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Abstract :
 

In analysis of light-matter interaction, the rotating wave
approximation (RWA) has been widely used, which holds as
long as the Rabi frequency. But for strong field-matter
interaction, the rotating wave approximation breaks down and
new effects appear, originating from the counter-rotating
wave (CRW) terms in the Hamiltonian. With ultrashort pulses
and the development of attosecond metrology, it is now
possible to study CRW effects on a sub-femtosecond time
scale.

 
 

In this work, we report the real time observation of ultrafast
sub-cycle CRW feature with optical frequencies. We study
the CRW effect in highly excited 4d-1np states in atomic
xenon, which are dressed by an intense near infrared few cycle pulse using attosecond transient absorption
spectroscopy (ATAS). Time-dependent many-body theory confirms the observation and explains the various
features of the absorption spectrum seen in experiment.

 
 

The ATAS experiment is carried out by measuring the transmitted spectrum (Igas) through the gas target (Xe) as a
function of delay (τ) between IR and XUV pulses from delays of -10 fs to 6 fs (negative delays correspond to xuv
pulse arriving first) with a step of 200 as. Fig. (a) shows the optical density measured from xenon in the spectral
region of 64 to 70 eV as a function of delay between the NIR and XUV pulse. The absorption lines correspond to
the core-electron excited states 4d5/2

-16p, 4d3/2
-16p and 4d3/2

-17p as shown in Fig. (c). The three main features
noted in the region of overlap between the pulses are (1) the splitting of the absorption lines, (2) the asymmetry in
the splitting (dotted yellow line) and (3) the oscillating substructures within them. The oscillating sub-structures
have a frequency of about twice the NIR frequency. This is seen more clearly in Fig. (d) (blue line), where the
optical density integrated over a bandwidth of 200 meV centered at the 65eV (area between the black vertical
lines in Fig 2a) absorption line (4d5/2

-16p) is shown as a function of delay between the IR and XUV pulse.

 
 

With attosecond transient absorption spectroscopy we can time-resolve this fast dynamics, which has not been
seen so far in the optical regime. The shortness of the IR and the attosecond pulse allows for characterizing highly
excited electronic states that are challenging to access with direct spectroscopic approaches due to their short
lifetimes.
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