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Observation of atomic coherence in laser-excited uranium vapor
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For the pair of '"U levels at 3868 and 26 558 cm ', the upper-state population was measured as a function of the

irradiance of a resonant exciting pulse of fixed duration. The observed damped Rabi flopping sho~ed that the two-

level system was partially coherently excited. The results were compared with the prediction of an exact solution of
the time-dependent Schrodinger equation for two-level systems excited by a detuned rectangular pulse. The

Schrodinger equation solution, after averaging over laser irradiance fluctuations, agrees well with the data.

INTRODUCTION

%e have measured the uppex -state population a.s
a function of exciting pulse irradiance fox a reson-
antly excited two-level system in atomic ux'anium

vapor. 'The uranium levels and laser paxameters
were chosen to maximize the coherence between
the upper and lower states in an attempt to ob-
serve Rabi flopping. The conditions fox partial
atomic coherence were optimized by choosing a
transition bebveen states of relatively small angu-
lar momentum, and by using a narrow-band stable
pulsed dye laser, an atomic beam with small
Doppler spread, and a uniform laser-beam spatial
profile.

The lifetime of the upper state used was long
enough that the natural decay could be neglected,
making the px oblem into one of a simple driven
two-level system. The uranium atoms are in the
lower state at the beginning of the laser pulse,
are excited into the upper state and back into the
lower state, more or less, during the laser
pulse, and remain, after the pulse is over, in a
state determined by the height and duration of the
laser pulse. A later ionizing pulse allows the up-
per-state population to be measured. The upper-
state population was measured as a function of
the height of the exciting pulse. The width of the
exciting pulse was held constant.

The measured upper-state population was com-
pared with the predictions of an exact solution of
the time-dependent Schrodinger equation for a
set of two-state systems driven by a detuned la-
ser. '~ Although the average laser detuning was
zero, the spectral width of the )asex' was taken in-
to account by assuming a mean-Square detuning in
the final expression for the upper-state popula-
tion. The pulse-to-pulse fluctuation in laser ir-
radiance was averaged over, leading to a Gaussian
damping of the Rabi oscillation.

Although Rabi flopping in an atomic two-state

system had been observed before, ' th'is is the
first time that the upper-state population has been
measured as a function of the height rather than

the width of the exciting pulse. %hen the exciting
pulse has a spectral width that is comparable with

the Rabi frequency, the shape of the population
versus irradiance curve is different from that of
the population versus puise iength curve.

This is also the first time that coherent atomic
effects have been seen in the complex uranium
atom, that flopping has been seen in a system ex-
cited by a short-pulse dye laser, and that ion de-
tection rather than fluorescence has been used to
measure the popul. ation of a coherently excited
upper stat .

Fx'om observation of coherent excitation of the
upper state the matrix element connecting the
bvo states can be determined. For the uranium
states at 3868.486 and 26 557.936 cm ', the dipole
matrix element for a m=0 to m=0 transition was
measured to be (4.1 a 0.6) x 10 "m.

URANIUM ENERGY LEVELS

The rel.evant levels in "'U are shown ln Fig. 1.
The lower level, of the two-level system was the
j=3 level, at 3868 em '. 'The upper level was the
j= 2 level, at 26 558 cm '. Although at the tempera-
ture of the oven, only 3% of the atoms in the beam
were in the 3868 cm ' state, the gx'eat sensitivity
provided by ion detection allowed this state to be
used as the initia, lly populated level of a two-level.
system. The subsequent population of the 26 558
cm ' level was measured as a function of the ir-
radiance of the 440.61-nm laser pulse connecting
the two levels.

CALCULATED UPPER STATE POPULATION

Two-level system

The driven two-level system is one of the few
quantum-mechanical systems for which the time-
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to-pulse variation of the irradiance of the laser
beam was taken into account by averaging P, using
a Gaussian distribution of laser irradiance & with
a width o„proportional to (lf&. As described in the
Appendix, this average, for values of s=oe/(ff&
& 1 yields
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FIG. 1. The 2+U levels used in the experiment. For
linearly polarized light, the five 6 m = 0 transitions from
the j=3 to the j=2 states can be analyzed as five simi-
lar independent two-level systems.

with matrix elements

(ltd~»=g~, , (2~&(2&=g .,

E KQ

2 2

where E is the amplitude of the driving field, ez
is the dipole matrix element between the two
states, and 0, is the resonant Rabi frequency of
the interaction. The laser frequency is co and its
offset from the resonance frequency is 4= ((u,
-(d )-(d.

