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Abstract

Creating extended, highly homogeneous plasma columns like that required by plasma wakefield accelerators
can be a challenge. We study the propagation of ultra-short, terawatt power ionizing laser pulses in a 10-
meter-long rubidium vapor and the plasma columns they create. We perform experiments and numerical
simulations for pulses with 780 nm central wavelength, which is resonant with the Dy transition from the
ground state of rubidium atoms, as well as for pulses with 810 nm central wavelength, some distance from
resonances. We measure transmitted energy and transverse width of the pulse and use schlieren imaging to
probe the plasma column in the vapor close to the end of the vapor source. We find, that resonant pulses are
more confined in a transverse direction by the interaction than off-resonant pulses are and that the plasma
columns they create are more sharply bounded. Off-resonant pulses leave a wider layer of partially ionized
atoms and thus lose more energy per unit propagation distance. Using experimental data, we estimate the
energy required to generate a 20-meter-long plasma column and conclude that resonant pulses are much
more suitable for creating a long, homogeneous plasma.
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1. Introduction

The propagation of high-power, ionizing laser
pulses in gases has been studied extensively for
decades, under a wide range of conditions [1, 2, 3].
Phenomena such as self-focusing, filamentation or
super-continuum generation were investigated and
numerous applications for these phenomena devised
(remote sensing, nonlinear spectroscopy, lightning
protection, etc.). One particular application is the
creation of plasma columns to be used in wake-
field particle acceleration. Plasma wakefield ac-
celerators are capable of accelerating electrons (or
positrons) in the strong electric fields sustained by
plasma waves, [4, 5, 6, 7, 8]. Since the accelerating
gradients can be up to three orders of magnitude
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larger than in conventional particle accelerators,
wakefield acceleration may be a replacement for es-
tablished accelerator technology in compact, cost-
effective particle accelerators for science and com-
mercial applications. A multitude of scientific and
technological challenges need to be tackled (only
one of which is the creation of the necessary plasma
column), but wakefield accelerators and their ap-
plications are advanced constantly by numerous re-
search groups worldwide [9, 10, 11, 12]. One notable
example of such a wakefield accelerator project is
the Advanced Wakefield Experiment (AWAKE) at
CERN (European Laboratory for Particle Physics
in Geneva, Switzerland), the first proton driven
wakefield accelerator [13, 14].

At the heart of the AWAKE device is a 10-meter-
long plasma column with finely engineered plasma
density, which is essential for accelerator operation.
High energy proton bunches from the Super Pro-
ton Synchrotron facility at CERN interact with this
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plasma to create large amplitude wakefields, which
in turn can accelerate electron bunches well into
the GeV domain. This plasma column is created
by starting from a vapor of rubidium atoms with
precisely tuned density distribution along the va-
por source axis and propagating a terawatt (TW)
power laser pulse along the vapor to achieve ex-
actly one-electron ionization of atoms with a prob-
ability very close to one. Precisely tuned vapor
density thus yields a finely tuned plasma density.
Achieving complete one-electron ionization is fa-
cilitated by the fact that the 780 nm wavelength
laser pulse is resonant with the 55281/2 — 5p2P3/2
transition of the valence electron from the atomic
ground state (the Ds line) and then further from
5p2P3/2 to 5d2D5/2, 5d2D3/2 states. These single-
photon resonances also have a major impact on the
propagation of the ionizing laser pulse — a question
studied only very recently in the context of ultra-
short pulse propagation [15]. It has been suggested
[16], that it is predominantly the single-photon res-
onances that give rise to a strong but saturable
nonlinearity which can be very advantageous for
the propagation of the ionizing pulse. In particu-
lar, theoretical indication was that due to resonant
self-focusing of the pulse by the vapor, pulse energy
in the tail is channeled very effectively within the
plasma created by the leading edge of the pulse.
The plasma column therefore becomes longer and
more sharply bounded when a 780 nm ionizing pulse
is used.

