6 is the ionization
energy for the electron (26=1.807, for helium).

The external Auger transitions, then, are most
probable for the smallest possible change in I, whereas
the radiative transitions favor the largest possible
change in e. This situation is illustrated in Fig. 6(a)
and 6(b), where the branching ratios for radiative and
external Auger transitions are given separately for the
state (m, l) = (7,3). For this state, the Auger rates are
comparable with the radiative rates, and the combined
effect is shown in Fig. 6(c). For higher levels, the Auger
rate dominates, and the de-excitation proceeds mostly
in small steps.

A direct comparison of the calculated external Auger
de-excitation rates, I' I(Aug), to the radiative rates,
F„i(rad), is shown in Fig. 7, where these rates have been

"Leon and Bethe have given this approximation for I(k) in
Ref. 11. It can be evaluated by numerical integration. This was
done for several values of k over the range of interest, and com-
pared with the approximation to establish the accuracy quoted
here.

density). The density of liquid helium, N, used in the
calculations was 1.884)&10'2 cm '.

The selection rule for / is the same as for radiation;
however, the Ae dependence is quite different. It is
given by the function I(k), where k is the (asymptotic)
wave number of the ejected Auger electron. Over the
range of k needed for these calculations, this function
can be approximated to a few tenths of a percent by"

I(Ir) = (k'/Z '+1.39) '"
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plotted as a function of e, for various l~& 5. The domi-
nance of radiation in the lower levels and the dominance
of external Auger transitions in the higher levels can
clearly be seen.

For e~&17, the energy difference between the adjacent
kaonic levels is less than the ionization potential of
helium, and it becomes impossible to eject Auger
electrons for DN= —1; i.e., in Eq. (7), k'(0, for
e'=e —1.For these cases, the smallest possible value of
—~m consistent with k'~&0 is preferred. This raises
another important question which must be dealt with
in the cascade calculation: bow are states with maxi-
mum / depopulated when e&&17?

Consider ta.e example illustrated in Fig. 8. A transi-
tion from the state (u, l) = (17,16) is energetically
forbidden for the (E1) external Auger process. Radia-
tion is allowed, but its decay time ( 10 ' sec) is much
longer than the time observed for the entire cascade.
This suggests that the rate for Stark mixing with the
adjacent state (17,15) is sufficient to induce depopula-
tion through the allowed external Auger transition
from (17,15) to (15,14).

This view is not inconsistent with the model under
consideration: the model has assumed that the rate for
nuclear capture via Stark mixing is negligible compared
w'ith the rate for de-excitation. The rate for Stark
mixing between states with adjacent l values is likely
to be much higher. An estimate of the frequency for '

Stark oscillations between such states can be made by

l7

I4 l5 l6~STARK MIXING 4xlO'e eec '

RADIATION ONLY: I.I & IO sec '

EXTERNAL AUGER: 4.5& IO" sec '

l5

FIG. 8. Depopulation of the state (N, l) = (17,16).External Auger
is energetically forbidden; radiation is possible, but the rate is
low. Stark mixing induces the allowed transition through (17,15)
to (15,14).

estimating the following matrix element":

&oscecI, =(m, l—1~E r~u, l)

1
~P g nl—I

3f~

=n, (2u —1)'t'F /Mx &
for 1=u 1. —

If the average molecular electric field during a collision,
F, , is taken to be 0.01,' the rate for Stark mixing
between (e,l)=(17,16) and (17,15) is 4X10" sec '
The two states, then, are rapidly mixed, and depopula-
tion occurs by means of the allowed external Auger
transition from (17,15).

This example illustrates the other major assumption
used in ta.e cascade model: all states from which Auger
transitions are energetically forbidden (u &~17, l= maxi-
mum) are depopulated by rapid (instantaneous) Stark
mixing with the nearest state within the principal
level from whic.'x an external Auger transition is allowed.
This assumption appears reasonable in light of the
above estimate.