The state of the system at any time is

dependent Schrodinger equation can be solved ex-
actly. The Schrodinger equation is

H~P&=N ~P),
8

where
Q'= Q'+ 4' cr= 2Q/sQ, . (7)

Q„ is the root-mean-square value of Qo. The aver-
age upper-state probability shows coherent excita-
tion (Rabi flopping or optical nutation) for small
values of Q„ t and incoherent excitation (saturation)
for large values of Q„t.

Coherence between the upper and lower atomic
states can also be lost by upper-state decay
through spontaneous emission, and upper-state
decay and dephasing caused by atomic colli-
sions."' In addition, even lasers with well reg-
ulated amplitudes exhibit phase diffusion" and
ultimately, the quantum fluctuations that accom-
pany a coherent state of the radiation field. ' "
In the present experiment, the largest contributor
to Loss of atomic coherence is the pulse-to-pulse
fluctuation of the dye-laser irradiance. Compared
with this fluctuation, the upper-state lifetime is
long, the atoms in the beam suffer few collisions,
and the quantum-field fluctuations are negligible.

Level degeneracies

For a j= 3 to j= 2 transition driven by linearly
polarized Light, five different 4m = 0 transitions
are possible, with the matrix elements"

~
0& = e, [1&+c,e"'

~

2& (4)

For an atom in the lower state at t=0, the proba-
bility of being in the upper state at later times
is

z, , for m=0-m=0,

zg% 8/9z, , form=+1-m=+1

z, = V5/9z, , fog m= +2-m=+2.
(8)

, 1a, '
P, = ~c, ~'=- Q' (1 —cosQt),

where 0=0,'+

(5)
Since the states of different m are uncoupled, the
upper-state probabilities add, leading to a, total
upper-state probability of

Laser fluctuations

The probability calculation leading to Eq. (5)
assumed that the detuning 4 and the resonant Rabi
frequency 00 were constants. In the experiment,
however, the detuning varied about a mean value
of zero because of the frequency spread of the
laser beam. In evaluating the theoretical upper-
state probabilities this mean value was used for

(4 itself does not appear in the probability ex-
pression. )

'The spread in 00 caused by the spatial and pulse-

with

Q =((Q' &)~'= eEz, , Q2=Qz + az

and

b=& b=b=~.

(10)

The weight functions b; take into account the single
state with m = 0, two states each for m = +1 and
m = + 2, and a total of seven degenerate m states
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EXPERIMENT

A uranium rhenide source was heated in a tung-
sten oven to 1750 K and the resulting uranium vap-
or passed through two 1-mm wide 10-mm long
slits separated by 20 mm (Fig. 2). The two laser
beams intersected the atomic beam 25 mm from
the second slit at which point the uranium atomic
density was approximately 10' atoms per cm'.
The bisector of the 5' angle between the two laser
beams was perpendicular to the atomic beam.
The residual atomic Doppler width was so= 56
MHz.

The exciting 440.61-nm laser was a pulsed dye
laser" pumped by a commercial Molectron nitro-
gen l.aser. The dye was C440 mixed to a concen-
tration of 1x 10~ molar in ethanol. The nitrogen
laser was operated at a repetition rate of 19 Hz
and had a peak power of 300 MW at 337 nm in a
pulse whose full width at half maximum (FWHM)
was approximately 10 ns. The electric vector of
both the pumping laser beam and the dye-laser
beam were vertical. The dye-laser cavity consis-
ted of a fully reflecting plane mirror, a 10 mm-
long dye cell, a 3 mm-thick solid etal.on, a 10-
mm prism used as a beam expander, and a 2100
lines per mm grating. The spacing between mir-
ror and grating was 70 mm, leading to a free
spectral, range of 2 GHz. 'The laser was tuned by
tilting the grating and etalon. Preliminary setting
of the laser to the uranium line was done by com-
paring the laser wavelength with the appropriate
line from an electroless discharge uranium lamp

1-440 61 nm
dye laser

Variable
attenuator Atomic

dectector

425.71 nm
dye laser

1 rnm
aperture

U oven

FIG. 2. The experimental arrangement. The ion cur-
rent was measured as a function of the irradiance of the
440.61-nm laser.

for the j= 3 lower level. For linearly polarized
excitation, the maximum probability for being in
the upper state of a j= 3 to j= 2 transition is 7.

