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Multipulse laser spectroscopy ofp He *: 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
7 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 hightates, for measuring the populations of the
individual energy levels, and for slowing down the decay by meanswgdulse-induced inversion.
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[. INTRODUCTION studied in various phases of helium and also in helium media
with foreign atoms or moleculds$,5] have provided impor-
The recently discovered metastable states of antiprotorf&int information on the formation and decay of the meta-
in helium[1] are of significant interest as a means of accu-stable molecules, but it is a cumulative, integral, and macro-
mulating antimatter in neutral atoms. This is important forscopic effect and difficult to interpret in terms of individual
further use of antimatter in new energy sources as well as istates involved. “Differential and microscopic” information
fundamental experiments dDP T-invariance testing, gravi- can be provided by laser resonance spectrosddgy in
tation interaction of antiparticles, eti2]. Besides that, anti- which transitions stimulated by a pulsed laser produce a
protonic atoms, as well as other hadronic and muonic atomispike in DATS at the laser timing. Such a resonance spike
and molecular systems, are themselves a very interesting olaas observed in 1993 by Moritet al. [6,7] on the 597 nm
ject for the improvement and testing of theoretical and com{39,35-(38,34 transition. In 1994 they found an additional
putational tools of the few-body quantum physics. transition, (37,34-(36,33 [8]. Hayanoet al. [7,8] deduced
That is why the antiprotonic atoms became a subject ofhe lifetimes and populations from the measurements of the
intense theoretical and experimental studies, resulting in time dependence of the first laser spike and the recovery time
growing number of publications and international meetingsdetected by the second successive laser tuned at the same
A comprehensive study of long-lived antiprotons in heliumwavelength. Their results are in excellent agreement with the
has been carried out using the superior antiproton beam frotfieoretically calculated radiative ratgk3,15. Simultaneous
LEAR (Low Energy Antiproton Ringat CERN[3-9]. excitation of adjacent transitions-32—1 by using two la-
The phenomenon of delayed annihilation of antiprotons irsers has also been proven experimentilig].
helium may be well interpreted in terms of metastable states Recently a theoretical treatment using the molecular-
of large (n,1) of a neutral exotic systepHe", as suggested based large configuration variational method has been car-
by Condo[10] and studied theoretically by Russglil] more  ried out by KoroboV{17]. Calculations of the transition en-
than 20 years ago. Recently, new theoretical treatments @frgies using this method stimulated new experimé¢hg.
this system have been developed. Yamazaki and Ohtsulearly perfect agreement between the theory and experiment
[12] calculated the energy levels and their radiative lifetimesup to the level of 50 ppm was demonstrated.
using the configuration mixing method including various or- ~ Thus the present state of quantum mechanical treatment
bitals of the antiproton and electron, established the approxief p He" is sufficient to provide one with reliable estimates
mate selection rules for radiative transitions, and estimatedf energies, transition moments, and radiation lifetimes.
the Auger transition rates. However, there exist no rigorous quantum mechanical calcu-
Another theoretical approach, molecular approach, watations of the initial populations of metastable states in
developed by Shimamufd3]. In this model the He nucleus pHe". Quasiclassical estimations of these populati2®
and the antiproton are regarded as the two centers of asased on the theoretical approacH ®2,15,21 demonstrate
exotic molecule, to which one electron is coupled adiabatisatisfactory agreement with DATS experimeftst], pro-
cally. The results obtained in the energy levels and the radiavided that the levels witm=41 are populated negligibly
tive transition rates are nearly the same as those of themall due to efficient collisional quenchingl,22. Accord-
atomic approach. ThusHe" possesses a dual character ining to [22] the lifetime of the states with=41 is less than
itself both as an atom and as a molecule. 1 ns. The knowledge of the initial population distribution is
Delayed annihilation time specti®ATS) systematically important for the control of metastable atom decay kinetics
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and for the experimental testing of decay mechanisms of

. i=6 n=41,1=38
higher levels 1=41).
Our numerical estimations show that the total DATS is Ase

not critically sensitive to the variation of the initial popula-
tion distribution. Based on the results of humerical simula-
tions we propose here a coherent laser multipulse technique

5
for control and measurement of the kinetics of metastable
states inpHe'. The term “coherent” means that each pulse Ass

39,

40, 37

in the sequence is short enough compared with the atomic
relaxation times so that optical transient phenom@® are
essential. In particular, we propose a method of direct mea-
surement of the populations of the metastable states at an
arbitrary instant of time. Compared to the papers cited above
this technique is shown to provide a more selective action on
the individual transitions and, as a result, more detailed in-
formation on the population distribution.

