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Multipulse laser spectroscopy ofp̄ He1: Measurement and control
of the metastable state populations
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Numerical study of the kinetics in metastable antiprotonic helium molecules driven by a sequence of laser
p pulses resonant to the adjacent transitions is carried out. The phenomena taking place are shown to be useful
for checking the mechanisms of the depopulation of high-n states, for measuring the populations of the
individual energy levels, and for slowing down the decay by means ofp-pulse-induced inversion.
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PACS number~s!: 36.10.2k, 42.50.Md, 42.62.Fi
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I. INTRODUCTION

The recently discovered metastable states of antipro
in helium @1# are of significant interest as a means of ac
mulating antimatter in neutral atoms. This is important
further use of antimatter in new energy sources as well a
fundamental experiments onCPT-invariance testing, gravi-
tation interaction of antiparticles, etc.@2#. Besides that, anti-
protonic atoms, as well as other hadronic and muonic ato
and molecular systems, are themselves a very interesting
ject for the improvement and testing of theoretical and co
putational tools of the few-body quantum physics.

That is why the antiprotonic atoms became a subjec
intense theoretical and experimental studies, resulting
growing number of publications and international meetin
A comprehensive study of long-lived antiprotons in heliu
has been carried out using the superior antiproton beam f
LEAR ~Low Energy Antiproton Ring! at CERN@3–9#.

The phenomenon of delayed annihilation of antiprotons
helium may be well interpreted in terms of metastable sta
of large (n,l ) of a neutral exotic systemp̄He1, as suggested
by Condo@10# and studied theoretically by Russell@11# more
than 20 years ago. Recently, new theoretical treatment
this system have been developed. Yamazaki and Oht
@12# calculated the energy levels and their radiative lifetim
using the configuration mixing method including various o
bitals of the antiproton and electron, established the appr
mate selection rules for radiative transitions, and estima
the Auger transition rates.

Another theoretical approach, molecular approach, w
developed by Shimamura@13#. In this model the He nucleu
and the antiproton are regarded as the two centers o
exotic molecule, to which one electron is coupled adiab
cally. The results obtained in the energy levels and the ra
tive transition rates are nearly the same as those of
atomic approach. Thusp̄He1 possesses a dual character
itself both as an atom and as a molecule.

Delayed annihilation time spectra~DATS! systematically
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studied in various phases of helium and also in helium me
with foreign atoms or molecules@3,5# have provided impor-
tant information on the formation and decay of the me
stable molecules, but it is a cumulative, integral, and mac
scopic effect and difficult to interpret in terms of individu
states involved. ‘‘Differential and microscopic’’ informatio
can be provided by laser resonance spectroscopy@14# in
which transitions stimulated by a pulsed laser produce
spike in DATS at the laser timing. Such a resonance sp
was observed in 1993 by Moritaet al. @6,7# on the 597 nm
~39,35!-~38,34! transition. In 1994 they found an additiona
transition, ~37,34!-~36,33! @8#. Hayanoet al. @7,8# deduced
the lifetimes and populations from the measurements of
time dependence of the first laser spike and the recovery
detected by the second successive laser tuned at the
wavelength. Their results are in excellent agreement with
theoretically calculated radiative rates@13,15#. Simultaneous
excitation of adjacent transitions 3→2→1 by using two la-
sers has also been proven experimentally@16#.

Recently a theoretical treatment using the molecu
based large configuration variational method has been
ried out by Korobov@17#. Calculations of the transition en
ergies using this method stimulated new experiments@18#.
Nearly perfect agreement between the theory and experim
up to the level of 50 ppm was demonstrated.

Thus the present state of quantum mechanical treatm
of p̄He1 is sufficient to provide one with reliable estimate
of energies, transition moments, and radiation lifetim
However, there exist no rigorous quantum mechanical ca
lations of the initial populations of metastable states
p̄He1. Quasiclassical estimations of these populations@20#
based on the theoretical approach of@12,15,21# demonstrate
satisfactory agreement with DATS experiments@14#, pro-
vided that the levels withn>41 are populated negligibly
small due to efficient collisional quenching@21,22#. Accord-
ing to @22# the lifetime of the states withn>41 is less than
1 ns. The knowledge of the initial population distribution
important for the control of metastable atom decay kinet
3394 © 1997 The American Physical Society
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and for the experimental testing of decay mechanisms
higher levels (n>41).