The remaining numbers needed for the cascade calcu-
lation are the rates for nuclear capture. Capture from
S states was assumed to be instantaneous compared
with the time scale of the de-excitation process. "The
rate for I' capture could be varied in the calculation,
allowing the possibility of either de-excitation or capture
from I' states on the way down. It has been previouslv
pointed out, in Ref. 1, that the ratio of intensities,
K /L„gives a direct measure of the rate of capture
from the 2I' level. In the present case, the 2I' capture
rate was found by using it as an input to the calculation,
and adjusting it until the observed K /L intensity
ratio was obtained. The rates of capture from the eI'
states were computed by assuming that they were
proportional to the amount of overlap of the square of

IO'
5 20 25

I

30

FH:. 7. De-excitation rates for radiative and external Auger
transitions in kaonic helium for l &~ 5.

"The capture rate from S states has been estimated by Day in
Ref. 19 to be ~(2&&10'9)/n3. sec ', from the X-nucleon scattering
lengths, assuming simple additivity in helium. This assumption
may not be valid (Sec. V of the present paper); however, the S-
state capture rate could be reduced by several orders of magnitude
and still be instantaneous on the time scale of the de-excitation.
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TABLE III. Results of the atomic-cascade calculation, expressed
as a function of I, the initial principal level from which the cascade
began. The initial / distribution was ~(2l+1)e " (see text). For
x=24, the binding energy of kaonic helium equals the ionization
potential (for the two electrons) of atomic helium.

20 ———-

n IS

IO

EXTERNA
AUGER

DE- EXCITAT

-b,n&2 22
23
24
25
26
27
28
29
30

Observed values:

I yield

0.85
0.86
0.89
0.91
0.93
0.94
0.95
0.96
0.96

0.85~.25a

Mean
cascade time

(10 "sec)
0.4
0.4
0.5
0.8
0.8
1.9
1.9
1.9
5.4

2.4+0.4b

~P STATE CAPTURE OR OE-EXCITATION

S STATE CAPTURE

FIG. 9. Diagram of the atomic states, showing the processes
involved in the atomic cascade of kaonic helium. The diagonal
line indicates the boundary between the states in which radiative,
and external Auger transitions, respectively, dominate the de-
excitation. To the right, the minimum change in e required for
external Auger transitions is listed, and the resulting states from
which external Auger transitions are forbidden are shown in the
shaded region.

the kaonic wave function with the nucleus to 6rst
order; this gives

321( 1q

3 ns ( ~s)

C. Calculation of the Cascade

A diagram of the atomic states with m&~30 is given
in Fig. 9. The various features of the model used to
calculate the cascade for kaonic helium are shown on
the diagram. The diagonal line indicates the division
between the lower states, in which radiation dominates
the de-excitation, and the higher states, in which
external Auger transitions dominate. For the higher

a From this experiment.
b From Ref. 4.

states, e&~17, the minimum change in e for which
external Auger transitions are allowed is listed and the
resulting high-l states from which external Auger
transitions are forbidden are indicated in the shaded
area of the diagram.

The (Monte Carlo) calculation of the cascade was
performed in the following manner. First, the de-excita-
tion rates, F „~, and the de-excitation branching ratios,
B„p",were calculated according to Eqs. (1) and (2),
and stored in an array. Then, the cascade was started
from a designated e-level and the initial l was chosen
from an initial / distribution which could be varied.
For each event, the cascade would proceed until capture
occurred from a I' or S state. For each transition in the
cascade, the time spent in the state (N, l) was generated
from the distribution, exp( —F„~t), and the new state
was chosen according to the statistical weights given by
8 ~"". After generating the desired number of cas-
cades, the following results were presented: the number

I.O

I,O

D
4l

o o5—
ILII-
CL

O

O
I-
!L
CI

4J

a

0.5
O
LLII-
D

X
O
CJ

0
O. l 0.2

I

0.3
a

0.4 0.5 0.6 00 I 2 4
2P NUCLEAR ABSORPTION RATE (IO'3 sec; I)

FIG. 10. Computed I. yield as a function of u in the initial
l distribution, ~(2l+1) exp(al). The cascade was started at the
e=24 level.

pro. it. Computed K /I yield ratio as a function of the rate
for nuclear absorption from the 2P state, using the cascade model
described in the text.
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FrG. 12. Results of the calculation
of the atomic cascade of kaonic
helium. Shown are the fraction of
kaons arriving at each atomic state
below n = 10, the fraction which
undergo nuclear capture from S and
E states, and the absolute yields of
the x-ray transitions between the
lower states. For this calculation, the
cascade was started at n=24, with
an initial l distribution ~(2l+1)
&(exp (0.21). All kaons reaching S
states were assumed captured, and the
rates for E-state capture were com-
puted assuming a 2I' capture rate of
1.0)&10"sec ' (see text).

