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We have searched for long-lived 2.8 muonic hydrogen ( u ~p) in H, gas at 0.8 atm. The state could be detected by
observing delayed 1.9-keV 2P— 1S photons from collisionally quenched u ~p(2S). The observed upper limit (90%
confidence level) for the fraction, f,g, of & ~p(2S) with lifetime 7,5 in the gas in the range, 100 < 7,5 < 1000 ns, is
fas <2%. Our results are consistent with the view that most of the x “p(2S) have kinetic energies greater than the
0.3-eV threshold for the inelastic collision z ~p(2S) + H,—u ~p(2P) + H, and hence are rapidly quenched. We have
also measured the relative Lyman line intensities in muonic hydrogen and muonic helium at 0.8 atm with solid-state
detectors [Ge for 1~ *He and Si(Li) for 4 ~p]. The results are (K,/K,yy),_, = 0.460.06,

K, /K )y - 4ue = 0.76£0.04, (K5/K ), — 41 = 0.04£0.02. These results imply that about 7.5% of u ~p atoms

cascade to the 2 state.

I. INTRODUCTION

Muonic hydrogen is the atom consisting of a neg-
ative muon and a proton. Table I lists some basic
properties of u’p, compared to hydrogen (ep).
The energy levels for the n=1 and n=2 states of
1"p have been calculated'™ and are shown in Fig.
1.

A principal interest in p"p at present is the pos-
sibility of measuring the fine structure, Lamb
shift, and hyperfine structure intervals of the
n=2 state in a laser spectroscopy experiment
similar to that in which the fine structure of the
n=2state of . *He was measured.’ Such mea-
surements would provide an important test of
muon electrodynamics as well as information about
proton structure.®® This experiment would re-
quire atoms in the metastable 2S state, and we
report here experimental studies of the forma-
tion and lifetime of u"p in the 2S state in H, gas.

TABLE I. Basic properties of muonic hydrogen and
hydrogen.

Muonic hydrogen Hydrogen
(p) (H)
Mass 1044.0 MeV 938.8 MeV
Reduced mass 95.0 MeV 0.511 MeV
Rydberg energy 2.53 keV 136 eV
Bohr radius 2.8 X101 ¢m 5.3x10% cm
Radiative rates 186 Ay Ay
23

The characteristics of the n=2 state of u™p are
of particular relevance to the present paper. The
metastable 2°S, ,, level lies below the 2°P, ;, level
by 0.2 eV, which is determined principally by the
dominant electron vacuum polarization term. The
transition energy from the 2P to the 1S state is
1.9 keV, and the spontaneous decay rate for 2P
~1S is A(2P~1S5)=1.3 x10' 5™ (Ref. 9). The
dominant spontaneous decay of the 2S state is a
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FIG. 1. Energy level diagram of muonic hydrogen in
the n=1 and n=2 states, The 22/, ~2°P, ), interval
Egis 0.20 eV and the 22P1/2—22P3,2 fine structure in-
terval, E,q is 0.008 eV. The hfs interval in the n=1
state is 0.18 eV.
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TABLE II. Mechanisms involved in deexcitation of muonic hydrogen.

Chemical reaction
Auger effect

Stark mixing
(nonradiative)
(or Coulomb deexcitation)

Stark mixing
(radiative)

. Radiative transition

WD)y + Hy — (W), + 2H + KE
(D) + Hy = (WPl +Hy "+ €

@Dy, + Hy — (1p)y +Hy + KE

wp), g P WPl g +Hy

L’W-P)nf.l'tl +v

(M'P)niz‘ - (u-P)ﬂfliii + Y

two-photon transition'® with decay rate A(2S —1S)
=1.7 x10® s, which is slow compared to the free
muon decay rate A, =4.5 x10° s,

The formation and deexcitation of 1" have been
treated theoretically by various authors.!'™!*
Briefly, a low-velocity muon is captured by H,
into a highly excited muonic orbital [n 2 (m,/m)*/?
~14] followed by a breakup of the hydrogen mol-
ecule. The p’p quickly cascades to the ground
state or the 2S state through the mechanisms listed
in Table II. The various deexcitation mechanisms
depend on gas density as well as on the quantum
numbers (n,7) for a muonic state. In low-density
gases, the Stark mixing is particularly important
as the atom deexcites to values of »n below 14,
where the y"p Bohr radius is smaller than the
sizes of molecules. The neutral p"p atom can
then penetrate close to the nuclei of the gas mo-
lecules where it experiences large electric fields.
The Stark effect mixes states of different I and
therefore decreases the mean radiative lifetime
of the Bohr levels and increases the probability
that atoms are in sublevels of low /. In particular,
the mixing increases the chance of P - S transi-
tions leading to an increase of the yield of 2S
atoms. Ultimately, most of the atoms will arrive
in the ground 1S state, while some fraction
(1 to 8%, depending on the magnitude of the Stark
mixing) will populate the 2S level.

