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Rabi oscillations in the optical pumping of a metastable neon beam with a cw dye laser
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We report the measurement of Rabi oscillations in the optical pumping of a beam of metastable
neon atoms in a three-level system with a cw dye laser. The laser beam is focused on the atomic
beam, resulting in an interaction time with the laser beam of the order of the spontaneous lifetime of
the induced transition. The Rabi oscillations are measured by a velocity-resolved analysis of the op-
tically pumped metastable atoms. Adiabatic following is observed when the atoms cross the laser
beam outside the waist, induced by the Doppler shifts due to the curvature of the wave fronts.

I. INTRODUCTION

The theory of Rabi oscillations describes the initial in-
teraction of atoms with a coherent light source, predicting
an oscillatory population of both the upper level and the
lower level. The oscillatory behavior is basically caused
by the coherence of the light. The oscillations are damped
by spontaneous decay; therefore they can only be detected
when the interaction time is of the order of the spontane-
ous lifetime of the transition used.

Rabi oscillations have been studied experimentally in
different ways. The frequency-resolved fluorescence sig-
nal of a two-level system, using a high-resolution scann-
able Fabry-Perot interferometer, shows a three-peaked sig-
nal at a spacing equal to the Rabi nutation frequency. '

Measurements are reported on the total fluorescence using
a pulsed laser or using an electric field pulse for sweeping
a group of atoms in and out of resonance by the Stark
shift. ' In our experimental configuration a laser beam is
focused on a high-velocity beam [u =(2—10) && 10 ms 'j,
resulting in an interaction time of the same order as the
spontaneous lifetime of the induced transition.

The same type of experimental arrangement for the
measurement of Rabi oscillations on a vibrational infrared
transition of SF6 has been reported. The longer lifetime
of the transition allows the measurement of the oscillation
with a thermal beam. The measurements reported here
are the first measurements of this type in the visible spec-
tral region.

The principle of adiabatic following is known from nu-
clear magnetic resonance measurements. It describes a
two-level system being swept through resonance, resulting
in the complete conversion of lower-level atoms to the
upper level. The optical analog was measured on an in-
frared transition in NH3. In our experiment the adiabat-
ic following can be observed when the atoms cross the
laser beam outside the waist, where the curvature of the
wave fronts causes a Doppler shift. For the case of a
diverging laser beam the atoms initially observe a positive
Doppler shift followed by a negative Doppler shift after
passing the center line of the laser beam.

The experiment is done in a three-level system, i.e., the
pumped metastable level, the excited level, which is popu-
lated by the laser interaction, and a third level which can

II. THEORY

The relevant part of the energy diagram is given in Fig.
1. There are two metastable levels: the 1s5 and 1s3 levels
with total angular momenta I=2 and 0, respectively. The
laser is tuned to excite metastable atoms to one of the 2p
levels. Spontaneous decay can occur to the pumped meta-
stable level and to the other ls levels. Spontaneous decay
to the resonant 1sz and 1s4 levels causes the intensity of
the beam of metastable atoms to decrease.

A. Rabi oscillations without spontaneous decay

We briefly review the description of Rabi oscillations in
a uniform laser field and investigate the influence of the
Gaussian envelope of the waist of a laser beam. The state

~
g(t)) of a two-level system is the superposition of the

lower state
~

a ) with energy E, =%co, and the upper state
~

b ) with energy Eb fico&, given by——
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FIG. 1. Energy-level diagram of the Ne 1s-2p transitions,
with Paschen notation for the excited states.

be populated by spontaneous decay of the excited level.
The existence of the third level causes the intensity of
metastable atoms to decrease. We measure the attenua-
tion of the metastable atoms, after passing the laser beam,
as a function of their velocity, giving information on the
pumping process.
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deb(t)

2 ba a= —R e+' 'c (t) (2b)

in the rotating-wave approximation, with
I

Rab I

=
I (a

I p 'I b)E/+I =
I ba I

=R the Rabi fre-
quency, p, the dipole moment along the z' axis, and
b,to=cob —co, —ro. The solution of Eqs. (2a) and (2b) is

I
cb(t)

I
=(R/0) sin (Qt/2),

n=[R2+(~~)2]~~~ .

(3a)

(3b)

With the laser field on resonance (pro=0) the upper-state
population

I cb(t)
I

has extrema for Rt =nm, with n in-
teger and n ) 1. Odd values correspond to maxima, even
values to minima: The system has suffered a so-called nm.

pulse. When the laser field is off resonance, i.e., hco&0,
the oscillation depth decreases and the oscillation frequen-
cy increases.