Fraction Captured

0 1

10 .001 ,001

9 .001 .002

8 .002 .002

7 .001 .004

6 .000 .004

5 .000 .003

4 .000 .003
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arriving at each state (e,l), the number captured from
each eI' state (all reaching S states were assumed cap-
tured), the absolute yield of each x-ray line below m= 4,
and the mean time for the cascade. The Monte Carlo
method was used merely for convenience. The cascade
routes and resulting capture schedules, of course, could
have been computed directly, but the large number of
states involved made the statistical method appear more
attractive.

D. Results of the Cascade Calculation

First, the starting level of the cascade was chosen to
to be at m=24, and the initial / distribution was chosen
to be (21+1)e". This distribution provides for a
greater population of the higher l states than a purely
statistical population, (21+1).It has been taken from
the calculations of Eisenberg and Kessler. They have
successfully predicted the muonic" and pionic" x-ray
yields observed in elements of higher Z using this dis-
tribution with a=0.2. Since the present calculation is
similar, we have used this initial distribution. As a
check of the sensitivity of the results to this assumption,
the cascade calculation was performed for several values
of a, and the resulting L yield obtained as a function of
a is shown in Fig. 10. Almost any value of a in the dis-
tribution gives an I yield consistent with the experi-
mental yield of 0.85+0.25, since the experimental
uncertainty is large. Since the value a=0.2 has given
good fits to the muonic and pionic yields in the calcula-
tions of Eisenberg and Kessler, we have adopted it for
the subsequent calculations.

It was also of interest to study the results of the
cascade calculation as a function of the starting level
of the cascade; the results are listed in Table III. The
L absolute yield is seen to be relatively insensitive to
the assumed starting level. Near m=24, the cascade
times given by the calculation tend to be somewhat
lower than the observed value. This suggests that the

mean starting level for the cascade is somewhat higher;
say, v=27 to 30." For the subsequent calculations,
however, we have taken m=24 as the starting level,
since the absolute yield is relatively insensitive to this
choice.

The ratio of the E yield to the L yield given by the
calculation depends sensitively on the strength of the
nuclear absorption rate from P states. The rate of
absorption from the 2P state, I'2I, was used as an input
to the cascade calculation (as described in the last
paragraph of part 3 of this section), and the E,/L
yield ratio was obtained as a function of I'», the result
is given in Fig. 11.If we take (from Sec. II) the observed
K /L yield ratio, 0.49&0.22, then we obtain from

Fig. 11,
I'2p ——(1.0 0 6+'~) X10~3 sec '.

This value, of course, is based on the assumption that
the second peak in the observed spectrum is indeed the
E transition and not a statistical Quctuation. If it is a
large statistical Quctuation, then the above number
should be taken as a lower limit. For the purpose of
computing the capture schedule, the 2P absorption rate
was assumed to be fixed at 1.0/10" sec '.

The final result of the cascade calculation is given in

Fig. 12. The fraction surviving down to each level with
m&~10 is given, together with the resulting capture
schedule and predicted yields of the lowest few x-ray
transitions.

V. CONCLUSIONS

The nuclear-capture schedule calculated in the pre-
vious section predicts that ~95% of the kaons undergo
nuclear absorption from atomic states with m~&2, and
that 55%%uq of the absorption occurs from P states and

45%%uq occurs from S states. The high fraction surviving
absorption down to m= 2 is well established since it is a

"Russell has stated a similar conclusion in Ref. 5.
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direct consequence of the observed high L x-ray yield.
The fraction of P-state absorption is less well estab-
lished, since it depends on the intensity of the peak in

the observed spectrum which has been interpreted to be
the E line; however, if this peak is merely a statistical
fIuctuation and the E intensity is lower than estimated
in Sec. II, the fraction of P-state capture would become
still greater than that predicted above.

The capture schedule, then, conclusively shows that it
is rot possible to assume that all E are captured from
S states in helium, as is the case for hydrogen. The
assumption of S-state capture originally had been used
in part to establish the spins of the ground states of the
hyperfragments &H4 and &He4,"and the spin and parity
of the Fte(1385)'s"; however, in both of these cases,
the quantities in question have since been determined by
independent means. " The use of this assumption in
a recent theoretical investigation of the reaction
E +He' ~ m. +A+He' is worth mentioning. Said and
Sawicki have calculated the momentum distributions
of ~ and He' from this reaction under the assumption
that all E are captured from S states. "This calculation
has recently been repeated assuming P-state capture. '4

There is little change in the He' distribution, but the
vr distribution appears to be in better agreement with
,the experiment.