The most important quenching of u~p(2S) will
involve the near-lying 2P state and depends
critically on whether the kinetic energy of the
atom is above the threshold energy for exci-
tation to the 2P state in a collision with an H,
molecule. This threshold kinetic energy in the
laboratory frame of reference is about 0.3 eV cor-
responding to the 0.2-eV energy difference be-
tween the 22P, ,, and 23S, ,, states. If collisional
excitation to the 2P state occurs, it will be follow-
ed by radiative decay to the 1S state. The cross
section for deexcitation of the 2S state by this pro-
cess has been calculated'® ! to be =107® em? for
relative kinetic energies of 1 €V. At pressures
of 1 atm this cross section results in a lifetime

of the 2S state, 7,107 s,

If the relative kinetic energy of the atom is be-
low the 0.31-eV threshold, the inelastic channel
is closed, and quenching of the 2S state can only
occur by Stark mixing of the 25 and 2P states
during the collision, accompanied by radiative
decay of the P admixture. The cross sections be-
low threshold have been calculated using a quantum
mechanical approach in the adiabatic approxima-
tion.'” The results of the calculations yield
quenching cross sections of ~2 x107° ¢m? for kin-
etic energies below theshold. The corresponding
2S lifetime in 1-atm H, is a few hundred nano-
seconds. For example, at a kinetic energy of
0.1 eV the theory predicts, 7,5~ (400/P) ns,
where P is the H, pressure in atmospheres (at
0°C).

The velocity distribution of the u’p depends on
the complex series of atomic and molecular
processes determining the deexcitation (Table
II). In particular, the chemical deexcitation
process is exothermic with 4.5 eV available
from the dissociation of the H, molecule. The
radiationless Stark deexcitation is also able to
impart energies of the order of a few electron
volts to the system.!® Experimental studies of the
diffusion of u7p(1S) (Refs. 19 and 20) indicate kin-
etic energies in the range 0.1-1.0 eV but are ra-
ther imprecise. Although it can be expected that
the kinetic energies of u"p(1S) and pp(2S) atoms
will be nearly the same, still there is no direct
experimental information on the kinetic energies
of p"p(2S) atoms.

Our experiment was done at the Los Alamos
Meson Physics Facility (LAMPF) and is designed
principally to observe delayed 1.9-keV x rays
which would arise from the collisional quenching
of £p(2S) in the time interval from 50 ns to 1.0 s
after the p~ stops in the H, gas. A similar experi-
ment has recently been reported from the Swiss
Institute for Nuclear Research (SIN).?''?2 No ap-
preciable number of delayed x rays with energies
near 1.9 keV will arise from the spontaneous two-
photon decay of u"p atoms in the 2S state because
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of the relatively slow two-photon decay rate and
because of the continuous energy spectrum of this

decay mode. PROMPT
In an additional phase of our experiment we mea- COUNTS

sured the relative intensities of the Lyman transi- )

tions in both muonic hydrogen and the muonic hel- B

ium ion (u~*He)* at atmospheric gas densities, us-
ing solid-state photon detectors. The relative in-
tensities of the Lyman lines are important because
they reflect the different processes involved in
the de-excitation of the muonic atom from its in-
itial highly excited state. The measurement of
the (K, /K ota) -, ratio determines the fraction of
1-p atoms which cascade to the 2S state.

The muonic hydrogen Lyman transitions were

first observed by Placci et al.?® at H, densities DELAYED
\C)UNTS

NUMBER OF COUNTS

of 4 atm. The transitions have also been seen in
liquid H, (Ref. 24). The only previous measure- |
ment of (y ~*He)* intensities in gases® was made

in 7-atm helium and used a proportional chamber

o 1
~Y
FIG. 2. Idedlized view of the expected time distribu-

to measure the x-ray energy. Solid-state detec- tion of ;1~p Lyman photons. T,, is the time between a
tors have previously been used to observe the muon stop in the target and a photon event. The shape
(1 ~*He)* transitions in liquid helium.?®2" For of the prompt peak is due to the time resolution of the
muonic hydrogen the measurements of Lyman detector, Tg. The delayed spectrum shown is 5% of the
transitions have all utilized proportional cham- prompt peak with decay time 7,5=7g.

bers.21'23’24
one might expect. The dominant feature of the
II. EXPERIMENTAL TECHNIQUE spectrum will be the prompt Lyman radiation
from the P states. Any Lyman (zP - 1S) photons
from collisionally quenched metastable 2S states
could be detected a few hundred nanoseconds after
t, with a characteristic lifetime 7,g.