In our experiment the atomic beam crosses a Gaussian
laser beam in the waist. For this case Eqs. (2a) and (2b)
are solved numerically for a time-dependent Rabi frequen-
cy R (t), with the time t related to the position x in the
laser beam according to

t =x/U . (4)

A simple integration method has been used. Figure 2
shows the Rabi oscillations for atoms with a velocity
U =2)& 10 m s ' as a function of x for a laser beam with

't, p

The state
I
g(t) ) has to satisfy the time-dependent

Schrodinger equation, with- the Hamiltonian H =Ho+H&
consisting of a contribution Ho in absence of the laser
field and a contribution H ~ due to the interaction of the
atom with the field.

For the case of a linearly polarized laser beam (angular
frequency co, electric field amplitude El lz') substitution of
Eq. (1) in the time-dependent Schrodinger equation yields
the usual differential equations

dc, (t)
dt 2

=—R,be ' "'cb(t),

dimensions according to Sec. III and total power P=0.83
mW. We observe that the oscillation frequency is larger
at x=0 than for x~O, as can be expected from the
Gaussian profile of the electric field amplitude of the laser
beam. Note that x =to~(0) corresponds to e ' decrease
of E and thus R.

B. Adiabatic following without spontaneous decay

In Sec. IIA we have described Rabi oscillations for a
uniform laser field, both for b,co=0 and for Aro&0 but
constant. When the angular frequency is time dependent,
e.g., by sweeping the frequency of the laser field, the
phase factor of the electromagnetic field is given by
exp[i J ro(t')dt'], resulting in a modified set of differen-
tial equations

dc~(t) = —R,bcb(t)exp i—
2 00

b,co(t')dt'

deb(t) t=—Rb, c, (t)exp +i J pro(t')dt'
Art 2 00

(Sb)

with the frequency difference pro(t)=rob ro, ro(—t). —
These equations are identical to those obtained in

atom-atom scattering for a system with two adiabatic po-
tential curves with an avoided crossing, which has been
initially investigated by Landau' and by Zener. " The en-
ergy difference of the diabatic curves for the atom-atom
scattering as a function of the internuclear distance is re-
placed by the time-dependent energy difference Ahro(t).
The energy fiR is the equivalent of the coupling matrix
element between the two adiabatic states. If we assume
that

b.co(t) =b,ro(0)t,

R (t) =R (0),

(6a)

(6b)

i.e., for the case of atom-atom scattering the diabatic
curves are approximated by linear functions and the cou-
pling matrix element does not depend on the internuclear
distance, an analytical solution of Eqs. (5a) and (5b) is
given by Zener. " For the boundary conditions
c,( —oo)=1 and cb( —oo)=0, i.e., all atoms are in the
lower level

I
a), the asymptotical behavior for taboo is

given by

I c, (oo)
I

=exp[ —mR(0) /2b, ro(0)],

lcb(~)l =1—lc (~)l
(7a)

(7b)
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For b,co(0) «R(0) the system will follow the adiabatic
curve and will end up in the upper level

I
b ). This is usu-

ally called adiabatic following.
When the atomic beam in our experiment crosses the

laser beam outside the waist, the curvature of the wave
fronts. results in a position-dependent Doppler shift. We
find

FIG. 2. Population of the upper level
I
cb(t)

I
as a function

of the position x in the waist of the Gaussian laser beam, for a
laser power P=0.83 rn%'. The waist radius w (0) is also indi-
cated.

hroD(x) =—
CPI

with pI the radius of curvature of the wave front and x
the position in the laser beam. Using Eq. '(8) we find a
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time-dependent frequency difference

Acv(t) =cot, —tag —co —AcoD(t) y (9a)

Zt

v co
b,cd�(t)= — t

CPI
(9b)

with a constant rate of change proportional to v .
For a better qualitative understanding of the process of

adiabatic following we can discuss this problem within the
framework of a dressed atom. The diabatic energy curves
for the initial and final states with n+ 1 and n photons,
respectively, given by the product wave functions

~

a)
~
n+ I) and

~
b)

~

n ), are drawn in Fig. 3 for n=O
The finite slope of the

~

a )
~

I ) diabatic energy curve is
due to the Doppler shift. However, the diabatic curves
cannot cross and are connected by the dashed lines. If the
rate of change of gatv(t) is small in comparison to the
square of the transition frequency [R (0)] the system will

follow the adiabatic curve.
In Fig. 4 the intensity contour of the laser beam and the

atomic beam trajectory (2) are drawn. At a position
z~ ——100 mm from the waist and for a laser power P=0.83
mW Eqs. (5a) and (5b) have been solved numerically for
the b,m=O components of the Is, ~2pz transition in
neon, using an average value of the Clebsch-Gordan coef-
ficients (Sec. IV A). The population