It is important to note that the laser pulse in this
scheme is not intense enough to drive wakefields in
the plasma (such as in laser wakefield acceleration).
Field strengths are orders of magnitude smaller and
therefore associated nonlinear propagation effects
(such as relativistic self-focusing) are absent. The
scheme is related to plasma column formation for
laser wakefield acceleration with the help of pre-
formed plasma waveguides [17, 18]. However, as
plasma densities are orders of magnitude smaller,
inhomogeneities of plasma dispersion itself play lit-
tle role during propagation.

Here we present an experimental investigation
of plasma column generation by resonant and off-
resonant TW laser pulses. We compare the prop-
agation properties of pulses with 780 nm central
wavelength (the rubidium Ds line) and pulses with
810 nm central wavelength in the 10-meter-long va-
por source at the CERN AWAKE site. We also
measure the properties of the created plasma col-
umn close to the downstream end of the vapor

source using schlieren imaging. Using measure-
ment data, an extension of the plasma column cre-
ation with the same laser apparatus to 20 meter
length is considered. We generalize the theory de-
rived for resonant pulse propagation [15] to treat
both resonant and off-resonant pulses with the same
equations and we perform numerical simulations
to study the pulse propagation process. Compar-
ing measurement results with calculations we show
that the predictions of our theory are qualitatively
correct for both resonant and off-resonant propaga-
tion. However, some quantitative discrepancies be-
tween simulation and experiment remain in certain
respects. The primary application of our results is
in wakefield accelerator design, but they are also
interesting for any application associated with the
propagation of high-power laser pulses such as the
creation of long plasma channels for lightning pro-
tection [19] or remote sensing applications where
resonances play an important role.

2. Experiment

2.1. Laser propagation experiment apparatus
Experiments were performed at the AWAKE site
at CERN, with the rubidium vapor source of the
wakefield accelerator device [13, 20, 21], a 10 m
long, 4 cm diameter, temperature controlled steel
tube that contains the Rb vapor. A schematic
drawing of the experimental setup can be seen on
Fig. 1. A TW class Ti:Sa laser system supplied
~120 fs duration, ~150 mJ energy pulses for the
ionization of the vapor. A mismatched, ~40 m
effective focal length telescope was used to focus
the pulses into the vapor source through a 10-mm-
diameter aperture. The waist diameter was w ~ 1.8
mm full width at half maximum (FWHM), the
waist location was tuned near the center of the
vapor source. In half of the measurements, spec-
tral shaping methods were implemented to con-
fine the spectrum of a wide bandwidth Ti:Sa os-
cillator to a region around 780 nm wavelength,
precisely the wavelength of the Rb Dy resonance
line, the 58281/2 — 5p2P3/2 transition from the
atomic ground state (Fig. 2). The spectrum also
had significant intensity at the 795 nm D; reso-
nance line (5s2S; /5 — 5p2P1/2 transition) and the
776 nm transitions to higher lying excited states
(5p*P3/; — 5d*Dgy and 5d°Ds)5), similarly to
our previous experiments [16]. In the other half of
the measurements, spectral shaping was used to ob-
tain laser pulses with the central wavelength shifted



away from these resonances. The resulting ampli-
fied pulse spectrum had a central wavelength of 810
nm and virtually no power at the Rb resonance
wavelengths (Fig. 2). These off-resonant pulses
had about 20% less maximum input energy than
the 780 nm central wavelength resonant pulses.

