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We propose and analyze the possibility of performimg-photoncontinuous-wave Doppler cooling of
hydrogen atoms using theS12S transition. “Quenching” of the & level (by coupling with the P statg is
used to increase the cycling frequency, and to control the equilibrium temperature. Theoretical and numerical
studies of the heating effect due to Doppler-free two-photon transitions evidence an increase of the temperature
by a factor of 2. The equilibrium temperature decreases witteffeetive(quenching-dependeniidth of the
excited state and can thus be adjusted up to values close to the recoil temperature.
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Laser cooling of neutral atoms has been a most active We also develop an analytical approach to the problem. A
research field for many years now, producing a great deal dfokker-Planck equation is derived, describing the dynamics
new physics. Hydrogen atoms are interesting because of thedf the process for temperatures above the recoil temperature
“simple” structure that has led to fundamental steps in theT, (corresponding to the kinetic energy acquired by an atom
understanding of quantum mechaniEsee hydrogen atoms in emitting a photoh A numerical analysis of the dynamics
have not yet been laser-cooled, although optical resonancef the cooling process completes our study.
assisted evaporative cooling has been repdriédThe re- Let us consider a hydrogen atom of m&édsand velocity
cent experimental demonstration of the Bose-Einstein cornw parallel to thez axis (Fig. 1) interacting with two counter-
densation of H adds even more interest to laser cooling opropagating waves of angular frequeney with 2w, = wq
free hydrogen atom§2]. One of the main difficulties en- + 8, where wo/27m=2.5x10" Hz is the frequency corre-
countered in doing so is that all transitions starting from thesponding to the transition22S, and also define the quan-
ground state of H fall in the vacuum-ultraviol®tUV) range  tity k=2k, =2 /c. The shift of velocity corresponding to
(121 nm for the B-2P transition, a spectral domain where the absorption of two photons in tleamelaser wave isA
coherent radiation is difficult to generate. In 1993, Allegrini =2k/M~3.1 m/s. We will neglect the frequency separation
and Arimondo suggested the laser cooling of hydrogen bypetween & and 2P states(the Lamb shift, which is of the
two-photons pulses on the $-3S transition(wavelength of  order of 1.04 GHz and consider that the one-photon spon-
200 nm for two-photon transition$3]. Since then, methods taneous deexcitation from theP2state also shifts the atomic
for generation of continuous wavew), vuv, laser radiation velocity of A randomly in the+ z or —z direction. Note that
have considerably improved, and have been extensively uselj =M A?/kg~1.2 mK for the considered transitiork{ is
in metrological experimentf4]. This technical progress al- the Boltzmann constant We neglect the photoionization
lows one to realistically envision the two-photon Doppler process connecting the excited states to the continuum. A
cooling (TPDCO) of hydrogen in theontinuous-waveegime,  more complete discussion about this point will be given by
in particular for the 5-2S two-photon transition. the end of the paper.

Laser cooling relies on the ability of the atom to perform  The atom is subjected to a controllable quenching process
a large number of fluorescence cycles in which momentum ighat couples the @ state to the P state (linewidth T',p
exchanged with the radiation field. It is well known the 2 =6.3x10°s™'). The adjustable quenching ratelig. Four
is a long-lived metastable state, with a lifetime approaching
1 sec. From this point of view, theSt2S two-photon tran- C
sition is not suitable for cooling. On the other hand, the 5T N\
minimum temperature that is achieved via Doppler cooling is 28 ; 2P
proportional to the linewidth of the excited level involved on %
the proces$5], a result that will be shown to be also valid s
for TPDC. From this point of view, 8 is an interesting state. @y T I

In order to conciliate these antagonistic properties of the J
1S-2S transition, we consider in the present work the possi- o
bility of using the “quenching”[6] of the 2S state to control 1S 3
the cycling frequency of the TPDC process. For the sake of

IS
simplicity, we work with a one-dimensional moddD). We é @K é
+) 8]