~

cs(t)
~

as a func-
tion of the position x in the laser beam is given in Fig. 5,
for velocities v =2&10 and 10&10 ms ' of the atom.
By substituting the dimensions of the laser beam [Sec. III,
Eq. (16)] we find E(0)=1.93X10 Vm '. Using Eqs. (2)
and (17) to calculate the numerical value of (a

~ p, ~

b)
we can determine the Rabi frequency on the axis of the
laser beam R(0)=1.02)&10 s '. The radius of curva-
ture is )ot(zt =100 mm)=148 mm. By inserting these nu-
merical results in Eqs. (6), (7), and (9) we then find

~
c, ( ce )

~

=exp( —56) and exp( —2.26) for v =2&& 10
and 10)& 10 m s ', respectively. Comparison of these re-
sults with Fig. 5 is not very rewarding at first sight. We
find

~
c~(oo)

~

=4.7X10 and 0 for v =2&&10 and
10)& 10 m s ', respectively.

We first discuss the results for v =2&(10 ms '. In
Fig. 5 we observe a large number of oscillations superim-
posed on an adiabatic curve for

~
ct, (t)

~

. This indicates
that we indeed are in the regime of adiabatic following.
However, the Landau-Zener result is obtained by integra-

FIG. 4. The laser beam and two atomic trajectories, (1) re-
sulting in Rabi oscillations, (2) resulting in adiabatic following.
The e intensity contour and the wave front at z =z~ with ra-
dius pI(z) are also indicated.

tion over a radiation field of infinite width and our nu-
merical simulation only extends over the width of the
laser beam, with a typical time scale

7r'~ tv—( 0)/2v & t (+sr' w„(0)/2v [see Eq. (21)]. For
v =2X10 ms ' this range is —51(t &51 ns. At time
t=51 ns we find b,cvD(51 ns)=1.47&&10 s ', which is
small compared to R(0). The difference between the dia-
batic curves at the onset of the laser beam is thus small in
comparison with the effective separation at t=O of the
adiabatic curves in Fig. 3. In this respect it is hardly
surprising that we observe large differences in comparison
with the Landau-Zener formula. For v =10&10 ms
we have a fully different situation. The curve in Fig. 5 is
just a lucky example of a particle suffering a m pulse and
should not be considered as due to.adiabatic following.
This is supported by the results for u =20&10 ms
which result in

~
c, (oo)

~

=0.5.

C. Spontaneous emission

In Secs. IIA and IIB we have not taken into account
the effect of spontaneous decay on the phenomena of Rabi
oscillations and adiabatic following. Spontaneous decay
of the upper level

~

b ) to a third level can easily be incor-
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= t=x/vI
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FIG. 3. Effective diabatic (solid line) and adiabatic (dashed
line) potential-energy curves for the

~

a )
~

n +1) and
~

b )
~

n )
states (n =0) of the dressed atom. The finite slope of the dia-
batic

~
a )

~

n +1) curve is due to the position and thus time-

dependent Doppler shift.
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FICr. 5. Population of the upper level
~
cq(t)

~

as a function
of the position x in the Gaussian laser beam. Laser power
P=0.83 mW, zI ——100 mm, and waist length L„=70.6 mm.
The radius w (zI)=0.203 mm is indicated in the horizontal
scale. Velocity of atom U=2000 ms ' (solid line); v =10X10'
m s ' (dashed line).
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porated in the semiclassical description given in Sec. II A
by adding a semiempirical term —( Ab/2)cb(t) in Eq. (2b)
with Ab the decay rate. Without the laser field the dif-
ferential equation for cb(t) then becomes

Im

deb(t)
dt

= —(Ab/2)cb(t), (10)

resulting in the usual rate equation for the population

~
cb(t)

~

of the upper level.
The analytical solution for the population of the upper

level for the case of Rabi oscillations with only spontane-
ous decay to a third level, i.e., Ab &&Ab„ is given by

~
cb(t)

~

=(R/Q) sin (Qt/2)exp[ (Ab/—2)t],
Q=[R'+(A /2)']' '

(1 la)

(1 lb)

for the case b.co=0. In comparison with Eq. (3) we see
that the term (Ab/2) has the same effect as b,co for the
case without spontaneous decay and causes an increase in
oscillation frequency and a decrease in oscillation ampli-
tude. Moreover, an extra damping with decay rate Ab/2
is added. The factor 2 in the decay rate can be understood
qualitatively if we consider that the atom only spends half
of its time in the upper level.