The fact that as high as 55% of the E are captured
from P orbits makes the possibility of the formation of
the J=1 excited states of the hyperfragments, gH'*

and gHe'*, still an open question. Conservation of
angular momentum requires that the capture must occur
from P levels in order to form these objects, but only
the spin fhp part of the I' wave interact-ion E+X—+

A+s. , can form the 7=1 final state of the hyperfrag-
ment. It is not presently known how much of the inter-
action can contribute to the spin Qip. 35

In spite of the fact that the evidence for the E peak
is not overwhelming (Table II), it might be interesting
to explore the consequences which follow if we assume

that it is a real effect. The existence of this line leads to
experimental information on three quantities which are
related to the E ninteraction: (1-) from the measured

energy of the E line, the upper limit on the 1S energy

~9 M. M. Block, L. Lendinara, and L. Monari, in Proceedings
of the International Conference on High-Energy Physics, Geneva,
196Z (CERN Scientific Information Service, Geneva, Switzer-
land, 1962), p. 371."Helium Bubble Chamber Colloboration Group, Nuovo
Cimento 20, 724 (1961).

3' J. Auman, M. M. Block, R. Gessaroli, J. B. Kopelman, S.
Ratti, L. Grimellini, T. Kikuchi, L. Lendinara, L. Monari, and
E. Harth, in Proceedings of the International Conference on High-
Energy Physics, Geneva, 196Z (CERN Scienti6c Information
Service, Geneva, Switzerland, 1962), p. 330.

"M. M. Block, in Proceedings of the International Conference
on Hyperfragments, St. Cergue, March, 1963, CERN Report
64/1, 1964 (unpublished), p. 63; also p. 75.

"P.Said and J. Sawicki, Phys. Rev. 139, B991 (1965).
'4 J. Sawicki, Phys. Rev. 152, 1246 (1966)."R. H. Dalitz, "Hyponuclear Interactions, "Clarendon Labora-

tory Report, Oxford, England, 1965 (unpublished),

level shift was established to be &1.0 keV; (2) from

the experimental upper limit to the broadening of the
E line, the absorption rate from the 1S level was

established to be &2X10" sec ', and (3) from the

intensity of the E line relative to the L, together with

a calculation of the atomic cascade, the absorption
rate from the 2P level was established to be
(1.0 os+")X10"sec—'

The erst two of these quantities can be interpreted
as the real and imaginary part, respectively, of the

complex energy level shift of the 1S level. This complex

energy shift, AE&z, can be related to the S-wave com-

plex scattering length for the E-n system, A, by the
relation" "

(10)

where as is the Bohr radius for the system (31.0 F), and

Eis is the unperturbed energy of the 1S level (—46.5
keV). This relation is valid as long as

~

A ~&&as."If we

assume that the g nscatteri-ng length can be obtained

by simple additivity of the I|:-nucleon scattering lengths,

we have A =3A'+A', where A' and A' are the (8-wave)
scattering lengths for the isotopic spin 1 and 0 channels,

respectively. If we take" A'= (1.6+i0.5) F, and
Ai= ( 0 2+—i0.4) F,. we obtain Re(AErs)= —13 keV

and Im(AEts) =1.7X10" sec '. Both of these predic-

tions are about an order of magnitude larger than the
corresponding experimental limits. The third experi-

mental quantity listed above, the 2P absorption rate,
can also be predicted using simple arguments. If we

ignore the possibility of a nonlocal E-n interaction, we

can estimate the amount of the 2P absorption rate due

to the S-wave part of the interaction by assuming that
it is proportional to the amount that the square of the

P wave function overlaps the n particle. To 6rst order,

this gives for the absorption rate from the eP state,

where r is the radius of the n particle, and I'~8 is the
1S absorption rate. If we take the value for F~q given
above by Im(AEts), and use r =1.7 F,4' we obtain
I'2~ ——3.2)&10" sec '. This prediction also is about one

order of magnitude larger than the corresponding

experimental number.
There is, of course, no reason to believe that the

assumption of simple additivity of the scattering lengths

is appropriate for helium. The next most simple approach
to try is to express the E-nucleon interaction in terms of

a complex potential, and to assume that the K-n

"S.Deser, M. L. Goldberger, K. Baumann, and W. Thirring,
Phys. Rev. 96, 774 (1954)."N, Beyers, Phys. Rev. 107, 843 (1957).

