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Using femtosecond transient absorption spectroscopy on excited-state helium atoms in a plasma created

through optical field ionization, we measured the decay of 23S-23P excitation with sub-ps temporal

resolution. The population evolution shows that initial decay is significantly faster than the electron-atom

collisions and three orders of magnitude faster than the single atom spontaneous decay rate. This indicates

on superradiant coherent behavior of the atomic system inside the plasma.
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In a plasma of modest to high electron density, electron-
ion or electron-atom collisions are usually the dominating
decoherence mechanisms limiting the effect of atomic
coherence, unless coherence manifests in a time scale
shorter than the collisional time. One such scenario is
the cooperative spontaneous emission for an ensemble of
coherently excited atoms. The process, termed as ‘‘super-
radiance,’’ was first described by Dicke [1] and experimen-
tally observed by Feld and co-workers [2]. It features an
enhanced spontaneous decay rate much greater than that of
an isolated single atom. Superradiance is also often viewed
as part of superfluorescence process in which coherence
develops in initially incoherent inverted medium. Over the
years both superradiance and superfluorescence have been
extensively studied in a wide range of systems, including
the picosecond regime time-resolved cooperative emis-
sions in atomic vapors [3]. Recently, superfluorescence
from helium atoms following excitation by free-electron
laser has been observed with the aim of generation of XUV
and x-ray superfluorescence pulses [4]. For tabletop
systems, plasma based collisional or recombination
schemes are perspective approaches for producing XUV
and x-ray lasers [5], and it is of significant interest to
explore whether coherence effects can be incorporated
there in a suitable way.

In this Letter, we report femtosecond absorption spec-
troscopy measurement of the superradiant decay of helium
atoms from 23P to 23S state in a plasma created through
optical field ionization. Coherence between levels 23P and
23S is created by a short laser pump pulse resonant with
23S-23P transition. Evolution of the population on the 23P
level is probed with sub-ps temporal resolution by measur-
ing absorption of a short probe pulse resonant with
23P-33D transition that is sent with a delay. Population
decay pattern shows the signature of the superradiant
enhancement with a rapid decay component more than
three orders of magnitude faster than the single atom decay
time at density of atoms in the 23S state on the order of
1013 cm�3. We also observed the effects of so-called

‘‘perturbed free induction decay’’ when the probe precedes
the strong pump pulse. In such case, the phase and ampli-
tude of the atomic polarization excited by the probe that is
responsible for the coherent radiation of the 33D-23P
transition is controlled by a delayed strong pump pulse
that resonantly couples 23P and 23S levels. As a result,
oscillations as well as significant changes appear in the
collected transmission spectra of the probe pulse.
In our experiments, excited helium is prepared via opti-

cal field ionization followed by nonradiative three-body
(two electrons and one ion) recombination, whose cross
section is approximately proportional to the fourth power
of the principal quantum number of atomic states, and
collisional deexcitation. Under intense laser field, atoms
are stripped off electrons through Keldysh tunneling [6]. In
order for three-body recombination to dominate over ra-
diative decay as well as collisional ionization, a plasma of
low electron temperature with high initial electron density
is required. With the ionization laser pulses shorter than the
electron collision time, plasma heating can be minimized.
Our typical experimental setup has a glass cell of 5 cm in

diameter and 30 cm long, flowed with helium at various
pressures. ATi: Sapphire femtosecond regenerative ampli-
fier system (KMLabs) produces 50 fs pulses of central
wavelength 790 nm and pulse energy of 3 mJ at a repetition
rate of 1 kHz. Part of the beam is used to pump two optical
parametric amplifiers (OPA, from Light Conversion, Inc.),
and the remaining portion is focused into the helium
cell as the ionizing beam, with peak intensity of 2�
1015 W=cm2. At such intensity, nearly 100% of helium
atoms will be ionized at the central part of the beam. The
output from the OPA is tunable in the wavelength range
from 550 to 2200 nm. One of the OPA output is used as the
probe beam, and is focused into the helium cell at diameter
of around 50 �m. All the beams are linearly polarized and
the relative delay between the beams is controlled by
varying the beam optical paths.
Population of the excited levels is monitored by mea-

suring transmission spectra of probe pulses. Figure 1(a)
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shows typical spectra of probe pulse transmitted through
the ionized helium when its central wavelength is tuned to
the resonancewith 23P-33D (587 nm) transition. The probe
pulse has a pulse duration of 250 fs, with an energy on the
order of 1 nJ per pulse. The broad probe beam spectrum is
much wider than the linewidth of the transition. Therefore,
the resonant feature is shown as a dip in the transmitted
spectra. Taking into appropriate account of the spectrome-
ter resolution (in our case about 0.2 nm at wavelength of
600 nm), the absorption profile can be used to calculate the
population difference between 23P and 33D levels.