If we assume that (Ab/2R) «1 we can write the oscil-
lation frequency as

Q=R [1+—,
' (Ab/2R) ] .

To determine the influence of the spontaneous decay on
the oscillation frequency Q we assume a damping with a
factor 1/e for an interaction time t =2m/Q=2m. /R re-
sulting in the relation (Ab/R)=l/m. . For these condi-
tions we calcula, te Q = 1.013R. We conclude that for
those cases in which we observe Rabi oscillations, i.e., that
they are not fully damped by spontaneous decay, the oscil-
lation frequency is in good approximation given by the
Rabi frequency R.

For adiabatic followirig, spontaneous decay to a third
level can be included in Eqs. (Sa) and (Sb) in the same way

'

as discussed previously. However, no analytical solution
is available. For our experiment, where we detect the loss
of atoms in the

~

a ) level after the interaction, it is not
important if the decay occurs during the interaction or at
a later stage. We do not expect to observe any effect de-
pending on the magnitude of the decay rate Ab

We now discuss the limiting case Ab ——Ab„ i.e., we only
consider spontaneous decay from the upper level

~
b) to

the lower level
~
a). Spontaneous emission of a photon

by the upper state of the atom (with a wave function with
a well-defined initial phase) will result in a product wave
function of the atomic lower state and the photon state,
with the same well-defined phase. Subtracting the infor-
mation on the emitted photon, in which we are not in-
terested, will leave us with the lower-level wave function
with a random phase. This process is illustrated in Fig. 6,
which gives the amplitudes cb(t) and c,(t) in the complex
plane. Subsequent spontaneous decay decreases the ampli-
tude cb ( t) according to Eq. (10) with amounts
b,;-cb(t)bt. The amplitude c,(t), however, is modified
by adding equal contributions bc, (t) =

~
b„~ exp(iP) with

a random phase P. A time average then results in

0 = Re

FIG. 6. Decrease of the complex amplitude cb(t) of the
upper level with 6; -cb(t)&t due to spontaneous decay results in
an increase of the amplitude c, (t) of the lower level with
bc, {t)=

~
b„~ exp{ i{b ) with a random phase P.

dc, (t) =0,
dt

d tc, (t)
[

dt
Abo

I
cb(r)

(13a)

(13b)

(14)

the equation for the time evolution of p(t) becomes

= —[p(t), Hg]
dt

+Ah,

—
2 P~b(r)

YiPab (t) Pbb(t)
(15)

with the first term on the right-hand side describing the
interaction with the electromagnetic field and the second
term due to spontaneous decay.

In our experiment we detect the loss of atoms in the
metastable

~

a ) level after the interaction with the laser
beam. This loss is caused by decay of the upper b) level
to the resonant levels. The transitions used are therefore
characterized by Ab »Ab, and the results of Eq. (11) are
valid in good approximation. For application to an arbi-
trary system, where Ab, may play an important role, Eq.
(1S) is a good starting point when the effect of decay to a
third level with rate Ab —Ab, is added. For the resonant
case hco=0 this will result in damped Rabi oscillations
due to the loss of coherence on a time scale of the lifetime
A

—1 13
ba

where the latter describes [together with Eq. (10)] the con-
servation of particles.

These equations directly show that for this case spon-
taneous emission cannot be included in the semiclassical
description by adding an extra semiempirical term in the
differential equations for the amplitudes c, (t) and cb(t)
[Eqs. (2) and (5)]. Although the quantum field theory
provides a rigorous solution of spontaneous decay, ' we
propose a more straightforward description in terms of
the density matrix operator p(t) because we are only in-
terested in the atomic state. By using the relation

d [c,*(t)cb(t)], dcb(t) dc,*(t)
=c,'(r) + cb(r)

dt dt
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III. EXPERIMENTAL CONDITIONS

E(0)= —eocw (z)w~(z)
4

—1/2

p 1/2

= G (z)P'i (16)

with G(z) determined by the geometry of the laser beam
and eo the permittivity of vacuum. By substituting the
beam dimensions at z=O we find G(0)=3.53X10
Vm 'mW ' . In our experiment the total power I' is
measured with a commercial laser power meter' without

The experimental setup has been described in detail else-
where. Here we give the main features (Fig. 7). The
atomic beam is produced by a hollow cathode arc which is
an intense source' for metastable atoms with translation-
al energies in the range 1—10 eV. A single-mode,
frequency-stabilized (0.5 MHz rms) cw dye laser was used
which was locked to the absolute transition frequency us-
ing an auxiliary atomic beam setup. '