36

38,35

4
/34
3
/23
2 37,34
Il. SLOWING DOWN THE DECAY
OF THE METASTABLE pHe* BY #-PULSE-INDUCED A2
POPULATION INVERSION
=1 n=36,1=33

Recent experimental and theoretical studies of the meta- '
stable states op He" reveal some typical features of the ) . o
optical transition scheme. Namely, the optical transitions F!G. 1. Part of the energy-level diagram pHe". Solid lines
take place between the metastable states including a fini@ow the metastable states, zigzag line denotes the short-lived an-
number of energy levels, sap0)— (n—1,—1). Each cas- nihilation state, dashed line shows the states depopulated by colli-
cade is limited by the nonstabl@nnihilation part of the stons.
zpfﬁ:rigﬁtfﬁ edc;auorgljlrgtrgdt hgybgzgpng??aiﬁ(;;%::agfgbvgglli? art(?on distril_autions both the number and the order of pulses
collisions with He atoms from the top. The dominant ma_I)_/ht;e drg];g:le';\tt.ion of the mean lifetime of the system is
mechanism of decay of each state is the radiative transitio us acﬁievedgdue to the simple fact that most ofythe mol-
to the neighboring lower energy level of the same chain. Th P

initial populations of the lower states are usually greater thaﬁCules populate the top levels of the scheme and it takes

those of the upper oner, at least, there is no monotonic ;1 SEe PR INe 8 12000 S SRR e e, The
decrease of population down by the casgadde lowest 9 P ;

metastable state decays straight into a short-lived stat&?gx'tﬁnilf iﬁgtrr'ggit:;ir\]/éo dtfaefi?nitecg?rﬁsléz?/g ttze uSI'g:rt
which results in fast annihilation qf. y pp

g
. " states.
As an example we consider the cascade of transitions be- . . o
o - s ! The numerical modeling of the coherent laser excitation
tween the states witb=n—1-1=2 (Fig. 1) which has .
. . . . .and decay of the system was done by solving the complete
been a subject of intense experimental and theoretical studies . . . o . .
; . Set of density matrix equations, describing the interaction of
[8,13] and is known to include the four metastable states. . . ; T
) . .- a multilevel system with multifrequency pulsed radiation:

As is known, am pulse resonant to a certain transition in
a multilevel system having relatively slow relaxation inverts
the population of the two coupled levels, leaving the other P [ A A
ones practically unaffected, provided that all transition fre- pP== g[HP]_ E(FPJFPF)JFAv
guencies are substantially different from each other.

For the level diagram shown in Fig. 1 the separations A . . , .
between the transition frequencies are known to be mucwherep IS theA den§|ty matrix operator W'th the matrix ele-
greater than the transition linewidth and the typical width ofmentspix=(ilp|k), i,k=1, ... 6numerating the levels,
the laserm-pulse spectrum, so that the selectivity of the ac-
tion of each pulse on a given transition is guaranteed.

To increase the total lifetime, one should prepare the sys- fiwy  Vit) 0 0 0 0
tem in the state with the maximal inversion of populations by Vit)  fw,  Voxt) 0 0 0
means of a properly chosen squencergbulses. The order

O V23(t) h(!)g V34(t) 0 0

of 7 pulses depends upon the initial populations. For exy, _

ample, according to Ohtsuki’'s calculatioh20], the latter 0 0 Vat) fws  Vast)

decrease monotonically from lower to upper levels. In this 0 0 0 Vi) fiws  Vegt)
0

o

case the sequence af pulse should be (23), (3—4),

(4—5), (2—3), (3—4), (2—3). For other initial popula- 0 0 0  Vgt) fwg
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FIG. 2. Inversion of energy-state populations by a sequence oftapetses. Here and below the time is expressed in microseconds and
the populations are normalized so that the total initial population in the cascade is 1.

