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Abstract: In strong-field tunnel ionization of Helium, both adiabatic and fully non-adiabatic
theoretical descriptions predict smaller final longitudinal electron momentum distributions than
measured experimentally. Semiclassical simulations including an initial longitudinal momentum
spread reproduce experimental values.
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1. Strong Field Ionization
In many attosecond science methods, tunnel ionization in a strong laser field is the first step. Both adiabatic [1,2]
and non-adiabatic [3–5] models are applied to interpret experimental data. Common to all models is the debate on
the longitudinal electron momentum directly at the tunnel exit. The assumption that it is equal to zero is usually
adopted [6]. Depending on the phase of the field at the moment when an electron enters the continuum, it then gains
a longitudinal momentum while propagating in the laser field, which leads to a final longitudinal momentum
distribution.
For the adiabatic limit with Keldysh parameter [1] γ << 1 , this acquired longitudinal momentum distribution has
width
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with ω denoting the laser frequency, ε the ellipticity, I p the ionization potential and F02 the peak field intensity.
On the other hand, the non-adiabatic theory by PPT [3,4] predicts a spread with width
⎛ s2 + γ 2 ⎞
ω
s0 (1− ε 2 )
s02 + γ 2
ε
s2 + γ 2
σ ||NA =
, with cx =
, s0 the solution to: artanh ⎜
=
.
2
2 ⎟
2
2cx
(ε − s0 )(1− εs0 ) 1+ γ
⎝ 1+ γ ⎠ ε − 1 1+ γ

(2)

It is worth noting that σ ||NA > σ ||A , therefore taking account of non-adiabatic effects leads to a wider momentum
spread under the same experimental parameters.
2. Field Intensity Calibration
In strong field experiments, the exact intensity of the laser field must be calibrated based on the measured
electron momenta and can not be determined independently to the desired accuracy. The most common and accurate
in-situ method is based on the final transverse momentum of electrons freed by an elliptically polarized field [7]. An
important non-adiabatic effect is that the likeliest transverse momentum at the tunnel exit is non-zero [4]
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for ε ≠ 0 , while the adiabatic assumption yields a transverse momentum distribution centered around zero. This
leads to larger transverse momentum predictions and consequently to reduced field calibration values for
measurements when applying the non-adiabatic momentum-to-intensity mapping [8].
3. Quantitative comparison of Theory and Experiment
The experiment is described in detail elsewhere [9]. The ion momenta during an ellipticity scan of strong field
ionization of Helium were recorded in a COLTRIMS setup [10]. The calibrated laser field strengths are given by
F0NA = 0.14 au and F0A = 0.151 au respectively. The measured longitudinal momentum spreads are considerably
wider than the theoretical predictions (Fig. 1), even when the non-adiabatic formula (2) is calculated using the field
strength from adiabatic calibration (red dotted). Using non-adiabatic theory [4] to calibrate the field strength
compensates for the analytically wider non-adiabatic longitudinal spread, resulting in almost complete agreement in
the predictions of both the non-adiabatic (red solid) and adiabatic (blue solid) cases.
In classical trajectory Monte Carlo simulations [9] following adiabatic assumptions, an initial longitudinal
momentum spread was varied to find the best fitting value to reproduce the final momentum distribution. Both
experimental and simulated momentum distributions were analyzed by elliptical integration [9]. This new method to
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analyze angular momentum distribution is robust for any ellipticity and has been successfully applied in studying
Coulomb effects for all ranges of polarization [11].
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Figure 1. Experimental longitudinal momentum spread ¢ [12] compared to theoretical predictions: non-adiabatic spread (2) from
adiabatic field strength calibration (red dotted) and from non-adiabatic calibration (red solid) as well as adiabatic spread (1). The
best fitting initial momentum spreads t are even larger than the initial transverse momentum (black dashed).

3. Conclusion and Outlook
Our findings show that independent of the uncertainty in the field calibration, current theoretical descriptions can not
fully explain the observed longitudinal momentum spread. The initial longitudinal momentum spread that best
reproduces the experimental distributions is of the order of twice the transverse momentum spread. Therefore,
further theoretical work is necessary to more accurately model the spread of the electron wavepacket in strong field
ionization.
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