The method of looking for delayed u"p(2P —1S)
1.9-keV x rays to determine the long-lived frac-
tion of 1 p(2S) is straightforward. The pu7p atoms
are formed by stopping p~ in an H, target, and a
logic signal is derived from beam counters which

. . . A. Target and counter assembly
determines the time ¢, when the muon stops in the

H, target and forms p7p(2S). Detectors sensitive Figure 3 shows a simplified layout of the ex-

to the 1.9-keV Lyman radiation determine the en- perimental apparatus. The LAMPF stopped muon

ergy and time of emission of x rays with respect channel®® is tuned to produce p~ at 47 MeV/¢, to

to ¢, Figure 2 shows an idealized view of what optimize the stopping width in the thin (~3 mgcm™?)
H~10 kG Dual PWC’s (3)
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FIG. 3. Diagram of the experimental apparatus. 1, 2, 3, and e; are plastic scintillation counters.



gas target. Stopping muons are signaled in plastic
(NE110) scintillation counters 1, 2, and 3. Count-
ers 2 and 3 are located inside the gas vessel.
Counter 2 is extremely thin, 0.13 mm, to minimize
false events from muons stopping in the counter.
Light is coupled from this scintillator to an outer

lucite annulus, 0.16-cm thick, and is viewed by two -

RCA 8850 photomultiplier tubes (PMT). Counters
1 and 3 are 0.16 and 0.32 cm thick respectively.
Both internal counters are wrapped with a single
layer of 6-pm aluminized Mylar to reduce cross
talk and increase light collection efficiency, and the
lightisled outof the vessel by lucite light pipes and
quartz windows in the end flanges. Counter 2, the
thin scintillator, was observed to yield roughly

3 -4 photoelectrons in the PMT for an entering
muon.

A muon stopping in the active region of the tar-
get gas or in counter 2, is signaled by ug=123.
At 47 MeV/c we obtained average g rates as
high as 3 x10% 8™, of which approximately 10%
are stops in the gas. During the actual data ac-
quisition these rates were lowered a factor of 10
by collimation to reduce the entering muon rate
in counter 1 and ensure that only one muon at a
time is in the stopping region.

In addition tothe stopping counters, the outer
diameter of the gas vessel was surrounded by
0.64-cm-thick scintillators, el—-e4. These count-
ers were used to detect the decay electron from
the stopping muon under observation to ensure
that the signals observed by the photon detectors
are not associated with muon decay.

The gas vessel for the experiment was a stain-
less-steel cylinder of 33-cm diameter and 3-mm
wall thickness. The end plates of the vessel were
1.0-cm-thick stainless steel and the upstream end
plate had a 10-cm-diameter entrance aperture
for the muon beam, covered by a 0.1-mm stain-
less-steel window. All feedthroughs for light
guides, gas, and electronics were made through
the end plates.

The hydrogen gas for the experiment was ultra
high purity (99.999% H,) and was continuously
flowed through the vessel at ~10 liter/hr. After
initial pumpout and filling, the gas pressure was
maintained at ~1 Torr above the local atmospheric
pressure (600 Torr at Los Alamos), and the pres-
sure was monitored by a quartz bourdon tube
gauge. Periodic samples of the outlet gas were
analyzed by mass spectroscopy.

The photon detectors for the experiment were
gas proportional chambers with multiwire anodes
and cathodes (MPWC’s). The design of the
chambers is shown in Fig. 4. The thin window
separating the counter gas from the H, stopping
gas is 6-um aluminized Mylar, mounted flush
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FIG. 4. Diagram of the proportional wire chambers,
Dimensions in cm.

against the first HV plane. Each wire plane is
strung on a G-10 fiberglass frame 6.3-mm thick.
The chambers consist of two planes of sense
wires and three HV planes with plane-to-plane
gap of 6.3 mm. The spacing of the 20-ym dia-
meter sense wires is 3 mm, while the 50-um

HV wires are spaced 1.5 mm apart and strung
perpendicular to the sense wires. The 64 sense
wires of each plane are connected in parallel to
printed circuits on the frame. The induced pulses
were amplified by a charge sensitive preamp
mounted directly on the chamber. The output sig-
nal for the 5.9-keV **Fe line was 1 volt into 50 @
at a chamber high voltage of 2300 V. The theo-
retical efficiency for 1.9-keV photons, with P-10
counter gas (90% Ar, 10% CH,) is 42% for a single
plane and 59% for two planes. Three of the PWC
units were mounted inside the H, vessel with en-
trance window 10 cm from the beam axis. Typical
operating voltages on the cathodes were 2200~
2400 V with P-10 gas.

Tests of the chambers with standard x-ray
sources indicated a fractional energy resolution
of 17-23% for the Mn K x ray (6.0 keV) and time
resolution of ~300 ns for the Cu K x ray (8.1 keV).
The time jitter is determined by the drift time
difference of the ionization electrons in the cham-
ber. An °®Fe source inside the target vessel al-
lows calibration during the experiment.