Our numerical estimations show that the total DATS
not critically sensitive to the variation of the initial popula
tion distribution. Based on the results of numerical simu
tions we propose here a coherent laser multipulse techn
for control and measurement of the kinetics of metasta
states inp̄He1. The term ‘‘coherent’’ means that each pul
in the sequence is short enough compared with the ato
relaxation times so that optical transient phenomena@23# are
essential. In particular, we propose a method of direct m
surement of the populations of the metastable states a
arbitrary instant of time. Compared to the papers cited ab
this technique is shown to provide a more selective action
the individual transitions and, as a result, more detailed
formation on the population distribution.

II. SLOWING DOWN THE DECAY
OF THE METASTABLE p̄He1 BY p-PULSE-INDUCED

POPULATION INVERSION

Recent experimental and theoretical studies of the m
stable states ofp̄He1 reveal some typical features of th
optical transition scheme. Namely, the optical transitio
take place between the metastable states including a fi
number of energy levels, say (n,l )→(n21,l21). Each cas-
cade is limited by the nonstable~annihilation! part of the
energy spectrum from the bottom and by the states which
efficiently depopulated by external factor~most probably,
collisions with He atoms! from the top. The dominan
mechanism of decay of each state is the radiative trans
to the neighboring lower energy level of the same chain. T
initial populations of the lower states are usually greater t
those of the upper ones~or, at least, there is no monoton
decrease of population down by the cascade!. The lowest
metastable state decays straight into a short-lived s
which results in fast annihilation ofp̄.

As an example we consider the cascade of transitions
tween the states withv5n2 l2152 ~Fig. 1! which has
been a subject of intense experimental and theoretical stu
@8,13# and is known to include the four metastable states

As is known, ap pulse resonant to a certain transition
a multilevel system having relatively slow relaxation inve
the population of the two coupled levels, leaving the oth
ones practically unaffected, provided that all transition f
quencies are substantially different from each other.

For the level diagram shown in Fig. 1 the separatio
between the transition frequencies are known to be m
greater than the transition linewidth and the typical width
the laserp-pulse spectrum, so that the selectivity of the a
tion of each pulse on a given transition is guaranteed.

To increase the total lifetime, one should prepare the s
tem in the state with the maximal inversion of populations
means of a properly chosen squence ofp pulses. The order
of p pulses depends upon the initial populations. For
ample, according to Ohtsuki’s calculations@20#, the latter
decrease monotonically from lower to upper levels. In t
case the sequence ofp pulse should be (2→3), (3→4),
(4→5), (2→3), (3→4), (2→3). For other initial popula-
of
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tion distributions both the number and the order of puls
may be different.

The prolongation of the mean lifetime of the system
thus achieved due to the simple fact that most of the m
ecules populate the top levels of the scheme and it ta
them some longer time to reach the ‘‘annihilation bottom
via the longer chain of spontaneous radiation transitions. T
additional contribution to the effect comes from the sligh
growth of the radiative decay time from lower to uppe
states.

The numerical modeling of the coherent laser excitatio
and decay of the system was done by solving the compl
set of density matrix equations, describing the interaction
a multilevel system with multifrequency pulsed radiation:

ṙ̂52
i

\
@Ĥ r̂ #2

1

2
~ Ĝr̂1 r̂Ĝ !1L̂,

where r̂ is the density matrix operator with the matrix ele

mentsr ik5^ i ur̂uk&, i ,k51, . . . ,6numerating the levels,

Ĥ5S \v1 V12~ t ! 0 0 0 0

V12~ t ! \v2 V23~ t ! 0 0 0

0 V23~ t ! \v3 V34~ t ! 0 0

0 0 V34~ t ! \v4 V45~ t ! 0

0 0 0 V45~ t ! \v5 V56~ t !