The laser beam and the atomic beam cross at right an-
gles. A cylindrical lens with focal length F=200 mm is
used to decrease the waist size of the laser beam along the
atomic beam (x axis, see Fig. 7), resulting in a waist ra-
dius w„(0)=0.115 mm (e intensity contour) with waist
position z=0 at the crossing point. The waist of the laser
beam perpendicular to the atomic beam (y direction, see
Fig. 7) is positioned before the crossing point at z = —194
mm, with a waist radius w~ (z=194 mm)=0. 314 mm.
At z=O the radius in the y direction is thus w~(0) =0.335
mm. With a collimator of 0.3-mm diameter in the atomic
beam, careful alignment in the y direction then results in
an electric field which is constant within 4%%uo over the
height of the atomic beam. This is done with a plane-
parallel plate which enables a vertical scan of 0.5 mm
with a high reproducibility. By moving the lens along the
z direction the waist in the x direction can be centered on
the atomic beam axis. For the waist in the x direction the
divergence is a„=1.63 mrad (half angle) and the waist
length is I.~=70.6 mm, as follows directly from the
wavelength (A, =588.1 nm for'the ls&~2p2 transition)
and the waist radius w~(0).

The relation between the amplitude E (0) of the electric
field on the center line and the total power P of the laser
beam is given by

any extra calibration in our laboratory.
The experiments have been performed with a linearly

polarized laser beam, resulting in a matrix element
[Eq. (2)]

(J.m. 1o
I
Jbmb)

&u lp. I&&=
' „, e&J. llrllJb&(2Jb+1)'" (17)

IV. RESULTS

A. The Rabi oscillations as a function
of the laser power

with (J,m, 10
I
Jbmb) the Clebsch-Gordan coefficient and

&J, I I

r
I I

Jb & the reduced matrix element, with the selection
rule Am =m, —mb ——0 for transitions between the dif-
ferent magnetic substates. For a J, =0 to Jb ——1 transi-
tion we only excite the

I
00& to

I
10& component, which

is possible by choosing the 1s3 ( J, =0) metastable state as
a lower level. However, we have used the ls~ (J, =2)
metastable state as a lower level, which according to the
statistical weight is most abundant. For an upper level
with Jb ——1 or 2 we then simultaneously excite three or
four b, m =0 components, respectively. The different
Clebsch-Gordan coefficients for these Am =0 components
will result in Rabi oscillations with different frequencies
R. The best choice is Jb ——1, where the numerical values
are (2010I10)=(—„)' and (2110I 1 1)=( —,', )'~ . The first
three oscillations are thus almost in phase.

Our final choice as upper level is the 2p2 ( Jb ——1) level
with decay rates' Ab, ——1.28)&10 s ' and Ab, ——4.73
&10 s '. The latter is the sum of the decay rate
Ab, ——3.13X10 s ' to the 1s2 and 1s4 resonant levels
(with a uv cascade to the ground state) and the decay rate

——1.60X10 s ' to the 1s3 metastable level. The
wavelength of the 1s5~2p2 transition is A, =588.1 nm.
From the value of Ab, we can directly derive the numeri-
cal value' e & Jb

I I

r
I IJ, &

= 1.66 X 10 C m or use the line
strengths listed. '

The 1s&—+2p2 transition thus combines a large attenua-
tion of the beam of metastable atoms by decay of the 2p2
level to the resonant levels with a small difference in
Rabi-oscillation frequencies for the different b,m =0 com-
ponents.

The beam of metastable atoms is analyzed using time-
of-flight techniques. The metastable atoms are detected
by secondary emission on a stainless-steel surface and sub-
sequent multiplication with a CuBe multiplier.

beam

b

L
FIG. 7. Experimental setup. (1) Hollow cathode arc, (2)

chopper, (3) plane-parallel plate, (4) cylindrical lens, {5)detector
of metastable atoms, (6) collimator 0.3-mm diameter.

After crossing the laser beam, the Rabi oscillations will
leave the atoms in the upper level (a nm pulse with n odd),
in the lower level (n even), or in an intermediate situation
with atoms in both the upper and lower levels, depending
on the electric field of the applied laser beam and the in-
teraction time of the atoms with the field, i.e., the velocity
of the atoms. Atoms in the upper level will decay spon-
taneously to both the metastable levels and the resonant
levels. The atoms decaying to the resonant levels and sub-
sequently to the ground level give rise to the attenuation
of the beam of metastable atoms. The group of atoms in
the lower level, after crossing the laser beam, will remain
there.