The entire apparatus is positioned at the center
of a large high-precision solenoid magnet.?° The
magnetic field of 10 kG is directed along the beam
axis and confines the muon stopping distribution
to the axis. Previous measurements of muon stop-
ping distributions inside this magnet had shown
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the radial stopping distribution to be Gaussian
with 0=2 cm,

B. Electronics and data acquisition

Figure 5 is a simplified schematic diagram of
the electronic logic for the experiment. A muon
incident on the apparatus is detected in counter 1
and denoted u;. A muon stopping in the observa-
tion region of the H, gas or in counter 2, ug, is
signaled by a coincidence 123.

If the PWC’s were insensitive to the electron
background from muons stopping in the inactive
regions of the apparatus, we could use the full
beam intensity and have a rate of ~10% u s per sec-
ond. Unfortunately, the PWC’s are sensitive to
electrons, and a minimum ionizing e~ deposits
~2 keV in the chamber, so that delayed electrons
from muon decay could easily be misidentified as
Lyman photons. To avoid this difficulty we re-
quire that there shall not be a u, in the 4 us pre-
ceding a ug, nor a u, in the 4 us after a pg. The
suitably blocked signal is called TRIGGER in the
diagram. We also require that in addition to ob-
serving a photon event (y) from the stopped muon,
we must also see an electron event (e) in the ex-
ternal electron counters, e,-e,.

To meet the blocking requirements on entering
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muons with the 6% LAMPF duty factor, the beam
was collimated to 5 cm? and the instantaneous p,
rate was reduced to 7 x10% s™ (5 x10° s™ average),
which brought the average p ¢ rate to ~320 s™, of
which ~30 s™ were stops in the gas.

The proportional wire chamber signals from the
internal charge sensitive preamps went to ampli-
fiers (Tennelec 205A). The fast bipolar outputs
were discriminated and a logic signal was de-
rived when there was a count in an inner or A
plane and no count in any outer or B plane. This
signal (v) was used to gate a peak-sensing CAMAC
ADC (LRS 2259A). The three ADC inputs were
the slow unipolar outputs (shaping constant 0.25
us) from the PWC amplifiers for the A planes.
The pulse heights, E1, E2, E3, of the PWC out-
puts were read by computer interrupt whenever
the ADC signaled that there were data available.

The logical coincidence between a suitably de-
layed y and the TRIGGER gate is denoted y, and
signals a good event. The ADC conversion started
by the y signal can be cleared and the event re-
jected if any of the following occur.

(a) No electron (e) is seen in a 3-us gate follow-
ing the v,, i.e., we must see the decay electron.

(b) A second p; occurs within 4 us after the ug.

(c) No TRIGGER gate accompanies the y, i.e.,
no v,.

FIG. 5. Simplified schematic diagram of the electronic logic. P1A and B denote the charge sensitive preamps for
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PWC 1 inner (A) and outer (B) plane. ZCD= zero crossing discriminator. All times are in microseconds.



(d) A second y occurs within 4 us.

The time information is obtained by using a
CAMAC TDC (LRS 2226 modified so full scale is
4.0 pg). The START pulse for the TDC comes
from a suitably delayed y,. One channel of the
TDC is stopped by a TRIGGER, while the other
channel is stopped by an e. The TDC thus records
T,. the time difference between a photon event and
an electron event, as well as T uy the time differ-
ence between a muon stop in the gas and a photon.
The TDC is read along with the ADC and all data
are written on magnetic tape and histogrammed in
the computer memory. In addition to the time
and energy information, scaler rates for all logic
signals are recorded by the computer.

III. ANALYSIS AND RESULTS

The information, E,, E,, E;, Ty, T,,, for
each event is recorded on magnetic tape, so the
experiment can be analyzed with different cuts
on these parameters.

A. T, spectrum

The first aspect of the analysis was ensuring
that photons detected in the PWC were not asso-
ciated with decay electrons. Thus we determined
the T,, distribution, that is, the time between
the arrival of a photon and a decay electron.
Figure 6 shows a plot of this spectrum for all
PWC’s, for two different cuts on the photon energy
E. In Fig. 6(a) all values of the pulse height are
included, and in Fig. 6(b) only events with photon
energy within the half-width of the Lyman spec-
trum (as determined below) are accepted. The
large spike at #, is due to ¥’s coincident with the
muon decay, either decay bremsstrahlung or
decay electrons misidentified as photons. The
counts occuring after ¢, are the events of interest,
i.e., a photon followed by a muon decay. In the
subsequent analysis we therefore accept only
events with T,,>¢,, where ¢, is a value which is
greater than the prompt spike. Varying the
choice of ¢, had no significant effect on the an-
alysis. This procedure gives a clean sample of
photons not associated with decay electrons.