yy 0 0 0 0 O transitions to the next lower level. The collisions are not
taken into account iny;, so there is no “elastic” contribu-
0O » 0 0 0 O . . i
tion to the relaxation of coherenceg,,. It is also assumed
o 0 0 v 0 0 O that states other, than those shown in Fig. 1 are not involved
"1 o 0 o0 ya 0 O’ in the relaxation processes. This assumption is based on the
fact [9,13] that the appropriate spontaneous transition rates
0 0 0 0 9y O .
are at least one order smaller than those taken into account.
0 0 0 0 0 I To avoid complicated coherent phenomena the pulses are

separated by a short delay from each other, so each of them
acts separately on the appropriate transition.

Figure 2 shows the inversion of energy state populations
by a sequence ofr pulses. One can see sequential inter-
change of populations between the levels 2 and 3, 3 and 4,

h w; is the energy of théth level, y; is the relaxation rate of
the ith level, T'g= y5+ yeo, @and ye is the collisional
guenching rate of level 6.

Y2P22 0 0 0 0 0 - . .
etc. The pulse width and amplitude are chosen to satisfy the
0 Yspss O 0 0 0 m-pulse area condition, providing complete inversion of
. 0 0 Yapasa O 0 0 population. For the typical values of laser pulse parameters
A= 0 0 0 0 ol’ (pulse duration 7,=1 ns, reduced dipole moment
Y5Ps5 9=1.5x10"%0 Asm[19], and the laser beam radius=1
0 0 0 0  vepes O mm) the necessary pulse power is abouf Y0, which may
0 0 0 0 0 0 be easily achieved using the commercial laser systems.

The whole sequence of pulses is much shorter in time
than the typical decay time, so the laser action may be con-
sidered as two different scale procesgestinstant” prepa-
ration of inverted systentji) free decay of this system. The

p is normalized a&;_,%p; =1,

Vij()=—2 (Ay/27\m) exp{—[(t—ty)/ ]2

—i[(wj—wj—vytl}+c.c., IAlthough the antiproton beam radius in LEAR experimdBts9]
could be as small as 1 mm, the stopping region after passing
A, is the area of thenth pulse, andv,, is the pulse carrier through the window and the helium medium itself was subject to
frequency. We will suppose below that all pulses are resomultiple scattering. Computer simulations show@d] that it is
nant to the corresponding transitions with zero detuning. about 10 mm diameter. In this case the transverse profile of the
In our model the relaxation of the diagonal elementslaser beam is, of course, essential. However, the transverse effects
Pk, K=2,...,5iscaused only by the spontaneous radiationin 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 preparedmpulee sequenc@) compared with that
without laser preparatiofb).

second part of the temporal evolution may be considered asraetastable states previously prepared by th@ulse se-
spontaneous decay with inverted population distributiorquence(a) is compared with that without laser preparation
which can be simulated using ordinary rate equations for théb). The nonmonotonic temporal dependence of populations
level populations. In principle, the code used allows one tof levels 2—5[Fig. 3(@)] is determined by the transition to
deal with pulses of arbitrary areas, chirped or detuned pulsethese states from the upper ones. These transitions compete
and, if desired, account for coherent effects of simultaneouwith the ordinary spontaneous decay of these states.
action of the same pulse on two or more parallel neighboring Figure 4 demonstrates the total population of all meta-
cascades. stable levels of the cascade versus time. One can see that the
In Fig. 3 the large-scale kinetics of decay of individual laser-pulse preparation yields an increase of about 20% in
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lasers off

lasers on

FIG. 4. Total population of all metastable levels of the cascade versus time.

the total number of metastable molecules throughout the dehis state will cause a step in the total particle number, fol-

cay process. Thus the proposed technique may give a sulewed by the common decay picture.

stantial increase of the total number of metastable molecules If the decay of then=41 state occurs in a usual manner,

as well as of the mean lifetime. i.e., via the transitions to the= 40 state, no step in the total
Pulses of arbitrary area will, as a rule, produce smallepopulation curve takes place, and the decay kinetics is quali-

effect. For example, long pulses or cw radiation will producetatively the same as discussed in the preceding section. Thus

only saturation, i.e., equalizing the initially different popula- by comparing the experimental results with numerical curves

tions, but they cannot invert the transition. This is the prin-obtained for different decay models one can choose among

cipal idea of this paper as compared with other studies ofhem.

laser excitation op He".