If the exciting electric field pulse is approxima-
ted as rectangular with a height E and a width t,
I', is the probability that the atom wiB be in the
upper state at the end of the exciting pulse. This
probability, Eq. (9), is plotted as a function of E
in Fig. 3(b). The effective pulse height, width, and

frequency spread are calculated in the Appendix.

using a 1.5-m Jobin Yvon monocrometer with a
silicon vidicon detector. Final setting of the laser
frequency to the center of the atomic line was
done by maximizing the number of ions detected.

The laser pulse width was measured to be
6.0 ns (full width at half maximum) using a 1 ns-
risetime oscilloscope and 1 ns-risetime vacuum
photodiode. The effective pulse width is calcula-
ted in the Appendix. The width of the spectral
distribution of the laser was measured to be 180
MHz FWHM using a Fabry Perot interferometer
with a free spectral range of 300 MHz and a
finesse of 20. 'The effective mean-square frequen-
cy deviation is calculated in the Appendix and was
used in evaluating Eq. (9).

The laser beam passed through a circular varia-
ble attenuator with a density range from 0 to 2.0.
This attenuator rotated at 0.1 rps, providing a
factor of 100 change in the exciting beam irra-
diance every 10 s. A telescope increased the
beam diameter to 10 mm and brought the beam to
a gradual focus so that the beam diameter at a
plane 3 m from the telescope was 6 mm. A 1 mm-
diameter aperture in this plane selected only the
relatively uniform central part of the roughly
Gaussian spatial profile. The irradiance was uni-
form within +20/q over the 1-mm aperture. The
1-mm aperture was focused with a magnification
of 0.44 into the vacuum chamber containing the
atoDllc beaDl.

The 425.74-nm ionizing laser was a modified
Molectron dye laser, pumped by a second Molec-
tron N, laser. The spectral width of the light
from this laser was approximately 3 GHz. Its ir-
radiance of 10' W/m' in a 5-ns pulse was abie to
saturate the transition from the uranium 26558-
cm ' level to an autoionizing level in the continu-
um so that the number of ions produced was inde-
pendent of small power fluctuations of the ionizing
taser. 'The number of detected ions was, also in-
dependent of the delay between the exciting and

ionizing lasers for delays between about 5 and
30 ns.

Ions produced by the two lasers were accelera-
ted by a 15-V potential across two plates separa-
ted by 10 mm and centered on the uranium-beam-
laser-beam intersection point. After passing
through a fine mesh screen covering a 10 mm-di-
ameter aperture in the upper plate, they were de-
tected by a Galileo Channeltron electron multiplier
which produced a pulse of about 10' electrons for
each incident ion. 'The Channeltron output pulse
was integrated over the 10 p.s that it took all of the
ions produced in one laser pulse to reach the de-
tector, amplified, and averaged over approxi-
mately three laser pulses in a boxcar averager.
The signal from the boxcar averager was further
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corresponds to one rotation of the variable neutral
density filter in fro'nt of the exciting laser. The
density of the filter is roughly linear with rotation
angle, except for a small area near the beginning
of each cycle for which the density is infinite and
for the last 90' of rotation over which the density
is constant and approximately zero. Over the
linear region the laser irradiance increases ex-
ponentially. The actual irradiance was measured
with a linear photodiode and used to calibrate the
horizontal scale in Fig. 3(a). The vertical scale is
a relative scale proportional to the number of
ions detected. The plotted curve is taken directly
from the signal averager.

Figure 3(b) is a replotting of the smoothed data
curve on a scale linear in the laser electric field
strength. [The points of Fig. 3(b) were taken
from the smoothed curve of Fig. 3(a).] On the
same scale the theoretical upper state population,
Eq. (9}, is plotted as a solid line. The constants
that lead to the satisfactory fit shown are

0.1

z = (4.1 s 0.6) x 10 "m,

s= 0.7+ 0.1.
(12}

1 X 10 2 X 10

(bj

3 X 10

Equivalent electric field (V/M)

FIG. 3. (a) The measured ion current as a function of
irradiance. The rapidly varying curve is the data from
the signal averager. The smooth curve is an average of
the data curve and was used to produce the points of (b).
(b) Upper-state population vs laser electric field. The
points are the data taken from (a). The solid curve is a
plot of Eq. (9), which is a solution of the Schrodinger
equation averaged over the fluctuating laser irradiance.

RESULTS

One of several similar runs is shown in Fig.
3(a}. The horizontal scale is linear in time and

averaged by a Nicolet signal averager whose
sweep period was synchronized with the rotating
variable attenuator. For each signal averager
run about 100 sweeps were averaged over a 3 min
period, during which time the variable density
filter rotated about 30 times and the laser was
pulsed approximately 3500 times.