Figure 1(b) shows the peak absorption on the probe
beam as a function of delay for the three transitions probed
[shown in Fig. 1(a)]. The HeI excited states populated from
the ionization and the recombination processes can be
distinctly seen as the early (faster) and later (slower)
components. This feature is qualitatively similar to the
structures described in the emission spectroscopic mea-
surement in Ref. [7]. The early component, on time scale
less than a nanosecond, is related to the excitation of
helium atoms during the ionization process, as well as
the impact excitation, deexcitation, or ionization by the
hot electrons right after the ionization pulse. The slower

component is primarily attributed to the three-body-
recombination process, which starts to fill the levels at
time scale of several nanoseconds, and is pressure (density)
and level dependent. It can also be seen that in the recom-
bination process more absorption is observed for the triplet
transition (587 nm triplet transition vs 668 nm singlet
transition), which primarily is related to the higher degen-
eracy of states for triplet levels.
We conducted a pump-probe type of measurement of the

population of the helium excited states by sending a pump
beam from the output of a second OPA. The pump pulse
has duration of 100 fs, a central wavelength of 1083 nm (in
resonance with the 23S-23P transition), and a typical en-
ergy of 100 nJ=pulse. The probe beam is tuned to 587 nm
to probe the 23P-33D transition. The time delay of the
pump pulse after helium ionization is fixed at 26 ns while
arrival of the probe relative to the pump pulse is varied by
adjusting its optical path. Estimated from the absorption
spectra, atomic densities prior to the pump pulse are
3� 1012 cm�3 for 23P and 1:2� 1013 cm�3 for 23S states
respectively.
Figure 2 shows population density of 23P level obtained

from the measured transmission spectra of the probe as a
function of time after the pump pulse. For these data, the
absorption of the probe is attributed to the population of the
23P state (population of 33D level is negligibly small as
compared to those of 23P). For the sake of simplicity we
neglected the level splittings and degeneracies, and treated
each triplet level as single state. The actual population of
each sublevel may be excited differently by the pump
pulse. However, the average population evolution should
be well described by the simplified picture. Excitation by
the pump beam adds population to the 23P level. Probe
pulse allows us to measure how 23P population decays
back to its balanced value. The data obtained show that
decay curve has a fast and slow components. At pump

FIG. 1 (color online). (a) Energy levels of helium atom (not to
scale) and the typical transmitted spectra of the probe pulse at
23P-33D (587 nm) transition sent 10 ns after helium ionization.
(b) Peak absorption on the probe for 21P-31D (668 nm),
23P-33D (587 nm), and 23S-23P (1083 nm) transitions as
function of probe delay after ionization pulse. The pressure
of helium is 100 mbar which corresponds to the density of
2:5� 1018 cm�3 of the initial neutral helium before ionization.

FIG. 2 (color online). Population density of 23P level as a
function of time after pump pulse. Initial helium pressure before
ionization is 25 mbar.
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energy of 100 nJ, corresponding to the pulse area of 1:1�
(calibrated separately), the fast and slow components have
time constants of about 50 ps and 1 ns respectively. With a
weak pump of 5 nJ and pulse area of 0:25�, the fast
component has shorter time constant (� 10 ps) as com-
pared to the case of strong pump while the slow part of the
decay curve is mostly below the experimental precision
level for obtaining accurate time constant.

Next we estimate the electron-atom collision rate in the
plasma environment. The initial plasma density is around
6� 1017 cm�3. Plasma’s volume expands after the pas-
sage of the ionization pulse. Plasma expansion can be
described using shock model [7,8] in which the rate of
radius expansion decreases with time as 1=

ffiffi
t

p
. At 26 ns

after ionization, the plasma density is in range of 1016 to
1017 cm�3 and the electron temperature is of the order of
0.5 to 1 eV. Under such conditions the electron-atom
collision time is estimated to be at least several hundred
picoseconds or longer. Therefore, the observed rapidly
decaying level population evolves at least one order of
magnitude faster than the electron-atom collision time.