Precise temperature control of the vapor source
reservoir and walls made it possible to create a reg-
ulated, homogeneous, constant density Rb vapor
(6p/p < 0.5%) in a N = 10* — 10 cm~3 range.
We measured rubidium density at the upstream end
of the vapor source using white-light interferometry
[22, 23, 24]. The laser pulse energy was regulated
by a half-waveplate and two thin-film polarizers at
Brewster angle between the last amplifier and the
compressor. A “virtual” laser line was set up us-
ing the transmission from one of the transport mir-
rors in the laser line upstream of the vapor source.
This line had cameras that recorded the laser pulse
transverse energy distribution at propagation dis-
tances corresponding to the entrance (VLC1), cen-
ter (VLC2) and exit (VLC3) of the vapor source
(Fig. 1). These images represent propagation of the
laser pulse in vacuum, for comparison with its prop-
agation through the vapor source and for monitor-
ing the focusing. An energy meter was also placed
in the virtual line to measure pulse input energy
FE;,, calibrated using a direct energy meter when
the vapor source vacuum system was open.
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Figure 1: Sketch of the experimental setup. Pulses from a
TW laser system (Ti:Sa) propagate along the rubidium va-
por source (Rb). About 1% of the pulse energy is deflected
to the virtual laser line to be monitored by an energy meter
(Ein) and cameras (VLC1-3). About 0.5% of the transmit-
ted pulse is reflected off a wedge to an energy meter (Eout)
and through an imaging telescope (T) to a camera (Pickoff).
A transverse probe beam close to the downstream end of the
vapor source is used for schlieren imaging on a gated camera

(GQ).

Downstream of the vapor source, a wedge before
the beam dump diverted ~ 0.5% of the transmitted
laser pulse to the output energy meter E,,; and an
imaging system that created an image of the vapor

source output aperture on the pickoff camera. This
was used to record the ionizing pulse transverse en-
ergy profile after propagating through the vapor.
We calibrated E,,; readings to F;, values by a se-
ries of measurements performed with only residual
rubidium vapor in the chamber (N < 0.5 - 104
cm~3), which is estimated to absorb energy from
the pulse well below the ~ mJ noise floor of the
output energy measurement and affect negligibly
the pulse energy distribution. We used the same
measurements to scale the size of the pickoff images
to the known size of the virtual exit camera image.
Various filters were used on each of the virtual laser
line cameras and the pickoff camera to prevent im-
age saturation. The supplemental material of refer-
ence [16] contains a detailed drawing of the experi-
mental setup for the energy and transmitted pulse
measurement, the laser virtual line and a descrip-
tion for the calibration procedure for the output
energy and transmitted pulse transverse profile.
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Figure 2: Measured spectrum of the resonant (red) and off-
resonant (blue) laser pulses. Single-photon resonances to
the 5p2P1/2 (795 nm) and 5p2P3/2 (780 nm) first excited
states are marked by black lines, as well as the resonance
from 5p2P3/2 to higher lying excited states 5d2D3/2 and
5d2D5 /5 (776 nm - see also Fig. 11).

In order to examine the difference between the in-
teraction of resonant and off-resonant laser pulses
with the Rb vapor, we performed propagation mea-
surements for several vapor densities, switching
the laser spectrum each time to take data with
both resonant and off-resonant ionizing laser pulses.
Measurements were done for ' ~ 2 - 10" cm™3,
N=x5-104em™3 N ~7 104 cm™3 and N ~
1-10' ¢cm™3 vapor densities, the precise value dif-
fering by less than +2% for the corresponding reso-
nant pulse / off-resonant pulse measurements. For



N ~5-10" ecm™3 and N ~ 7-10* cm™2 vapor
densities, we also measured the properties of the
plasma column close to the downstream end of the
vapor source using schlieren imaging together with
the transmitted pulse measurements.