0 0 0 0 V56~ t ! \v6

D ,

FIG. 1. Part of the energy-level diagram ofp̄He1. Solid lines
show the metastable states, zigzag line denotes the short-lived
nihilation state, dashed line shows the states depopulated by c
sions.
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FIG. 2. Inversion of energy-state populations by a sequence of laserp pulses. Here and below the time is expressed in microseconds
the populations are normalized so that the total initial population in the cascade is 1.
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Ĝ5S g1 0 0 0 0 0

0 g2 0 0 0 0

0 0 g3 0 0 0

0 0 0 g4 0 0

0 0 0 0 g5 0

0 0 0 0 0 G6

D ,

\v i is the energy of thei th level,g i is the relaxation rate o
the i th level, G65g61gcol , and gcol is the collisional
quenching rate of level 6.

L̂5S g2r22 0 0 0 0 0

0 g3r33 0 0 0 0

0 0 g4r44 0 0 0

0 0 0 g5r55 0 0

0 0 0 0 g6r66 0

0 0 0 0 0 0

D ,

r̂ is normalized as( i51
6r i i51,

Vi j ~ t !52(
m

~Am/2tpAp! exp$2@~ t2tm!/tp#
2

2 i @~v i2v j2nm!t#%1c.c.,

Am is the area of themth pulse, andnm is the pulse carrier
frequency. We will suppose below that all pulses are re
nant to the corresponding transitions with zero detuning.

In our model the relaxation of the diagonal eleme
rkk , k52, . . . ,5 iscaused only by the spontaneous radiat
-

s

transitions to the next lower level. The collisions are n
taken into account ing i , so there is no ‘‘elastic’’ contribu-
tion to the relaxation of coherencesrkm . It is also assumed
that states other, than those shown in Fig. 1 are not invol
in the relaxation processes. This assumption is based on
fact @9,13# that the appropriate spontaneous transition ra
are at least one order smaller than those taken into acco
To avoid complicated coherent phenomena the pulses
separated by a short delay from each other, so each of t
acts separately on the appropriate transition.

Figure 2 shows the inversion of energy state populati
by a sequence ofp pulses. One can see sequential int
change of populations between the levels 2 and 3, 3 an
etc. The pulse width and amplitude are chosen to satisfy
p-pulse area condition, providing complete inversion
population. For the typical values of laser pulse parame
~pulse duration tp.1 ns, reduced dipole momen
`.1.5310230 A s m @19#, and the laser beam radiusw.1
mm! the necessary pulse power is about 102 W, which may
be easily achieved using the commercial laser systems.1

The whole sequence of pulses is much shorter in ti
than the typical decay time, so the laser action may be c
sidered as two different scale processes:~i! ‘‘instant’’ prepa-
ration of inverted system;~ii ! free decay of this system. Th

1Although the antiproton beam radius in LEAR experiments@3–9#
could be as small as 1 mm, thep̄ stopping region after passin
through the window and the helium medium itself was subject
multiple scattering. Computer simulations showed@24# that it is
about 10 mm diameter. In this case the transverse profile of
laser beam is, of course, essential. However, the transverse e
in the laser beams are beyond the scope of this study.
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FIG. 3. Large-scale kinetics of decay of individual metastable states previously prepared by thep-pulse sequence~a! compared with that
without laser preparation~b!.
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second part of the temporal evolution may be considered
spontaneous decay with inverted population distribut
which can be simulated using ordinary rate equations for
level populations. In principle, the code used allows one
deal with pulses of arbitrary areas, chirped or detuned pul
and, if desired, account for coherent effects of simultane
action of the same pulse on two or more parallel neighbor
cascades.

In Fig. 3 the large-scale kinetics of decay of individu
a
n
e
o
s,
s
g

l

metastable states previously prepared by thep-pulse se-
quence~a! is compared with that without laser preparatio
~b!. The nonmonotonic temporal dependence of populati
of levels 2–5@Fig. 3~a!# is determined by the transition t
these states from the upper ones. These transitions com
with the ordinary spontaneous decay of these states.

Figure 4 demonstrates the total population of all me
stable levels of the cascade versus time. One can see tha
laser-pulse preparation yields an increase of about 20%
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FIG. 4. Total population of all metastable levels of the cascade versus time.
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the total number of metastable molecules throughout the
cay process. Thus the proposed technique may give a
stantial increase of the total number of metastable molec
as well as of the mean lifetime.

Pulses of arbitrary area will, as a rule, produce sma
effect. For example, long pulses or cw radiation will produ
only saturation, i.e., equalizing the initially different popul
tions, but they cannot invert the transition. This is the pr
cipal idea of this paper as compared with other studies
laser excitation ofp̄He1.