At the beginning of each sweep an opaque region
of the attenuator wheel allowed determination of
the zero level of the ion signal. At the. end of each
sweep a clear area on the attenuator wheel al-
lowed centering of the laser frequency on the
atomic transition frequency by maximizing the
number of ions detected during the several sec-
onds that the exciting laser irradiance was un-
changing.

CONCLUSIONS

We thank Bruce Shore, Richard Solarz, James
Holtz, and James Davis for useful discussions
and encouragement.

APPENDIX
Equivalent rectangular laser pulse

The time dependence of the laser pulse, which
was roughly Gaussian with peak height P~ and
width o~, was approximated by a rectangular
pulse of height P and width t in order to be able
to solve the time dependent Schr5dinger equation,
Eq. (1), exactly. P and t were determined from
the measured P~ and o by requiring that the ze-
roth, first, and second moments of the rectangu-
lar pulse be equal to those of the Gaussian pulse.
If both first moments are set equal to zero, the
equality of zeroth moments and of second mo-
ments lead to

t=2M3o, , (A1)

. We have shown that atoms whose lifetime is
longer than the Rabi time can be coherently exci-
ted by pulsed dye lasers and that the coherence is
measurable even in the presence of considerable
level degeneracy and laser irradiance fluctuations.
The coherent Rabi flopping of the upper-state pop-
ulation can be seen over a small range of laser ir-
radiance. For large values of irradiance the co-
herent flopping goes smoothly over into incoherent
saturation.
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P= v'w/6 Pg . (A2)

The measured width of the Gaussian shaped laser
pulse was 2.55 ns, leading to a pulse width of
0~= 2.13 ns after deconvotution from the 1.5-ns
system impulse response. From E|I. (Al), this
leads to t = 7.38 ns for the pulse width of the
equivalent rectangular pulse.

The height of the Gaussian laser pulse, with
minimum attenuation in the beam, was 20 W,
which after deconvolution gave an actual peak
power of 24 W. This height P led to a height for
the equivalent rectangular pulse of P = 17.4 W.
Since the laser beam in the interaction region had
a radius of 2.22x 10~ m, the equivalent irradiance
was 1.12 x 1(P W/m2 and the ecluivalent electric
field was 2.91x 10' V/m. The field seen by the
atoms went from zero to this value for each rota-
tion of the variable attenuator.

Effective detuning

A Gaussian power pulse with a width o = 2.13 ns
has a Gaussian power spectrum with a transform
limited spectral width of o„=2.36x 10S rad/s. If
the width of the power spectrum of the laser
pulse had this value, the atoms would notice no
detuning and 4 would be zero. However, the
measured width of the power spectrum was 0„
=4.6'I x 1(F rad/s. The effective detuning was
taken to be the difference between the measured
spectral width and the transform limited spectral
width, leading to A = 2.51 x 1(y' rad/s

dard deviation of the laser irradiance. As the
beam is attenuated the ratio s =o„/(H) remains
constant. With

0„2 ez '
o& o—=~=s

H (H) o„eoc 8 '
(H) 0„' (A4)

the upper-state probability averaged over laser
irradiance fluctuations is

x (1 —cosOt)dQ20 . (A5)

Although this can be integrated numerically, it can
be simplified considerably when s & 1 since the
narrow Gaussian restricts Qo to a small range.
With the substitutions

~2 g2+ g2 ~2 g2+ g2
0 7

(x -x, )'(x+x,)'
( )=~2„, )

XP —.
(A6)

x'-&
x (1 —cos xt)dx . (A7)

If x is set equal to x„everywhere except in the
first term in the exponential and in the cosine,
the integral reduces to

(AS)

where

Average over laser pulse heights

2(A,'+ A2)~'
0'=

sQ„
(A9)

P(H) =
~2 exp

-(H -(H))'
v'2m (r~ 2(7H

(AS)

where (H) and oH are the average value and stan-

With no attenuation in the beam, the laser
pulse-to-pulse irradiance fluctuations were as-
sumed to have a Gaussian probability distribution

'This is the simple Habi flopping expression with
exponential damping of the cosine term. The ex-
ponential damping expresses the partial coherence
of the atomic states

~

1) and
~

2) (just as a similar
term in a two-beam interference experiment with
partially coherent light expresses the partial co-
herence of the two beams).
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