31 RABI OSCILLATIONS IN THE OPTICAL PUMPING OF A ~ . . 3729

We measure two time-of-flight spectra: one with the
laser switched off and one with the laser switched on. We
define the population ratio e(v) as the intensity I,„(v)
with laser on divided by the intensity I,ff(u) with the laser
off, as given by

R(t)=(5.26&&10'mV 's ')E(t) (20)

with E(t) the position [=time, see Eq. (4)]-dependent
electric field amplitude of the laser beam. By inserting
E(t) =E(0)expI —[utltu„(0)] I, with E(0) the amplitude
on the center line, we find the relation

I,„(u)
e(u) = I,fr(v)

(18) E(0)m'i w„(0)
C =(5.26&&10 mV 's ') (21)

0
1.0 g

09

0.8—

I
jftq

o

interaction time (fls}

50
I I i I

I

I

(Abc/2 I
-1

100
I I I j
I

I

Aba
-1

Figure 8 shows e(u) as a function of the velocity of the
atoms for a laser power P=6.1 mW. One clearly sees the
minimum for 1/v=0. 07 X 10 (m s ') ' indicating that
the upper level of the atom was populated after crossing
the laser beam. The atoms with this velocity have suf-
fered a m pulse and the minimum will be denoted the
e(v~) minimum. The maximum for 1/u=0. 13&& 10
(ms ') ' is from atoms in the lower level after leaving
the laser beam. These atoms have suffered a 2m pulse and
the maximum will be denoted the e(vz ) maximum. Due
to the spontaneous decay while passing the laser beam we
find e(u2~) & 1.

For comparison with our experiments we now derive an
expression for the velocity u„which is necessary for a nor
pulse while crossing the laser beam. Because the laser
beam has a Gaussian profile, the Rabi frequency R (t) is
the time dependent and the simple relation Rt =nm of
Sec. IIA cannot be used any longer. In this case a n~
pulse is determined by the relation

@=J R(t)dt =nor (19)

with @ the phase of the Rabi oscillation after the interac-
tion with the laser beam. By substituting the numerical
value of the reduced matrix element (Sec. III) and the
average value —,

' [2( —,', )'~ +(—,', )'~ ]=0.58 of the
Clebsch-Gordan coefficient of the three components into
Eqs. (2) and (17) we find the time-dependent Rabi-
oscillation frequency R (t) for an atom traveling through
the laser beam, as given by

This expression is equivalent to the case of a homogene-
ous electric field with width m''~ w~(0). If we look at Fig.
2 this seems a realistic measure of the effective width of
the interaction region. By combining Eq. (19) with Eqs.
(16) and (21) we can now write the velocity u„as a func-
tion of the power P of the laser, resulting in

G (0)tu~ (0) p ' i2
v„=(5.26&& 10 V m ' s ') (22a)

+theor (22b)

Figure 9 gives the velocity u„ for n = 1, 2, and 3 as a
function of P'~ for a series of measurements. The data
were analyzed with a single parameter a,„„„which is the
experimental counterpart of a,h„, in Eq. (22b). We find

cxezpt 0.65 && 10 m s ' mW

eth„,——1.20&(10 ms 'mW

(23a)

(23b)

where the theoretical value has been calculated by insert-
ing the laser beam dimensions of Sec. III into Eq. (22a).
In our opinion the difference is due to the experimental
measurement of the power P. All other parameters are
well known or can be calculated accurately from other in-
put parameters. Still, it is rather surprising that the
power meter indicates powers which are a factor 3.4
larger than the actual values.

%'hen the laser frequency is stabilized on the absolute
transition frequency (which is the case in our configura-
tion) the atomic beam must be exactly perpendicular to
the laser beam in order to observe the on-resonance Rabi
oscillations. A misalignment of 1 mrad will cause atoms
with a velocity u=8000 m/s to see the laser frequency

7-——————————0.

0.6't

0
I

0.40.1 0.2 0.3

1/v (10 s m")

FIG. 8. Experimental results for the population ratio e(v) as
a function of the inverse velocity of the atoms, revealing the ef-
fect of Rabi oscillations. The upper scale gives the interaction
time with the laser according to t =m' w (0)/v. The dashed
lines are predictions for-the nm. minima and maxima, respective-
ly, according to Eqs. (24) and (25).

lA

E
CO
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0 1 2 3
p»(mW "~2 j

FIG. 9. Experimental results for the velocity v„(n=1, 2,
and 3) as a function of P', with P the power of the laser beam,
with the straight line curve fit u„=a,„~,(P'~ /n) [Eq. (23a)].
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Doppler shifted by b,co~ ——8.4X10 rad/s. A laser power
P=1 mW results in an electric field amplitude on the
laser beam axis Eo ——3.5X 10 V/m for the laser beam di-
mensions used [Eq. (16)]. According to Eqs. (20) and (3) a
misalignment of 1 mrad therefore decreases the amplitude
of the Rabi oscillations by a factor 0.63. Moreover, the
1/n dependency of the straight lines of Fig. 9 will be
violated. A very careful alignment of the beams is essen-
tial to obtain these results. Using a computer-driven mir-
ror with both a rotational and a translational degree of
freedom we can obtain a perpendicular alignment with a
reproducibility better than 0.2 mrad.