III. CHECKING THE MECHANISM OF THE
DEPOPULATION OF THE STATES WITH N>41

The interpretation of DATS experiments@14# implies the
anomalously low population of high states (n>41). The
mechanisms of this are not clear within the existing theory
the isolatedp̄He1 formation. Ohtsuki’s estimations show
that there is nothing extraordinary about the initial popu
tion of these levels compared with those withn<40. The
most realistic explanation@21,22# of this fact is the fast
(t.1 ns! quenching due to collisions of the molecule wi
He atoms. There are no direct experimental data on the
and channels of the depopulation of then>41 states, as wel
as no evidence in favor of the idea that they are not initia
populated at all.

We will show that the multipulse excitation technique a
lows one to enforce the population of these states and m
tor the decay that follows. The efficiency of this procedure
maximal when the population of the neighboring (n540)
level is previously increased as much as possible by me
of the inversion sequence.

Suppose, for example, that the staten541 has a very
short lifetime due to the fast collisional quenching resulti
in the transition of the moleclue to the states not shown
Fig. 1. Figure 5 shows large-scale decay kinetics after
p-pulse sequence, increasing the population of leve
(n540), followed by ap pulse, transmitting the accumu
lated particles to state 6 (n541). Thus if the kinetic mode
supposed in this calculation is valid, then the fast decay
e-
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this state will cause a step in the total particle number, f
lowed by the common decay picture.

If the decay of then541 state occurs in a usual manne
i.e., via the transitions to then540 state, no step in the tota
population curve takes place, and the decay kinetics is qu
tatively the same as discussed in the preceding section. T
by comparing the experimental results with numerical cur
obtained for different decay models one can choose am
them.

IV. MEASURING THE POPULATIONS
OF INDIVIDUAL STATES

Primary distribution of populations of metastable states
the dominant factor affecting the laser-induced kinetics
p̄He1, discussed in Sec. I. Significant work has been don
experimental study of population dynamics inp̄He1. From
the measurement of the time dependence of the first l
spike and the recovery time detected by the second l
pulse tuned to the same transition the initial populations
three levels involved in thev53 cascade were deduced a
suming a certain kinetic model and using the best-fit pro
dure @7#. It is desirable to have a means of direct measu
ment of the population distribution at any instant of time. W
will show that the multipulse coherent excitation techniq
using nanosecond pulses separated by nanosecond d
~i.e., practically instantaneous compared to the decay ti!
provides such an opportunity.

The idea is rather simple. We have already mentioned
a p pulse causes complete inversion of the resonant tra
tion, i.e., the final population of the lower energy state b
comes equal to the initial population of the upper ene
state and vice versa. Hence thep pulse resonant to the tran
sition 2→1 between the lowest metastable state 2 and
neighboring short-lived state 1 enforces the fast annihilat
of all antiprotons populating state 2. This results in a spike
the annihilation output measured in a way similar to@6–8#.
The spike amplitude is proportional to the population of st
2 at the moment of the pulse action.

If we replace the single pulse 2→1 with a sequence o
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FIG. 5. Large-scale decay kinetics after thep-pulse sequence, increasing the population of level 5 (n540), followed by ap pulse,
transmitting the accumulated particles to the collision-quenched state 6 (n541).
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three pulses 2→1, 3→2, 2→1 then all molecules which
have initially been in states 2 and 3 appear to be sha
down to state 1 and finally cause an annihilation peak p
portional to the total initial population of states 2 and 3.

The linear dependence of the annihilation peak upon
populations is due to the fact that the typicalp-pulse dura-
tion as well as the delays between the pulses are of the o
of 1029 s, i.e., the laser action on the system is practica
instantaneous compared to the spontaneous decay life
~the number of annihilation events is counted during the ti
of nearly 10 ns!.

Performing similar experiments with sequences of pul
resonant to various transitions in the cascade one can obs
a series of annihilation peaks, the ratios of their amplitu
giving directly the relative population of individual levels
the moment of the laser action.
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The experimental realization of this technique seems
meet no major problems since there exist commercial t
able lasers in the frequency region considered which
provide pulses of necessary length and of power even hig
than required.
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