Comparing our data with theoretical model of super-
radiant decay upon coherent excitation, we consider a
medium composed of two level atoms (the upper level a
and the lower level b). Particle density n is assumed to be
uniform inside the sample. A laser pulse of Rabi frequency
�ðt; zÞ enters the medium and propagates along the z axis.
We use semiclassical approach in which evolution of
�ðt; zÞ is described by Maxwell’s equation that in slowly
varying envelope approximation reads

@�

@z
þ 1

c

@�

@t
¼ i��ab; (1)

where � ¼ 3n�2�=8�, � is the wavelength of the atomic
transition, and � is the single atom spontaneous decay rate.
Equation (1) is supplemented by quantum mechanical
equations for the atomic density matrix

_� aa ¼ ���aa � ið���ab � c:c:Þ; (2)

_� ab ¼ ��

2
�ab þ i�ð�bb � �aaÞ; (3)

�aa þ �bb ¼ 1: (4)

For weak excitation, one can approximate �bb � �aa � 1
in Eq. (3). As a result, equations for �ðt; zÞ and �abðt; zÞ
decouple and system of Eqs. (1) and (3) can be solved
analytically for arbitrary initial conditions. In the present
experiment we send a very short pulse (shorter than any
other characteristic time scales in the problem) which can
be treated as a � function, �ð0; zÞ / �ðzÞ. For this initial
condition Eqs. (1)–(4)(4) yield

�aaðt; zÞ / J20ð2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�zðt� z=cÞ

q
Þe��ðt�z=cÞ�ðct� zÞ; (5)

where J0ðxÞ is the Bessel function.

In our experiment the incident short pump pulse
drives the 23S $ 23P transition which has wavelength
� ¼ 1083:3 nm and spontaneous decay time 1=� ¼
97:9 ns. This pulse excites atomic medium so that popu-
lation of atoms in the 23P state is given by Eq. (5). A
second weak short probe pulse resonant with the 23P $
33D transition is sent with a delay �t. During propagation
this probe pulse sees the following population of atoms in
the 23P state

�ðzÞ ¼ �aaðt ¼ �tþ z=c; zÞ / J20ð2
ffiffiffiffiffiffiffiffiffiffiffiffi
�z�t

p Þe���t: (6)

Using

1

L

Z L

0
J20ð2

ffiffiffiffiffiffiffiffiffiffiffiffi
�z�t

p Þdz ¼ J20ð2
ffiffiffiffiffiffiffiffiffiffiffiffi
�N�t

p Þ þ J21ð2
ffiffiffiffiffiffiffiffiffiffiffiffi
�N�t

p Þ;
(7)

we obtain that the integrated population seen by the second
pulse after propagation through the whole sample of length
L is

�ð�tÞ
�ð0Þ ¼ ½J20ð2

ffiffiffiffiffiffiffiffiffiffiffiffi
�N�t

p Þ þ J21ð2
ffiffiffiffiffiffiffiffiffiffiffiffi
�N�t

p Þ�e���t; (8)

where

�N ¼ �L ¼ 3

8�
n�2L�; (9)

is the characteristic collective decay rate proportional to
the atomic density n. If atom concentration in the 23S state
is n ¼ 1:2� 1013 cm�3 and L ¼ 0:5 cm then Eq. (9) gives
1=�N ¼ 12 ps. This superradiant time scale is much
shorter than spontaneous decay time 1=� ¼ 97:9 ns as
well as the time between collisions in our experiment.
Absorption of the second pulse is proportional to the
integrated population (8) of the 23P level, which thus can
be measured as a function of time �t lapse since the level
23P is excited by the first pulse. For �t & 1=�N Eq. (8)

yields �ð�tÞ / e�ð�Nþ�Þ�t while for�t � 1=�N we obtain

�ð�tÞ / e���t=
ffiffiffiffiffiffi
�t

p
.

For strong excitation the assumption of �bb � �aa � 1
is no longer valid and we use numerical simulations to
obtain �ð�tÞ. In Fig. 3 we plot �ð�tÞ=�ð0Þ obtained from
Eq. (8) (with 1=�N ¼ 12 ps) for weak excitation and from
numerical calculations for strong excitation (pump pulse
energy of 100 nJ which corresponds to the pulse area of
1:1�) and compare them with the experimental data (dots).
The measured evolution of the 23P level population agrees
with numerical and analytical calculations to the extent of
the experimental precision. Such agreement indicates
superradiant coherent behavior of the atomic system inside
the plasma.
Coherent nature of the superradiant emission also

emerged when the probe precedes the pump, as shown in
Fig. 4. Some population of the 23P level exists prior to the
arrival of the probe pulse. The probe beam creates atomic
coherence between the 23P and 33D states, which lives
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longer than the probe pulse duration. After passage of
the probe pulse the coherent emission from the atomic
polarization continues and contributes to the measured
spectrum. Coherent emission occurs during the time of
the order of the dephasing time for the atomic coherence
and is called the ‘‘free-induction decay’’ (FID) field. When
the pump pulse arrives at a delay �t it perturbs state of the
23P level and, thus, modifies atomic polarization of the
23P-33D transition. This perturbation leads to the ripples in
the measured spectra of transmitted probe with the period
�! � 2�=�t. Such effect has the same origin as the

