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Laser-induced resonant transition at 470.724 nm in the v =n —I —1=2 cascade of metastable
antiprotonic helium atoms
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A laser-induced resonant transition in metastable antiprotonic helium atoms has been found at a wavelength

of 470.724~0.002 nm and assigned to the transition (n, l) =(37,34)—+(36,33). From the time evolution of the

laser resonance intensity, the decay rate of the (37,34) state was determined to be 1.17~0.09 p, s ', about 60%
larger than the theoretical radiative decay rate. The sum of the initial populations in the U = n —l —1 = 2 decay
chain was 23~4% of the total number of metastable atoms formed.

PACS number(s): 36.10.Gv

In 1991 an unusual longevity of antiprotons stopping in

liquid helium was observed at KEK [1].Since then this phe-
nomenon has been investigated extensively using the Low
Energy Antiproton Ring (LEAR) at CERN [2—5]. These ex-
periments indicated that the long-lived antiprotons are those
trapped in metastable states of neutral pe He " (—=pHe")
atoms with large principal quantum numbers (n) and orbital

angular momenta (l), both —gM/m = 38, as first suggested
in [6,7]. More recently laser resonance spectroscopy has
been used to study metastable atoms [8,9]. The last meta-

stable state in each metastable cascade that is characterized

by U =n —l —1 (radial node number) can be resonantly de-
excited to a lower Auger dominated short-lived state [10,11],
resulting in a sharp peak in the p annihilation time spectrum
at the laser ignition time. This technique resulted in our dis-

covery of a resonance line at 597.259 nm [8], which we
assigned to (n, l) =(39,35)~(38,34) at the end point of the

v =3 metastable cascade. However, this accounted for only
(11~2)% of the metastable atoms formed. In the present
paper, we report the discovery of a transition at the end of the
v = 2 radiative cascade that accounts for a further
(23~4)% of the initial population of metastable atoms.

We used the same arrangement as for the previous experi-
ment [8,9].Antiprotons from LEAR at an intensity of about
2 X 10 p/s and a momentum of 200 MeV/c were stopped in
cold helium gas (T= 5.5 K, p = 600 mbar). The time differ-
ence t was recorded between the entry of each p into our
helium gas target and the detection of its delayed annihila-

tion products. We used two independent pulsed dye-laser
systems. These were triggered only when metastable
pHe+ had been formed in our helium target by the p (i.e.,

only when it had still not annihilated 70 ns after its entry into
the target). The delay time between the laser light and the p
arrival was reduced to 1.35 p, s in the present experiment.
The wavelength of the (n, l)=(37,34)~(36,33) transition
was, according to several theoretical predictions, expected to
be around 471 nm, and this region was scanned by changing
the laser wavelength step by step. Figure 1(a) shows an an-
nihilation time spectrum when the light from one laser pulse,
arriving 1.35 p, s after the p arrival, was tuned to a wave-
length of 470.724 nm.

The resonance peak in Fig. 1(a) is much more intense
than the previously reported 597.259-nm v = 3 transition [8].
Consequently, there is a distinct depletion in the annihilation
time spectrum immediately after the peak. The peak profile
shows an exponential decay with a time constant of
16.6~0.1 ns. This value represents an upper bound for the
Auger lifetime of the (36,33) level since dephasing collisions
in the gas slow down the deexcitation from the (37,34) level.

The resonance line shape was measured by scanning the
wavelength. To check the reproducibility and the possible
existence of systematic changes of the resonance line we
scanned over the resonance four times. The background sub-
tracted counts in the peak divided by the total number of
delayed annihilations is shown in Fig. 1(b) as a function of
the laser wavelength for one of the scans. The solid line in
Fig. 1(b) shows the results of a fit to the experimental data of
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a Lorentzian line shape convoluted with a Gaussian. The
fitted central frequency is 470.7245~ 0.0001 nm and the full
width at half maximum of the resonance is 0.0083~ 0.0008
nm. By far the largest contribution to the linewidth is the

ig aser power employed.saturation broadening due to the high 1

Calibration of the laser wavelength against suitable st d desan ar
orp ion lines in argon gives a correction of —0.6~1.5

pm, resulting in a value for the transition wavelength of
. Our present experimental accuracy of 4

ppm in the determination of the transition wavelength is
dominated by the frequency standard employed and is much
arger than the statistical error of 0.2 ppm. A reduction of the

error by at least one order of magnitude seems to be possible
in the near future.

The experimental transition wavelength is compared with
the theoretical values in Fig. 2. The agreement between the

experiment and the predicted theoretic 1 1ica va ues is at present
ic con guration-at the 0. % level. The value from atomic fi

interaction calculations (CI) is 470.4 nm [12].The molecular
model with the Born-Born-Oppenheimer approximation (BO)

using the large configuration-space variational method (VM)
yield 470.9 nm 15 I, and nonadiabatic coupled rearrange-

[16].
ment channel variational calculations (CR)

' 473.give .5 nm

To determine the decay rate and population of the relevant

the V=3 decay chain [9]: we measured the change th
r resonance intensity as a function of the time of arrival

(ti) of the laser light. The measured resonance intensity at
e aye anni ilationst& normalized to the total number of d 1 d

' '1

[I,(t, )] is directly proportional to the popul t f h(, ) state, denoted by Ns7(ti). The state depopulation
efficiency e is then the ratio Ii(ti)/Ns7(t, ). If we could de-

populate the (37,34) state completely, e would be 1. In addi-
tion, the resonance intensity of a second 1 1

2(ti, tz) normalized to the total delayed annihilations at la-

ser ignition times t2~t& reveals the feeding of the depleted
state from states above it. We therefore study the cascade by
mapping I i (t, ) and I2(t i, t2) .