write rate equations describing TPDC on th8-2S transi-

tion in the presence of quenching. The quenching ratio is
considered as a free parameter, allowing control of the equi-
librium temperature. The cooling method is then in principle  FIG. 1. Hydrogen levels involved in the two-photon Doppler
limited only by photon recoil effects. cooling in the presence of quenching.
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two-photon absorption processes are allow@dabsorption The deduction of the above equations is quite straightfor-
of two photons from ther z-propagating wavénamed wave ward (cf. Fig. 1). The first term on the right-hand side of Eq.
“ +" in what follows), with a ratel'; and corresponding to (3a) describes the depopulation of the ground-state velocity
the a total atomic velocity shift of A; (ii) absorption of two  classV by two-photon transitions, whereas the second term
photons from the- z-propagating wavéwave “—"), witha  describes the repopulation of the same velocity class by
rateI'_,; and atomic velocity shift of-A; (iii) the absorp- spontaneous decay from the excited level. In the same way,
tion of a photon in the wave +” followed by the absorp- the first three terms on the right-hand side of E3jp) de-
tion of a photon in the wave “,” with no velocity shift,  scribe the repopulation of the excited state velocity chss
and (iv) the absorption of a photon in the wave-"* fol- by the two-photon transition, and the last term the depopu-
lowed by the absorption of a photon in the wave ;*’ with lation of this velocity class by spontaneous transitions. For
no velocity shift. The two latter processes are indistinguish€ach term, we took into account the velocity shi¥t-¢V
able, and the only relevant transition rate is that obtained by- 1) associated with each transition and supposed that spon-
squaring the sum of themplitudesof these processésalled  taneous emission is symmetric under spatial inversion.
I'y). Also, these processes are “Doppler-fre@F), as they For moderate laser intensities, one can adiabatically elimi-
are insensitive to the atomic velocityo the first order in  nate the population of the excited level. This is valid far from
v/c) and do not shift the atomic velocity. Thus, they cannotthe saturation of the two-photon transitions and reduces Egs.
contribute to the cooling process. As atoms excited by thé3a and(3b) to one equation describing the evolution of the
DF process must eventually spontaneously decay to thground-state population,
ground state, this procebgatsthe atoms. In the limit of low
velocities, the transition amplitude for each of the four pro- dn(V,t) (V) Ta(Vv)
cesses is the same. One thus expects the DF transitions o gt~ | " 2 2
increase the equilibrium temperature by a factor of 2.

We can easily account for the presence of the quenching
by introducing aneffectivelinewidth of the excited level
(which, due to the quenching process, is a mixing of tie 2

n(Vv,t)

+ %{Fo[n(V— 1H+n(V+1b)]

and 2P levely given by +I'_((V=2)n(V=21)+T1(V+2)n(V+21)}.
4
O S B 1 *

& PT +T,p —9lze @ Equation(4) is in fact a set of linear ordinary differential

equations coupling the populations of velocity classes sepa-
with g=I"q/(I'y+1"2p). This approximation is true as far as rated by an intege®/, V+1,V*2, . ... This discretization
the quenching ratio is much greater than the width of tBe 2 exists only in the 1D approach considered here, but it does
state(note that this range is very large, as the width of te 2 not significantly affect the conclusions of our study, while

state is about 10° times that of the P state. greatly simplifying the numerical approach.
The two-photon transition rat¢g] are given by Equation (4) can be recast asin/dt=Cn, where C
o is a square matrix anch is the vector (...,n(—i,
g (1+368,)12 t), ...,n(0t),n(1t), ...). Numerically, the equilibrium
Fn:rZPE (E—nKV)2+gzl4' 2) distribution is obtained simply as the eigenvectqy of C

with zero eigenvalue. In this way, the asymptotic tempera-
where n={—1,0,1} describes, respectively, the absorptiontUré is obtained as

from the “—" wave, DF transitions, and the absorption from .
the “+” wave_.I_EI/Is, wherely is the two-photon satura- D izneq(i)
tion intensity,§ is the two-photon detuning divided Hy,p, l:<vz>: i=—o ®)
K=KkA/T',p~0.26 andV=uv/A. T, - :
The rate equations describing the evolution of the velocity i_Ew Neg(i)

distributionn(V,t) andn*(V,t) for, respectively, atoms in
the ground and in the excited level are thus ) o o )
Figure 2 shows the equilibrium distribution obtained by
an(V,t) numerical simulation fo= —0.25 andg=1/3. The dashed
(V) + e+ Ta(V)In(v,) curve corresponds to the distribution obtained by artificially
suppressing DF transitiong.e., by settingl'g=0). As we

Pe N pointed out earlier, the DF transitions lead to a heating ef-
+ 7[” (V=1)+n*(V+1)], (33 fect. Doppler cooling is mainly efficient for atoms distributed
on a range ofg/K around the velocityV=*|5|/K [5],
an*(V,t) whereas Doppler-free transitions are independent of the ve-
(V= Dn(V=10+Fon(V,t) locity; all velocity classes are thus are affected by the heat-

ing. As a consequence, DF transitions induce a deformation
+I(V+)n(V+1t)—Ten*(V,1). (3b) of the velocity profile, especially for small values gfand
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FIG. 2. Numerically calculated velocity distributions with= FIG. 3. Dependence of the temperat(img scalé on the detun-
—0.25 andg=1/3. The dotted curve corresponds to the distributioning. The solid curve takes into account all two-photon transitions,
obtained by suppressing Doppler-free transitigefs tex). Typi-  whereas in the dashed curve the Doppler-free transitions have been

cally, the distribution exhibits two structures: a broad backgroundsuppressed. The plot shows that the effect of the latter is to increase
due to the atoms heat by Doppler-free transitions, and a sharp peake temperature by a factor of 2, in agreement with the FPE predic-
of cold atoms. tion.