B. The a{v ) minimum and the e{v2 ) maximum

To describe our experimental data of the population ra-
tio e(u„) we have to discuss the beam composition in de-

tail. First, we have to take into account the isotope com-
position. We assume natural abundance according to

Ne: Ne=0.909:0.091. Second, we assume a distribution
according to the statistical weight Ne(lsd ):2ONe(1 s3)
=5:1. This is supported by previous measurements. '" If

I

we consider that only three magnetic substates I,= —1,
0, and + 1 are optically pumped in the 1s5—+2p2 transi-
tion, the resulting fraction of atoms in the

~
a) level is

0.454, i.e., a lower limit for the population ratio is
E(U) & 0.546.

For the fraction of the atoms in the
~

a ) level we have
to determine which part ends up in the metastable levels
after the interaction with the laser beam, i.e., is detected
by the atomic beam detector. In first approximation we
neglect the damping of the Rabi oscillations due to the de-
cay rate Aq, (Sec. IIC). After a ~, 3m, 5m. , etc., pulse a
fraction [1—'exp( A~,—t/2)] of the population of the

~

a )
level has decayed to the

~

c ) levels by spontaneous decay
during the interaction [Eq. (11a)]. The branching ratios
of this decay to the metastable 1s3 level and the resonant
ls2 and Isq levels are A~ /A~, and At,„/Aq„respectively
(Sec. III). The remaining fraction exp( —Ah, t/2) leaves
the laser beam in the

~
b) level. By taking into account

the branching ratios of the decay of the
~
b) level to the

metastable 1s5 and ls3 levels and the resonant Isq and
1s4 levels, given by (At„+At, )/At, and A~„/A~, respec-
tively, we find the following expression for the beam pop-
ulation ratio:

e( u„)=0.546+0.454 +Abm

Ab,

Aba +Abm

Ab

Abm
exp( At„t /2—)

Ab,

3 —].

=0.699+0.063 exp
4.82X 10 m s-

(24)

( n odd), where the latter has been obtained by substituting
the numerical values of the decay rates for the F2 level
(Sec. III). For an estimate of the interaction time, we
have used t =~'~ tv„(0)/u„„, i.e., we have assumed an ef-
fective width m' tv„(0) of the laser beam.

For a 2m, 4m, 6m, etc., pulse the only difference from
the previous case is that the remaining fraction
exp( —A~, t/2) of the atoms is in the

~

a ) level and are all
detected. We find

T

Abm Ab
e(u„)=0.546+0.454 + exp( AI„t/2)—

Ab, Ab,

e(uz (P))=0.767+0.221exp—4.73X103 ms
v2 (P)

1.0, I

e(v2 ) maxima as a function of the inverse velocity 1/u of
the atoms for different laser powers P. The experimental
values for the e(u2 ) maxima have been analyzed with a
model function similar to Eqs. (24) and (25), using a
least-squares method to determine the three parameters.
The result is

3 —1

Q 699+Q 3Q 1
4.82 X 10 m s

(25)
0.9—

(n even), using the same input as Eq. (24). The curves of
Eqs. (24) and (25) are plotted in Fig. 8. We observe a fair
agreement. The deviations are due to the damping of the
amplitude of the Rabi oscillations as predicted by Eq.
(11), both due to th'e upper-level decay rate A~, and the
difference in Rabi frequencies of the m, =+1 and 0 mag-
netic substates. A numerical simulation shows that the
latter amounts to a decrease in amplitude of 5% and 10%
for a 2m and 3m pulse, respectively. At long interaction
times t=(A~, )

' the first effect will dominate; at short
interaction times (i.e., high laser powers) the latter effect
will be dominant.

In Fig. 10 we have plotted the e(u„) minima and the

0.8—

0.7 I I

0.1 0.2 0.3
1/v(103s m1)

FIG. 10. Experimental values of the e(U ) minimum and the
e(v2 ) maximum as a function of the inverse velocity of the
atoms, for different values of the total power P of the laser
beam. The solid lines indicate the curve fit according to Eqs.
(26) and (27); the dashed lines are the results of a simple model
according to Eqs. (24) and (25).
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FIG. 11. Experimental results for the e(U2 } maximum as a
function of the distance zi between the atomic beam and the
waist of the laser beam in the x direction. Solid line, curve fit of
e(v ) minimum [Eq. (27)]; dashed line, prediction for e(v) at
conditions of adiabatic following [Eq. (28)].