IV. MEASURING THE POPULATIONS
Ill. CHECKING THE MECHANISM OF THE OF INDIVIDUAL STATES

DEPOPULATION OF THE STATES WITH N=41 . C . .
Primary distribution of populations of metastable states is

The interpretation of DATS experimenit§4] implies the  the dominant factor affecting the laser-induced kinetics in
anomalously low population of high statesa=41). The pHe", discussed in Sec. I. Significant work has been done in
mechanisms of this are not clear within the existing theory ofexperimental study of population dynamicspie’™. From
the isolatedp He" formation. Ohtsuki’s estimations show the measurement of the time dependence of the first laser
that there is nothing extraordinary about the initial popula-spike and the recovery time detected by the second laser
tion of these levels compared with those witks40. The pulse tuned to the same transition the initial populations of
most realistic explanatiof21,22 of this fact is the fast three levels involved in the =3 cascade were deduced as-
(=1 n9 quenching due to collisions of the molecule with suming a certain kinetic model and using the best-fit proce-
He atoms. There are no direct experimental data on the raure[7]. It is desirable to have a means of direct measure-
and channels of the depopulation of the 41 states, as well ment of the population distribution at any instant of time. We
as no evidence in favor of the idea that they are not initiallywill show that the multipulse coherent excitation technique
populated at all. using nanosecond pulses separated by nanosecond delays

We will show that the multipulse excitation technique al- (i.e., practically instantaneous compared to the decay)time
lows one to enforce the population of these states and monprovides such an opportunity.
tor the decay that follows. The efficiency of this procedure is The idea is rather simple. We have already mentioned that
maximal when the population of the neighboring=40) a 7 pulse causes complete inversion of the resonant transi-
level is previously increased as much as possible by meari®on, i.e., the final population of the lower energy state be-
of the inversion sequence. comes equal to the initial population of the upper energy

Suppose, for example, that the state41 has a very state and vice versa. Hence thepulse resonant to the tran-
short lifetime due to the fast collisional quenching resultingsition 2—1 between the lowest metastable state 2 and the
in the transition of the moleclue to the states not shown imeighboring short-lived state 1 enforces the fast annihilation
Fig. 1. Figure 5 shows large-scale decay kinetics after thef all antiprotons populating state 2. This results in a spike of
m-pulse sequence, increasing the population of level 3he annihilation output measured in a way similafe-8|.
(n=40), followed by a=w pulse, transmitting the accumu- The spike amplitude is proportional to the population of state
lated particles to state G1&41). Thus if the kinetic model 2 at the moment of the pulse action.
supposed in this calculation is valid, then the fast decay of If we replace the single pulse-21 with a sequence of
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FIG. 5. Large-scale decay kinetics after thepulse sequence, increasing the population of levehs 40), followed by an pulse,
transmitting the accumulated particles to the collision-quenched state=8%).

three pulses 2:1, 3—2, 2—1 then all molecules which The experimental realization of this technique seems to
have initially been in states 2 and 3 appear to be shakemeet no major problems since there exist commercial tun-
down to state 1 and finally cause an annihilation peak proable lasers in the frequency region considered which can
portional to the total initial population of states 2 and 3.  provide pulses of necessary length and of power even higher
The linear dependence of the annihilation peak upon théhan required.
populations is due to the fact that the typiealpulse dura-
tion as well as the delays between the pulses are of the order
of 107° s, i.e., the laser action on the system is practically
instantaneous compared to the spontaneous decay lifetime
(the number of annihilation events is counted during the time
of nearly 10 ng
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