2.2. Schlieren imaging of the plasma column

Schlieren imaging is a very sensitive method to
measure refraction index changes in transparent
media, used predominantly in aeronautics and fluid
mechanics [25], but also employed regularly to in-
vestigate laser induced plasma [26, 27, 28, 29, 30].
Recently it was tested to probe atomic excitation in
rubidium vapor [31] and to measure plasma column
properties in ionized rubidium [32]. In our setup,
the A, = 780.311 nm (in vacuum) continuous wave
diode laser probe, tuned close to the precise value
of the Aps = 780.241 nm (in vacuum) D5 resonance
line, crossed the vapor source in a transverse direc-
tion through a pair of sapphire view ports, as seen
on Fig. 3. The vapor refractive index contribution
is thus én = 1074 — 1073, due to anomalous disper-
sion by ground state atoms. This is large enough for
detection despite the low density of vapor compared
to standard atmospheric densities and it is 3-4 or-
ders of magnitude larger than the refractive index
contribution due to plasma dispersion at the same
density. When the ionizing laser creates plasma,
the population of the atomic ground state is re-
duced significantly, so the refractive index changes
locally. A spatially dependent phase shift is im-
printed upon the probe beam during its transit.

We placed two 75 cm focal length lenses in a 4 f
setup [33] after the vapor cell and circular mask
with a diameter of D,, = 1.5 mm at the back focal
plane of the first lens. We used a gated, image-
intensified camera (Andor iStar DH334T-18F-73)
to retrieve images of the probe light, triggered 100
ns after the ionizing pulse and timed to collect light
for a duration of 100 ns. With this timing, atoms
excited, but not ionized by the laser will return
to the ground state by spontaneous decay, while
plasma recombination (1-10 ps timescale at these
densities) will not alter the plasma density consid-
erably yet. Thus probing the absence of ground
state atoms yields information on the plasma den-
sity.

A typical schlieren image captured by the mea-
surement can be seen on Fig. 3 b). Given that
the properties of the plasma column are constant
on the mm scale along the ionizing pulse propaga-
tion direction z, the w = 3.1 mm FWHM diameter
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Figure 3: a) Sketch of the schlieren imaging setup. A
probe beam (PB) traverses the vapor source (C) cross sec-
tion through a pair of sapphire view ports (W) along the 2
direction, sampling the refractive index of the vapor and the
plasma column (P). With two lenses (L1, L2) in a 4f setup
and a mask (M) between them, a schlieren image is created
on the gated camera (GC). b) A narrow region of the gated
camera image is extracted and averaged to obtain the signal
¢), which is then frequency filtered before being evaluated
d).

probe beam samples a y — z dependent vapor den-
sity, the x dependence on the image is due only to
the probe beam intensity variation. Therefore it is
convenient to take a rectangular region from the im-
age, narrow in the z direction around the center of
the probe beam and average along x to improve the
signal-to-noise ratio. The 1D s(y) curve obtained
is the schlieren signal that we use to analyze the
plasma column (shown in Fig. 3 ¢) ).

2.3. Inferring plasma column properties

The parameters of the schlieren probe beam were
determined in a series of measurements with the
mask removed and only residual vapor density in
the vapor source. Given these parameters and the
precise data of the anomalous dispersion of the
vapor [34], the schlieren signal s(y) can also be
calculated theoretically using standard formulas of
Fourier optics [33] for any given plasma density
distribution N,(y,z). (Note however, that at the
vapor densities considered, the homogeneous line-
shape function in [34] must be augmented by a col-
lision broadening term [35], the magnitude of which



contains a constant known experimentally to much
lower accuracy than the spontaneous decay rate.)
To obtain information on the extent of the plasma
column from s(y), we start by assuming some sen-
sible profile for the plasma density and calculating
the theoretical schlieren signal. According to the-
ory [15, 16] and experiment [36], when the ionizing
pulse is powerful enough, the ionization fraction at
the center of the column is very close to one, i.e.
plasma density is saturated at the initial vapor den-
sity. Thus we assume an axisymmetric plasma den-
sity of the form:
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), it 7 > 1o,
(1)