The T,, counts for times before {, indicate that
the muon blocking logic is not completely effec-
tive, which is to be expected since the blocking
time is rather short (4 us) and a good fraction
of muons in the target region live longer than
this. The counts before ¢, are then due to an elec-
tron count from a senile muon in the target to-
gether with a “photon” count (y). Indeed, in this
case most of the photon counts do not occur within
the Lyman peak and are probably misidentified
electrons.
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FIG. 6. (a) Spectrum for T,,, time between a photon
and a decay electron, 1 channel= 64 ns; (b) Same spec-
trum with requirement that the photon be within FWHM
of the Lyman peak. The analysis required that T,,

>t,.

COUNTS (10%)

Of course, counts due to senile muon decay,
muons living longer than the 4-us blocking gate,
are also present in the “good” portion of the spec-
trum after ¢, and will appear as background. We
can get an estimate of the magnitude of this effect
by comparing the count rate before #,, R (senile
u), with the rate after ¢,, R(good), and we find

R(senile p)
R(good)

The shape of the T,, spectrum for times greater
than ¢, is determined largely by the exponential
decay of the muon. Since these counts are due
overwhelmingly to muons in the muonic hydrogen
atom, the decay spectrum allows an additional
test of the gas purity of our target. The transfer
of the muon in u7p to an impurity gas atom (for
example, Ar from the PWC), is followed by u
capture. For an argon concentration c,_ in our
target, the transfer rate to the argon is®® AL,
=0.7 x108 ¢,,. The measured decay rate of the
muon in u’p from our T,, spectrum is, A=4.40(11)
x10° 8™, which agrees with the value for free
muon decay and implies that the argon impurities
in the target gas have a concentration ¢, <2 x10™,

=0.017+0.001. 1)
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Other possible impurity gases have smaller trans-
fer rates, hence our value for argon is an upper
limit. This result agrees with mass spectro-
metric analysis of the gas sample which found c,,
<1073,

B. Prompt energy spectrum

The next phase of the data analysis considered
the pulse height distribution of counts in the
PWC’s associated with prompt Lyman decay, in-
cluding the T,, cut (T,,>#,) described in the pre-
vious section. A plot of the prompt Lyman spec-
trum for all three detectors is shown in Fig. 7.
The energy calibration of the detectors comes
from the internal *Fe (6.0-keV Mn x ray) source.
The larger uncertainty of the energy for detector
1 is due to a possible rate dependence of this de-
tector spectrum, discovered after the run. All
detectors show a prominent Lyman peak, with a
center of gravity slightly above the Lyman-« en-
ergy. The detector resolutions (R=FWHM/
center) are R(PWC1) =51%, R(PWC2)=53%,
R(PWC3)=48% in agreement with the observed
20% resolution at 6 keV. The counts at energies
lower than the Lyman peak are probably a result
of chamber inefficiencies or “dead spots,” al-

600
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(b)

600 — —
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0 ] i
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COUNTS
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[o) 1 I 1 l 1 l Il | Iy l
10 20 30 40 50 60
PULSE HEIGHT (CHANNELS)

FIG. 7. (a)-(c) Energy spectra for PWC’s 1-3, The
positions of K,=1.90 keV and Kz =2.25 keV, as de-
termined by the *Fe calibration of each detector, are
shown for each spectrum.

though some may also be due to radiation from
stopping muons.

The fact that the line is centered above the Ly-
man-q energy is due to the fact that a large frac-
tion of the transitions to the ground state occur
from states with »>2. The collisional Stark mix-
ing of the higher states leads to a higher probabil-
ity of P state admixture, and hence a higher nP
—1S yield. Theoretical cascade calculations®!3?
including Stark effect predict a Lyman-a yield
K, /K 1ot = 0.45 at 1 atm,

We have fit the energy spectrum for the PWC’s
with a line shape consisting of two Gaussians, one
centered at K,(1.9 keV) and one with variable
energy, K’, plus a linear background. The re-
sults for the two counters with good calibration
are

PWC2: K,/K o =0.49+0.10,
K’'=2.37+0,10 keV,

PWC3: K /K tota =0.55+0.10,
K’'=2.33+0.10 keV.

In the subsidiary experiment described in Sec.
OIF of this paper we have measured the Lyman
transitions with a solid-state detector and found

K /K tota1=0.46+ 0.06 . (2)

The K ,/K 1ua yield is important because it is
correlated with the fraction of u”p which cascade
to the 2S state, ¢,s. The Stark mixing can in-
crease the 2S yield by enhancing transitions nP
- 2S. A theoretical estimate3® shows that

€252 (1=K /Ko )/(1.2£0.4). 3)

Hence the K, /K 1 measurement determines e, .
Using the value of Eq. (2) we find,

€25 =(7.5£1.0)%. 4)

C. T, spectrum

The most important part of the analysis involves
the spectrum of T,y the time difference between
the muon stop and the photon, where delayed
x rays from the collisionally quenched 2S state
could be observed. A plot of the T, spectrum is
shown in Fig. 8 with the cut T\,,>¢, and the re-
quirement that the y energy lies within the half-
width of the Lyman peak (Fig. 7). The prompt
Lyman peak dominates the spectrum, and the
shape of this peak is determined by the time re-
solution function of the PWC’s. The resolution
function is seen to be a rectangular pulse shape
with FWHM =270 ns, and steep sides, rising from
10 to 90 % in 40 ns. This shape agrees with that
determined in earlier calibrations with x-ray
sources.
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FIG. 8. Time spectrum for T,,, time between Lyman
photon and muon stop. The events outside the prompt
peak are barely visible on this scale. 1 channel=32 ns.