'8 T. L. Trueman, Nucl. Phys. 26, 57 (1961)."M. Sakitt, T.B.Day, R. G. Glasser, N. Seeman, J. I'riedman,
W. E. Humphrey, and R. R. Ross, Phys. Rev. 139, B719 (1965).

40 6, R, Burleson and H. W. Kendall, Nucl. Phys. 19, 68 (1960).
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interaction can be expressed as a simple superposition
of these potentials. This has been done in recent months
in at least two different papers: Uretsky has used com-
plex central square-well potentials, " and von Hippel
and Douglas have used complex central Yukawa poten-
tials. 4' The predictions of these two calculations are
essentially in agreement. The E-nucleon scattering
lengths are used to fix the depth of the potentials, and
the range remains as a free parameter. For ranges
corresponding to any known particle exchange, these
potentials predict a complex energy shift which is still
about an order of magnitude larger than the experi-
mental limits.

If we are to take these experimental numbers seri-

ously, then, we are forced to the conclusion that either
the E-nucleon scattering lengths must be changed, or
the E-e interaction is not a simple superposition of the
individual E-nucleon interactions. It might be added
that another, independent way to shed light on this
problem would be to compute the complex-energy shift
directly from the Z-o. scattering length solutions and
Eq. (10). To date, however, no measurements on low-

energy E-o. scattering have been published.
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APPENDIX. CALCULATION OF THE
DETECTION EFFICIENCY OF THE

STOPPING E: SIGNAL

In this Appendix, we describe the calculation of the
detection efFiciency of the signal, CjC2DE, used to
measure the number of X mesons stopped in the
experiment. As described in Sec. III (see Fig. 2), the
coincidence CyC~D was a contaminated signal for slow
X entering the helium target, and & was a system of
three large NaI(T1) crystals with a known energy
threshold, which counted secondaries from X inter-
acting in the target. The problem, then, is to determine
h, the number of secondaries detected in E per stopped
X.

The hrst step was to 6nd the branching ratios for all

TABLE IV. Branching ratios for E interactions at rest in.
helium used in the efficiency calculation.

Final state

1. X& —
(ppn)

2. A (pnn)

3. Z+~- (pnn)
4. Z0~o (pnn)
5. Z-~+ (pnn)

6. ~o (pnn)
7. z+ (nnn)
8. Z0 (pnn)
9. Z- (ppn)

10. A.0m+ (nnn)
11. Z 7r (ppn)
12. Z-~0 (ppn)
13. Z+~o (nnn)
14. Z0~+ (nnn)

Observed
number of

events'

363
184

136
110
78

62
30
54
42

21
18
14
0
0

Percent of
total events

33
16

29

& Reference 17.

possible X interactions at rest in helium, and to find

the t;nergy distributions of the products of these inter-
actions. Final states for Jt +He at rest are listed in

Table IV, and branching ratios observed in helium
bubble-chamber data are given. " Also available from
helium bubble-chamber measurements were the follow-

spectra": A' and 7t- from reaction 1, and Z+ and ~+
from reactions 3 and 5. The spectra of Z' and ~', from
reaction 4 was assumed to be the same as Z+ and 7i-+

from 3 and 5, by charge symmetry. The spectra of A.'
and 7t-' from reaction 2 was taken to be the same. as
those for A.' and 7t- from reaction 1. This assumption
cannot be justified by charge symmetry; however, tliis
represented only 16% of the total interactions, and the
final results were found to be insensitive to the choice
of spectra in this channel. The hyperons in reactions
6 through 9 were assumed to be mono-energetic. This is
a gross assumption, since the residual nucleons survive
in a bound state in only a small fraction of the inter-
actions; but again, these represent only 17% of the
total and the 6nal results were found to be insensitive to
this choice. The reactions 10 through 14, representing
only 5% of the total were ignored in the calculation.
The residual nucleons, shown in parentheses in the
table, were also ignored; they were generally of low

energy and for the most part could not escape the target.
The next step in the problem was to determine the

energy distribution of the secondaries and their prob-
ability for intercepting the NaI crystals. This was done
in a Monte-Carlo calculation. 4' For each event, the
Monte-Carlo program proceeded in the following
manner: (1) a location for the interaction was chosen
from a uniform distribution over the volume of the
target; (2) an interaction channel was selected accord-

"J.L. Uretsky, Phys. Rev. 147, 906 (1966).
4'F. von Hippel and J. H. Douglas, Phys. Rev. 146, 1042

(1966).