‘‘perturbed free induction decay’’ observed in femtosecond
spectroscopy applications studying dynamics of molecules
and semiconductors [9–11].
When the probe and pump pulses have temporal overlap,

the transmitted probe spectrum has a clear peak at the line
center of the 23P-33D transition; that is, the spectral power
density at the line center is greater than that of the probe
input field. This indicates that the phase of the atomic
coherence between 23P-33D levels is altered by the
pump in a way that leads to a free induction decay radiation
in-phase with the probe at the resonance frequency of the
23P-33D transition. This is essentially the effect of cross
phase modulation.
To describe the effect analytically we consider three-

level system (upper level c, intermediate level a, and lower
level b) and assume that at z ¼ 0, the weak input probe
�ca is a Gaussian pulse with the width 2	 while the strong
pump pulse �ab has �-function shape

�caðtÞ ¼ �ð0Þ
ca e�½ðt�tprÞ=ð

ffiffi
2

p
	Þ�2 ;

�abðtÞ ¼ �ð0Þab�ðt� tpÞ:
Here, tpr (tp) is the time that the probe (pump) pulse

reaches the edge of the sample. We found that in the
spectral domain the transmitted probe field has the form

�cað!;LÞ ¼ �ð0Þ
ca

ffiffiffiffiffiffiffi
2�

p
	e�i!ðL=cþtprÞ

�
�
e�ð	!Þ2=2 � �L�ð0Þ

aaeð�ca	Þ2=2

�ca þ i!

�
�
1� j�ð0Þab j2e�ð�caþi!Þðtp�tprÞ

��
; (10)

FIG. 3 (color online). Normalized population of 23P level as a
function of time �t after pump pulse. Dots show experimental
data. Dashed curves are obtained from the analytical formula (8)
with 1=�N ¼ 12 ps (for weak 5 nJ pump) and by numerically
solving Eqs. (1)–(4) with pump pulse area of 1:1� (for strong
100 nJ pump).

FIG. 4 (color online). Trasmitted probe spectra for different delay between probe and pump (negative delay means probe precedes
the pump). The intial helium pressure before ionization is 100 mbar. Dotted lines are spectra for probe transmitted through vacuum.
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where �ij is the decoherence rate, ! ¼ 2�ðc� � c
�pr

Þ, �pr ¼
587 nm is the central wavelength of the probe pulse. The
square of Eq. (10) gives the spectrum. The second term in
the curly bracket is essentially the absorption of the probe

pulse by the medium. The term e�ð�caþi!Þðtp�tprÞ shows the
effect of the pump pulse which leads to the ripples with a
frequency proportional to 1=ðtp � tprÞ, and the amplitude

of the ripples decays as e��caðtp�tprÞ. When the pump pulse

area is large enough, i.e., j�ð0Þab j> 1, the spectrum will have

a peak instead of a dip at the line center if the two pulses
are temporally overlapping.

In summary, we observed speed up of the population
decay of coherently excited helium atoms inside helium
plasma. This indicates the presence of superradiant coher-
ent emission in such system. The measured decay curve of
atomic population agrees well with our analytical and
numerical calculations. To best of our knowledge, our
results represent the first direct probing with femtosecond
transient absorption spectroscopy of the dynamics and
evolution of level populations during post-ionization and
recombination processes as well as direct observation on
the cooperative (superradiant) decay of excited-state he-
lium atoms with subpicosecond temporal resolution. The
demonstration of laser induced coherence effects among
excited states of helium prepared with optical field ioniza-
tion and in medium containing helium plasma shows that
coherence can play an important role in such systems that,
in principle, can advance performance of plasma based
XUV or x-ray sources. For example, the possibility of
utilizing quantum coherence, which is key to effects like
lasing without inversion, to enhance gain of XUVor x-ray
lasers in He-like ions prepared via tunneling ionization has
been proposed in Ref. [12]. However, effects of electron-
ion collisions on atomic coherences could be crucial fac-
tors to be investigated further for successful realization of
such schemes.
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