The experimental data for Ii(ti) and I2(ti, t2) are shown
in ig. 3. For the single-laser series, t& values between 1.6
p, s and 6.9 p, s were chosen. In the double-laser series, t&

was fixed at 2.4 p, s, 3.4 p, s, and 4.4 p, s while t2 t, was-
varied from 0.2 p, s to 5.2 p, s. The small ratio of I2 t, , t2 /

I i(ti) for times t2- t, shows that the depopulation efficiency
e is large whereas the steep rise of I (t

'
h2 1 ~2 wit f2 indicates

fast refilling from the upper states.
There isere is a An= Al = 1 propensity rule for the radiative

transitions I 12 13 im
'

ions [, ], implying that N37(t) mainly refiects the
populations and lifetimes in the ~ (39,36)~(38,35)~
of the laser

~ radiative transition ladder. For a quantit t' 13734 r uan i a ive ana ysis
o t e aser delay measurements we employed three simpli-
fied models in which we assume that only the two, three, or
our lowest metastable states in the ladda er are initia y popu-

lated, all radiative transitions with 5 40 b
'

U eing neglected.
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Parameter Two-level fit Three-level fit Calc. rates

Ni7(0)
Nps(0)

N39(0)
N.il(0)

11~2
12~ 1

23~ 2

1.17~0.06
0.42~ 0.06

16~2
4~2
6~1
25~ 3

1.16~0.05
0.67*

0.73
0.67

TABLE I. Typical sets of N„(0) (percent of total delayed), X„(in
p, s '), and e from fitting to the experimental 1,(ti) and I2(ti, t2)
data. In the last column the calculated radiative rates that include
sidefeeding are given. The asterisk denotes a fixed value.

Laser Timing

5

[ sj
0.93~ 0.03

0.60*

0.93~0.03

0.60

FIG. 3. Time evolution of the resonance intensity measured with
the laser tuned to 470.724 nm using (a) a single light pulse; (b) two
light pulses, the first at 2.4 ps; (c) two light pulses, the first at 3.4
p, s; and (d) two light pulses, the first at 4.4 ps. The solid line shows
a representative fit result employing the two-level model, which is
almost indistinguishable from the three- and four-level model re-
sults. Any fitted function with k37 fixed to the theoretical radiative
rate (dotted curve) deviates significantly from the experimental
data.

The corresponding set of differential equations describing
the time evolution of N„(t) in the v = 2 decay led to analyti-
cal functions for the measured values of I, (t, ) and

Iz(tt, t~), which were fitted in a simultaneous least-squares
method to the experimental data, with the N„(0) (initial
population), )i.„(decay rate), and e as fit parameters.

Prior to the analysis of the experimental data for I, (t, )
and I2(t, , t2) we tested systematically the sensitivity of the
method by simulating I, (ti) and I2(t, , t2) for various values
of the populations and decay rates. We found that we could
reproduce the total initial population [the sum of all N„(0)]
as well as the decay rate of the lowest level (X37) indepen-
dently of the model employed. However, concerning the
population of the upper levels [N3s(0) and higher], the
method gives rather the sum of the populations and does not
allow a determination of the population and decay rates of
the individual states.

An overview of the results of the analysis of the experi-
mental data is given in Table I. A two-level model fits the
experimental data best, yielding X37 and the total initial
population. Here N3s(0) and X.&s represent the accumulation
of higher state population, which is refiected in the unrealis-
tic (slower than the radiative rate) value for Ass. The three-
level results are similar to the two-level results, but X3z and
X 39 are fixed to the theoretical radiative rates. From the ex-
perimental data, we find a total v = 2 fraction at the instant of
formation (t=O) of (23~4)% of all metastable atoms.
Common to all fit results and independently of the assumed
model is the fact that some 80% of the population in the
v =2 transition chain is concentrated on the (37,34) and
(38,35) states. We should stress that the region below
t=1.35 p, s is still inaccessible to our laser probe in the
present experiment. Consequently, the t=0 populations of
Table I have been obtained by fitting the data from later
times and might not correspond to the true values.

Reduced y 1.7 1.9
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Together with the previously reported population in the
v = 3 decay chain of (11~2)% [9], we have up to now ac-
counted for (34~4)% of the total delayed annihilation popu-
lation. The remaining 66% are expected to be in the v =1
and v=0 cascades. The extracted decay rate (1.17~0.09
p, s ') of the (37,34) state was found to be consistent with
the decay constant of a "depletion" spectrum (difference of
time spectra on resonance and off resonance) and is about
60% larger than the theoretical radiative decay rate of 0.73
p, s ' [12,13]. On the other hand, from our previous mea-
surement of the time evolution of the resonance intensity, the
decay rate of the (39,35) state was determined to be
0.72~0.02 p, s ', which was in good agreement with theo-
retical calculations of the radiative rate when these include
correlation between the p and the e [12,13].This suggests
that for the present (37,34) state there may be considerable
competition from Auger transitions whose partial rate
amounts to some 0.44~0.09 p, s '. On the other hand, the
experimental data indicate that the upper level decay rates
(Ass, )t39 k4Q) are not faster than the theoretical radiative
decay rates.

The observation of this resonance line, together with evi-
dence for feeding from higher states, has unambiguously es-
tablished the formation of metastable antiprotonic helium at-
oms pHe+ as the source of the observed longevity of the
p. In the near future, we hope to resolve the fine and hyper-
fine structure of our pHe+ atom. In conjunction with more
exact calculations now being made by our theoretical col-
leagues, such experiments can open the way to high-
precision measurements of the fundamental properties of the
antiproton, just as muonium [17,18] and positronium [19]
have led to improved understanding of the muon and the
positron.
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