Although not easily visible in the linear histo-
gram, there are events both before and after the
prompt peak. These counts are apparent in the
logarithmic plot of T, of Fig. 9. The notch for
times immediately prior to the prompt spike is
visible in the spectrum without the T,, cut and
presumably is due to the B plane veto of the
PWC’s, that is, senile decay electrons misiden-
tified as y’s are in turn vetoed by B plane counts
associated with the u stop.

The numbers of counts for the three regions of

T T T T T

04k PROMPT i
—
103} — 312 ns —
» EARLY
=
102 .
3 DELAYED
(&
10't- .
. l l[
0 1020 30 40 50

Tuy (CHANNELS)

FIG. 9. Logarithmic plot of time spectrum for T,,,
time between Lyman photon and muon stop. 1 channel
=64 ns.
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the spectrum are
Nyompt =23 205 counts in 300 ns,
Ngeiayed = 145 counts in 1.63 pus,
N ety =517 counts in 1.13 us.

We note that the fraction of events after the
prompt peak is in rough agreement with the back-
ground estimate of Eq. (1). Fitting the T, spec-
tra for the regions before and after the prompt
peak to a single exponential decay function yields
the lifetimes

7=2.5(7) X107 s(T, ,“early”),
7=3.0(1.0) x107 s (T, “delayed”).

(5)

These lifetimes are consistent with free muon de-
cay and suggest that the events outside the prompt
peak are background counts due predominantly to
the decay of senile muons which have lived longer
than the 4-pus blocking time.

In order to analyze the data for a component of
delayed x rays arising from the collisionally
quenched 2S state, we assume there is an initial
1 "p(2S) population Nj ¢ which decays with a life-
time 7,4, ‘giving the intrinsic time spectrum

@X-_-Egie‘tlfzs (6)
dt  T,g ’
The observed spectrum will be determined by the
intrinsic spectrum of Eq. (6) together with the
time resolution function of the PWC’s which we
take to be a unit pulse of width 7, and hence has
the form

lv :

228 (1 e t/72s8) <T
aN_\ 1-e , t<Tg (7a)
dt

.1,'£§,(e-flfzs)(em/72s_1), t>Tp, (Tb)

R

The smearing of the exponential means that we
can see decay events for 7,3 <7y in spite of the
presence of the prompt peak.

We determined the fraction of the delayed T,
spectrum due to an exponential of the form, Eq.
(o) with 7,=270 ns (see Fig. 8). The delayed
spectrum was fit to two exponentials,

F(t)=N,e™*/ T+ N,e™t/ s, (8)

where 7, is fixed and the other parameters are
allowed to vary. The fitting procedure used the
method of maximum likelihood, with Poisson
statistics. This procedure maximizes the log-
likelihood function.

wslnL:E‘ [y,'lnF(t,)—F(t‘)], (9)

where F is the fitting function of Eq. (8) and the



1160 P. 0. EGAN et al. 23

y,’s are the individual data points for times ¢,.

For values of 7,5 between 50 and 1000 ns the best
fits were always obtained for N,=0. To determine
the sensitivity of this method to N,, we vary the
value of N, with the other parameters fixed by
the fitting procedure and calculate the log-likeli-
hood, w(N,). The upper limit confidence levels,

7, for N, can then be determined by calculating
the value for which

N2 o
Z; e-wu)/z e-w<i)‘=,,’_ (10)
af =0

The results can then be combined with Eq. (7b)
to determine the upper limits for N2,.

The results are shown in Fig. 10, where the
90% C.L. upper limits for Ny /Nprompt are plotted
against 7,;. The plot also shows the limits in
terms of f,g, the fraction of the 2S population
with lifetime 7,5, where the 2S yield, ¢,4, is given
by Eq. (4). The results put the 90% C.L. upper
limits for N3s/Npyomp: at the level of 1 X107 for
100< 71,5 <1000 ns, and for the metastable fraction
fosbelow the 2% level. The limits rise quickly
for 7 <100 ns reaching NZs/Npompt=5 X107, f, ¢
< 5%, for 7,5=50 ns.