4'This calculation is similar to a background calculation for
this experiment by G. R. Burleson and R. M. Schwarcz, Argonne
NationalLaboratory Report No. ORB/RMS-1, 1963 iunpublished).
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was computed for each type of secondary intercepting
the detector system, E, and each spectrum was nor-
malized to the number of stopping E . These spectra
are given in Fig. 13.The spectra for the charged second-
aries have been corrected for energy loss in the target.

The final step in determining 8 was to compute the
fraction of these secondaries which gave counts in S
(shown as the shaded portion of the spectra in Fig. 13).
This could be computed for each spectrum since the
energy threshold (49 MeV) and the thickness (10.2 cm)
of the NaI crystals were known. We now discuss this
calculation for each secondary separately.
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ing to the branching ratios of Table IV; (3) the initial
direction for each hyperon (and each pion) was selected
from an isotropic distribution; (4) the energy of each
hyperon (and each pion) was selected from the appro-
priate energy distribution; (5) a path length was
selected for each hyperon from a distribution with the
appropriate lifetime; (6) each hyperon (and each z.s)

was decayed isotropically in its center of mass frame,
and the energy, direction, and type of each secondary
was determined in the laboratory frame; (7) from the
direction of each secondary, it was determined whether
or not it intercepted a NaI crystal; and (8) the energy
and type of each secondary intercepting a crystal was
recorded in a histogram. In this manner, a spectrum

FtG. 13. Computed spectra of the secondaries from F inter-
actions at rest in helium. The vertical scale gives the number per
stopped E .The unshaded spectra show the number of secondaries
which pass through the NaI detector system, E, and the shaded
portions show the number actually detected. The brackets indi-
cate the amount of statistical uncertainty in the Monte-Carlo
calculation.

(1) Galas. These high-energy gammas lose energy
in the crystal by forming an electron shower. The cross
section for pair production in the NaI could be calcu-
lated, and the amount of energy lost per unit length by
an electron shower has been measured in this energy
range. ~ For each energy interval in the spectrum, the
minimum length, x, of the shower needed to leave
~&49 MeV in the crystal was determined. The prob-
ability of forming a shower long enough in the crystal
to be detected was then computed from e &&' *', where
t is the thickness of the crystal, and p= pg-, p being the
density of nuclei in NaI, and 0- being the pair production
cross section (note in Fig. 13 that for gamma energies
(100 MeV, we had x&t, and the showers could not
leave enough energy in the crystal to be detected).

(2) Negatise pious All b.elow 49 MeV stopped in the
crystal and interacted. Those interactions yielding one
or more charged particles would leave more than 49
MeV in the crystal and be detected. Those interactions
yielding only neutrals were assumed not to register,
since the probability for neutrals interacting in the
crystal was small. The fraction of interactions yielding
only neutrals was taken to be (37&10)%%uq, the same as
the fraction of zero-pronged stars observed in pion
interactions on heavy nuclei in emulsion. " For x
greater than 49 MeV, all were capable of being detected
by ionization except for a small fraction interacting and
yielding only neutrals. '

(3) Positise pious All below 49 M.eV stopped in the
crystal and decayed. The coincidence resolving time was
about 2 nsec, so the decay was not detected. All above
49 MeV were treated the same as ~ .

(4) Protons. All above 49 MeV registered by ioniza-
tion energy loss.

(5) Neltro~s Those abo.ve 49 MeV which interacted
in the crystal could register. The interaction cross
section was taken to be geometric.