|§|, superimposing a sharp peak of cold atoms on a wid here th_e dotted curve _c_orrespon(_js to the temperature ob-
background of “hot” atoms. In what follows, all numeri- t@inéd without DF transitions. As in one-photon Doppler-
cally calculated temperatures that are deduced from thgoling, the equilibrium temperature is independent of the
width of the thin peak of cold atoms. laser intensity(but the time needed to achieve cooling obvi-
Equations(3a and (3b) or Eq.(4) have no exact solution. ©OUSly increases as the laser intensity diminishes
However, using some reasonable hypothesis, it is possible to Note that the range of validity of the FPE [ig|>1. It
develop analytical approaches. The most usual analytical apus fails when the temperature approaches the recoil tem-
proach is to derive from the above equations a FokkerPerature(or, in other words|V|~1). Figure 4 shows the
Planck equatiofFPB describing the evolution of the veloc- dependence of the equilibrium temperature as a function of
ity distribution. The derivation of the FPE for two-photon the detuning for different values of paramegerThe mini-
cooling follows the standard lines that can be found in theNUm temperature is clearly reduced by the decreasing of
literature (see[8]). If |V|>1 the coefficients in the resulting UP t0 values close to the recoil temperatdie Moreover,
equation can be expanded up to second order|\| Ithis is the figure shows that the minimum temperature generally

the so-callechypothesis of small jumpsMoreover, ifK|v| — adrees with the theoretical predictions: it is goverbeth by

<|8],g the resulting expression can be expanded up to th;[ahe effective linewidthy of the excited statand by the de-

orderV. The resulting FPE reads tuning, the optimum value beinEz—g/Z (in the range of
validity of the FPB. A reasonably good agreement between

an  —a(Vn) — T #n numerical data and the FPE prediction within its range of
—=2I" +|2I'+ —O>—2, (6) validity is also observed.
ot v 2/ gv Photoionization of the excited state by the laser radiation

. . causes a decrease in the number of cooled atoms. In order to
whereI'=I"_,(0)=T"y/4 andI'’ is theV derivative of[_,  evaluate the impact of this effect on our problem, the impor-
evaluated av=0. Multiplying this equation byv? and in-  tant parameter to be considered is Hranching ratioof the
tegrating ovelV one easily obtains

100 g

d(V?) = —
T =—AI'"(V)+(4T'+Ty). (7)

—
[=1
™

As (V®)=T/T,, this equation shows that the characteristic

relaxation time is (') 1= (gl ,pl 26K)/(482+g?). The
equilibrium temperature is then given by
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FIG. 4. Dependence of the temperat(og scale on the detun-
. . y ) . ing for three values of: 0.9 (solid line), 0.5(dashed ling and 0.09
Thls result Conflrms that the Dop_pler_ free tW()_Photon transi (dotted ling. The triangles correspond to the calculation based on
tions, corresponding to the contributidly/2=2I" in Eq.(8)  Eq. (8) for g=0.5 and show the breaking of the Fokker-Planck
increase the equilibrium temperatu(ed least in the range of approach at temperatures closeTia The curve corresponding to
validity of the FPE by a factor of 2. This fact can also be g=0.09 shows that the minimum temperature is very close to the

verified from the numerical simulations, as shown in Fig. 3,recoil limit.
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ionization process with respect to the spontaneous decay ttetailed study of the procedure optimizing the final tempera-
the ground statel;,,/(Tion+ 9 2p) (I'ion iS the ionization  ture is, however, out of the scope of the present paper.
ratio), that corresponds to the ionization probability per fluo-  In conclusion, we have suggested and analyzed, both ana-
rescence cycle. Using the cross section for the ionizatiofytically and numerically, the use of theS12S two-photon
process reported in Ref9] one finds: I';,,/,p=(1.8  transition together with the quenching of th& &tate to cool
%108 cm®W1)I. Thus, for intensities of order of  hydrogen atoms to velocities approaching the recoil limit.
~10° Wcm 2 ionization losses amount to X80 ° per The quenching ratio gives an additional, dynamically con-
fluorescence cycle; that is, about 18% for a full cooling cycletrollable parameter.

of typically 10° fluorescence cycleg0.1). . Laboratoire de Physique des Lasers, Atomes ef boés

Let us finally note that an interesting practical possibility (phLAM) is UMR 8523 du CNRS et de I'Universitdes
is to change the quenching parameter as the cooling procesgiences et Technologies de Lille. Center d’Etudes et Re-
proceeds. One starts with a high valuegoh order to rapidly  cherches Lasers et Applicatiof€ERLA) is supported by
cool the atoms to a few recoil velocities. Then, the quenchMinistere de la Recherche, B®n Nord-Pas de Calais, and
ing parameteand the detuning are progressively decreasedfFonds Europen de Deeloppement Economique des -Re
achieving temperatures of order of the recoil temperature. Ayions (FEDER.
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