These results can be compared with a recent
similar experiment at SIN (Refs. 21 and 22) which
searched for the same process at H, densities
of 600 and 150 Torr. The upper limits determined

10 T T T
E
0.20
1072
0.10
-
a
2 «
€ 9.05‘:1
N 0.03
o 0.02
z -
103
= —o0.01
N d T NS (N N SN ST

200 400 600 800
Tas (ns)

FIG. 10. 90% confidence level upper limits for pro-
duction of 2S5 muonic hydrogen with lifetime 7,5. The
left scale shows the yield of long lived p ~p(2S) as a
fraction of the prompt Lyman radiation. The right
scale shows fraction of u~p(2S) state which is long lived,
assuming the 2S formation fraction €;g, is 7.5%.

for f,5(90% C.L.) were
£, 5(600 Torr) <16%,
f,5(150 Torr) < 4%,

where in both cases the 7,5 was assumed to be 7,
=400 ns/P(atm). The SIN work is currently being
extended to lower pressures? (1-100 Torr).

D. Delayed energy spectrum

We present the energy spectrum of the delayed
T,, events in Fig. 11. We have previously iden-
tified these events as decay electrons (III C), and
the energy spectrum supports this conclusion,
since there is no peak at the Lyman energy but
rather a broad distribution characteristic of mini-
mum ionizing particles in the PWC.

E. Data with 1% helium admixture

Following the suggestion of Fiorentini and Tor-
elli®* that small admixtures of He will capture the
muon from p(2S) but leave up(1S) unaffected,
we have taken data with 1% He added to the stopp-
ing gas. The resulting T,, spectrum showed no
significant differences from that taken with pure
hydrogen.

F. Measurement of (1"p) and (u~ 4He)* Lyman intensities
with solid-state detectors

In a subsidiary experiment, measurements were
made of the intensities of Lyman lines in muonic
hydrogen and muonic helium with the experimental
set up shown in Fig. 12. The muonic atom was
viewed by a solid-state detector mounted in a
special Dewar projecting into the gas vessel
through the end flange. The detector [Ge or Si(Li)]
was 1.0 cm? in active area and was mounted 8 mm
away from a 25-um beryllium window which pro-
vided the vacuum seal. An additional 8-um Be

40} _
30l Kq (1.90 keV)
i Kg (2.25 keV)
Z .
o 20+ l —
o

]

10 20 30 40
PULSE HEIGHT (CHANNELS)
FIG. 11. Energy spectra for delayed T,, events,
PWC3. The expected positions of the K, and K lines

are shown,
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Vacuum Can & Dewar

N

(o] 10 20

I I
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FIG. 12. Diagram of the experimental apparatus to measure muonic hydrogen and muonic helium x rays with solid-

state detectors. 1, 2, and 3 are plastic scintillators.

heat shield was placed between the window and

the detector. Output pulses from the detector
were first amplified in a preamp (optical feedback)
and the output signal was split and fed to two amp-
lifiers. One amplifier (Taping =8 S) output went
to a CAMAC ADC which recorded the pulse height,
while the other amplifier provided a timing signal
which started a CAMAC TDC to record the time
difference between the photon and a muon stop.
The energy and time information for each event
were stored in a computer and were recorded on
magnetic tape. No magnetic field was used in

this part of the experiment and the beam collima-
tor was widened to allow g rates of ~10° s™,

1. Muonic hydrogen

For muonic hydrogen the observed energy spec-
trum for events in a 560-ns time window associat-
ed with the muon stop is shown in Fig. 13. The
energy calibration for the detector was made im-
mediately prior to the run by measuring x-ray
fluorescence spectra of Al, Si, P, S, and K. The
FWHM of the detector resolution was 280 eV at
2 keV. The pup spectrum shows a large back-
ground with a broad peak at ~5 keV believed due
to decay electrons hitting the detector. The
smaller hump at 2 keV is due to the prompt Ly-
man radiation, and is not visible for times delay-
ed with respect to the muon stop, while the elec-
tron background still has roughly the same shape.

We have fit the u"p spectrum to two Gaussians
with a linear background. The center of the first
Gaussian is fixed at the Lyman-o energy while
the second Gaussian has variable center E’. The
resulting fits gave

Ka/me=0.46:l: 0.06, (11)
E’'=2,36+0.06 keV,

T T T T ] T T T T | T T T T ] T
r ~Kaq (1.90 keV) ]
100— Kg (2.25 keV) ]
r Ko (2.53 keV)
80—
o F
z
Z 60—
(=]
o -
40—
20—
1

where the efficiencies due to the Be windows, the
Si dead layer, and a thin gold layer are all ac-
counted for. These results are compared with
other experimental measurements and with the
theoretical results of Leon™ in Table III.