(6) Multip/e. Since there was correlation between
decay products of the same particle, and the total

44 A. Kantz and R. Hofstadter, Phys. Rev. 89, 607 (1953).
45 G. Brown and I. S. Hughes, Phil. Mag. 2, 777 (1957).' The interaction cross section was taken from A. E. Ignatenko,

A. I.Mukhin, E.B.Ozerov, and B.M. Pontecorvo, Zh. Eksperim.
i Teor. Fiz. Bl, 546 l1956l [English transl. : Soviet Phys —JETP
4, 351 (1957)$. The fraction yielding neutrals was taken to be the
same as at rest. The magnitude of this correction was only 7.5%.
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solid angle subtended by E (4.8% of the sphere) was
not small, events in which more than one secondary
would intercept Ã were tabulated separately in the
Monte-Carlo calculation. The detection probability for
these events was obtained from the appropriate com-
bination of detection probabilities for the single events.

The 6nal results for the calculation of 8 are given in
Table V, where the contributions from each type of
secondary are listed separately. The amount of un-

certainty listed with each secondary includes the statis-
tical uncertainty of the Monte-Carlo calculation, the
effect of the uncertainty in the shape of the initial
spectra used in the calculation, and an estimate of the
systematic errors from the energy threshold determina-
tion and the calculated energy loss. In addition to these,
two other effects are likely to have an important in-

Quence on the result: the effect of hnite edges of the XaI
crystals, and the scattering of particles from the walls

of the lead shielding surrounding the crystals. The edge
effect was estimated by comparing the solid angle
subtended by the edges with that subtended by the
entire crystal. This gave an estimated uncertainty of
+11%.An upper limit to the scattering from the walls

Type of
secondary

7
-(&49 MeV)
()49 MeV)

7r+

p

multiple

Total

Number detected
per stopped E
0.0105~0.0005
0,0104+0.0016
0.0225~0.0016
0.0047a0.0004
0.0060+0.0003
0.0012~0.0001
0.0077~0.0004

0.0630~0.0076

of the lead shielding was estimated assuming isotropic
scattering of all charged particles intercepting the
walls. This gave a 4% increase to the total solid angle,
so we have taken (2+2)% as an estimate of the in-

crease in the efficiency from this effect. The fraction of
gammas forming showers in the walls which give addi-
sional counts in the crystals is expected to be negligible,
tince the widths of the showers~ are small.

TABLE V. A summary of the calculated eKciency for detecting
stopping E by counting secondaries with the NaI detectors. The
estimated uncertainty in the total value includes the uncertainty
listed for each secondary plus estimates of edge eRects in the
detectors and scattering from the surrounding shielding (see
text). The uncertainties have been combined in quadrature.
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Two-Prong+ Xt' Events in X-d Interactions at 2.24 BeV/cf
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A total of 702 events with two charged particles and a E~' meson in the final state have been measured.
Three hundred and eighty-five of these events represented the E d ~E m pn reaction and they have been
divided, using the spectator model, into 247 E p ~E'pm events and 138 IC n —+ E'm n events. Both re-
actions show resonance production. The E p ~E'm p reaction has (56&5) /o X* p final state; the X n —+

K'~ n reactionhas equal%~ and X* production, (26&8)%E* n in the final state and (25+8)%g'1V*, .
Angular distributions and information on other final states are also given.

INTRODUCTIOH

HK work presented in this paper is part of a
bubble-chamber study of E mesons interacting

in deuterium at 2.24 BeV/c. The data include all events

with two charged particles and a EI meson in the final

state. ThisfinalstateisdominatedbytheE d ~E'vr pcs

reaction and its experimental features are consistent
with an impulse approximation model in which the
incident beam interacts with only one of the nucleons
in the deuteron. Results on the E p ~ E'7r p and the

f Supported in part by the National Science I"oundation.
*Current address: Physics Department, San Bernadino State

College, San Bernadino, California.
t Current address: Department of Physics, Washington Uni-

versity, St. Louis, Missouri.

E e —+ E'm e reactions have been extracted from the
data and a comparison of these reactions is given.

Experimental studies of the E p-+Z'vr p reaction
at several beam energies show that the final state is
dominated by the E*(891MeV) resonance and that the
production and decay characteristics of this resonance
are consistent with a production model involving one-
meson exchange. Isospin considerations within the
framework of this exchange model indicate that E*
production in the E tr, and E p reactions should be
similar. There are, of course, differences between the
two reactions and variations from the isospin predic-
tions are expected. The results that will be presented
here, although limited by statistics, indicate differences