In comparison with the theoretical prediction of Eq. (25)
we observe an excellent agreement for the effective decay
rate in the exponent. Due to a correlation of the preex-
ponential factor with the constant term in the model func-
tion, the agreement for these parameters is less satisfacto-
ry. The curve fit of Eq. (26) is plotted in Fig. 10, together
with the prediction of Eq. (25).

The e(v ) minima have only been analyzed by calculat-
ing their average value because it is impossible to deter-
mine the three parameters of the model function separate-
ly, resulting in

e(v~)=0. 75 . (27)

The deviations of this value from the predictions of Eq.
(24) have already been discussed. Equation (27) is also
plotted in Fig. 10.

C. Adiabatic following

The Rabi oscillations in the population ratio e(v) disap-
pear when the atomic beam crosses the laser beam outside
the waist. Figure 11 shows the e(vz ) as a function of the
distance z~ between the atomic beam and the waist in the
x direction (Fig. 3). The experimental value of the veloci-
ty is v2 ——7&(10 ms ' at position zi ——0; the measured
power of the laser beam is P=4.6 mW. At a distance
zt=5 mm the e(vq ) maximum has already decreased
drastically. At zt ——25 mm the e(v2 ) maximum has al-
most disappeared, if we compare it to the average value
e(v~) =0.75 from Fig. 10. This cannot be explained by an
increase in spontaneous decay due to the increase in in-
teraction time, which is caused by the larger radius tv„(zl)
of the laser beam. This increase is less than 6% for
zt (25 mm, as follows from the waist length I.„and the
usual relation for the radius of a Gaussian laser beam, '

and would result in only a very small effect (Fig. 10).
In view of our discussion in Sec. IIB the only correct

interpretation is found in the model of adiabatic follow-
ing. At zi ——25 mm we have a radius of curvature equal
to pt

——224 mm, and we are close to the conditions of the
numerical simulation discussed in Sec. II 8. By assuming
that

~
cb(t)

~

=1 after the interaction with the laser beam,
the population ratio e(v) directly follows from the branch-

I
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0 0.50.2 0.3
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FIG. 12. Experimental results for the population ratio e(U) as
a function of the inverse velocity of the atoms at z~

——25 mm and
P=4.6 mW, revealing the effect of the process of adiabatic fol-
lowing. Solid line, experimental result for e(v ) [Eq. (27)].

ing ratio (Ab +Ab, )/Ab for spontaneous decay to the
metastable 1s3 and 1s5 levels, resulting in

Ab +Ab
e( v) =0.546+0.454

Ab

=0.764 . (28)

In Fig. 12 we show the population ratio e(v) at z=25
mm and I'=4.6 m%', together with the experimental re-
sult of Eq. (27) for the value of the e(v ) minimum. We
observe a slight increase of e(v) for increasing velocities v,
i.e., a decreasing interaction time. However, the nearly
constant experimental result for e(v) is still very different
from Fig. 8. We conclude that the measurements support
our analysis in Sec. II 8 and reveal the features of adiabat-
ic following in a very convincing way.

V. DISCUSSION

Using the high-velocity atomic beam of a hollow
cathode arc and a laser beam focused to a small waist di-
ameter, all features of the interaction of a coherent laser
beam and an atomic beam can be measured. Rabi oscilla-
tions and adiabatic following have been observed. The ex-
perimental results are in good agreement with theory.
These measurements are the first of this type in the visible
spectral region, ' moreover, a very good accuracy is ob-
tained. In more commonly used optical-pumping
schemes, for instance with a thermal atomic beam and a
nonfocused laser beam, it is impossible to observe these
features because they are completely damped by spontane-
ous decay.

The method of adiabatic following shows large promise
for applications in beam experiments with atoms in
short-lived excited states. In these experiments the
velocity-dependent Rabi oscillations are highly undesir-
able, because they can easily introduce an artificial veloci-
ty dependency in the cross sections for the collision pro-
cesses investigated.
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Note added t n'proof. The power meter has been cali-
brated and shows the correct reading within 10%%uo. There-
fore, the difference between the experimental and theoreti-
cal values of Eqs. (23a) and (23b) is not understood at this
moment. Here we give the relation used to calculate the
reduced matrix element

3

"b.= ~ 1 3 e'1(&bllrll&a) I

'
~

2Jb+& 3~co

Inserting Eq. (29) into Eqs. (17) and (2) then results in the
Rabi frequency R as a function of the electric field E ac-
cording to Eq. (20).
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