The low intensity of the K, line is due to strong
Stark mixing of the angular momentum substates
in the excited states of u"p. The result is a dra-
matic increase in the number of »P -~ 1S transi-
tions compared to that predicted for a free atom.
As discussed in Sec. III B, this measured value -
of K,/K,w determines the fraction of u’p atoms
cascading to the 2S state.

25 50 75
PULSE HEIGHT (CHANNELS)

FIG. 13. The solid spectrum shows the pulse-height
distribution for ¢ “p in 0.8 atm H, for a 560-ns time
window associated with a muon stop. Detector: Si(Li).
The dotted spectrum shows the background observed
for events occurring 1.5 us after the muon stop. The
positions and energies of the Lyman lines, as deter-
mined by the x-ray fluorescence calibration, and the
resolution of the detector are also indicated,
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TABLE III. Summary of muonic hydrogen measure-
ments.

P. O. EGAN et al.

Experiment Detector ~ Density Ky/Kiotar
CERN, 19702 PWC 4 atm 0.42 +0.10
NEVIS, 1971° PWC liquid. 0.7 +0.2
SIN, 1977° PWC 0.8 atm  0.54 +0.08

0.2 atm  0.53 +0.07
This work Si (Li) 0.8 atm 0.46 + 0.06
This work PWC 0.8 atm 0.49+0.10
This work PWC 0.8 atm 0.55 +0.10
Theory ¢ 10atm 043

2Reference 23.
b Reference 24.
®Reference 21,
dReference 31.

2. Muonic helium

Figure 14 shows the Lyman spectrum obtained
for muonic helium with a Ge detector within a
250 ns time window associated with a u stop.
The detector calibration was made with a *Fe
(Mn K x-ray) source immediately prior to the
run and by observation of the muonic A1 M x ray
during the run.

The background from decay electrons is again
present in the spectrum. The prominent line is
the K, radiation centered at

E(K,)=8.2610.04 keV

in agreement with the theoretical value® of 8.224
keV and the most accurate measurement?’ in
liquid He of E(K,)=8.226(2) keV.

We observed little, if any, radiation associated
~ withthe K ; energy of 9.74keV. Thereis, however,
a pronounced peak near the end of the Lyman term
series (K_=10.96 keV).

The relative intensities of the Lyman transitions

are
K, /Kwm =0.76+0.04,
K /K tom =0.04+0.02.

(12)

These ratios are in general agreement with the
cascade calculation of Placci ef al.?® assuming

150

KG
(8.22 keV)

oo}
Keo

o (10.96 keV) -
2 K
z i 4 ]
ER (9.74kev)l
3 4
(8]

|
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20 40 60 80 100
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FIG. 14. Pulse-height spectrum for (u~*He)* in 0.8
atm He for a 250-ns time window associated with a
muon stop. Detector: Ge. The positions of the Lyman
lines are also shown.

120

strong Stark mixing of the I states. A compari-
son with other measurements is shown in Table
IvV.

IV. CONCLUSIONS

The results of our measurement®® of the yields
of prompt Lyman lines in H, are in general agree-
ment with the results of other similar experi-
ments and with the general theoretical picture of
the formation and cascade of up in gases. In
particular they imply that about 7.5% of the u"p
stopping in H, at 0.8 atm form the 2S state of
L p.

However, we observed” no delayed Lyman K,
X rays, and this implies that less than a few per
cent of the u"p(2S) have lifetimes between 50 and
1000 ns. The most likely explanation appears to
be that the p"p(2S) atoms are formed dominantly
with kinetic energies greater than 0.3 eV, due to
chemical or nonradiative Stark processes, and
hence are collisionally quenched in times less
than 50 ns due to inelastic 2S - 2P collisions.

TABLE IV, Summary of muonic helium measurements.

Experiment Detector Density Ko/Kia Kg/Kiotar
SREL, 19672 Si(Li) liquid 0.54 +0.05 <0.30
CERN, 1971° PWC 7 atm 0.62 +0.08 <0.20
CERN, 1974° Si(Li) liquid 0.60 +0.04 0.32 +£0.03
This work Ge 0.8 atm 0.76 +0.04 0.04 +0.02
LAMPF, 1977

2Reference 26.
b Reference 25.
°Reference 27.



This argument is somewhat inconsistent with the
(admittedly imprecise and indirect) experimental
and theoretical information about the u"p velocity
distribution obtained in diffusion experiments and
with the theoretical values for quenching cross
sections.

The absence of long- 11ved 1p(2S) atoms for H,
densities of about 1 atm is of course discouraging
to plans for laser spectroscopy measurements of
the fine structure of the n=2 state. It does seem
clear that a better understanding of the collisional
processes involving u"p in H, gas would be useful,
and in particular a knowledge of the kinetic energy
distribution of 1 p(2S). Use of transfer collisions
to higher Z atoms might be useful. A substantial
improvement in the time or energy resolution of
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x-ray detectors would, of course, allow an im-
proved experiment of the type reported here to
be done.
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