Here N is the rubidium vapor density, r is the dis-
tance from the column center, which is located at
coordinates (yo,20 = 0) in the y — z plane. (A
nonzero value of zy does not change the schlieren
signal because probe light phase modulation and
absorption arise as dielectric parameter integrals
along z.) 7o is the radius of the plasma column
core, P4, is the maximum ionization fraction at
the center and ¢ is the sheath layer width parame-
ter, a value that characterizes the width of the tran-
sition region between the core and the completely
unionized vapor of neutral atoms. When the vapor
is not ionized completely at the center (Pyq. < 0),
we expect rg ~ 0, and a clear maximum of ioniza-
tion fraction at the center. A substantial value of
ro is only compatible with P,,,, =~ 1, the satura-
tion of ionization in the core. The reason is that
an extended region of constant ionization fraction
can be realized either if we realize a sizable region
in the transverse plane where the time-dependent
laser pulse intensity is the same, or if the fluence
is simply high enough for the ionization fraction to
saturate to 1. The former is very hard to imagine
in a system with a propagating pulse (self-focusing,
diffraction).

The choice of the plasma profile Eq. 1 (in partic-
ular the Gaussian decay function outside the core)
is motivated by the fact that in the limit of less in-
tense fields (multiphoton ionization) and pulse pro-
file undistorted by nonlinear self-focusing (at the
entrance of the vapor cell), a Gaussian beam pro-
file will give rise to a Gaussian plasma profile. For
the general case, (pulse profile already distorted by
the nonlinear interaction during propagation) the
sheath layer width parameter ¢ty can simply be re-

Nyp(y,2) = (r—ro)?

5

garded as a parameter of a function fit. It will de-
pend on the transverse fluence distribution of the
propagating laser pulse and ultimately it helps char-
acterize the strength of the self-focusing effect of
the vapor. Note that this width is not related to
the plasma Debye length, as the ionization takes
place on the 100 fs timescale, much shorter than
the timescale for any plasma dynamical phenom-
ena.

Calculating the schlieren signal s(y) for plasma
columns described by Eq. 1 with a range of sensi-
ble parameter values, one can verify that the plasma
gives rise to a double peaked structure in s(y), sim-
ilar to the experimental signal (Fig. 3). The two
peaks are due to the probe light phase modulation
varying in space most near the top and bottom
edges of the plasma column. It is convenient to
frequency-filter s(y) numerically with a low pass fil-
ter to remove spatial frequencies fy > Diask/(Apl),
as the interference of light passing above and below
the mask edges distorts the peaks somewhat (I = 75
cm is the distance between the mask and the sec-
ond lens). We can compute the locations y1,y2 of
the two largest peaks of the filtered schlieren signal
F (s(y)), as well as the peak widths o1, 02 and peak
heights A, Ao using (a slightly tweaked version of)
the find_peaks function of SciPy [37]. It is then
possible to verify that the core center location g
can be determined by yo = (y1 + y2)/2 with very
good accuracy. Furthermore, defining the peak dis-
tance A and normalized peak width W:

A = |y2—y1| (2)
Aro1 + Azos

wWw = —== 3
A+ A 3)

we observe that these quantities are, to a very good
approximation, linear functions of ry for fixed tg
and vice versa, while they do not depend on yg at
all. Therefore we write their functional dependence
in the following form:

A = Myoroto + Mirg + Mstg + B

W = Qiaroto + Q1710 + Q2to + P (4)
and use a set of signals calculated with
varying ro, to and yg to determine, us-

ing a fitting procedure, the set of constants
{My, Ma, M1z, B, Q1,Q2,Q12, P} from  A(ro,to)
and W(rg,tp). Once known, we can evaluate any
schlieren signal we obtain from the experiment by
spatial frequency filtering to get rid of interference
(and high-frequency noise components) and using



peak finding to determine yy, A and W. We can
then associate with the signal the plasma core
radius r¢ and the sheath layer width ¢y obtained by
inverting the relations Egs. 4. In a sense, we can
regard ro and ty as the parameters of a function
fit of the form Eq. 1 on the experimental plasma
distribution.

For some parameter combinations, the two-
peaked structure may be absent, so we cannot as-
sociate rog,to values with s(y) using the procedure
— in this case the image cannot be evaluated. This
may happen if sufficiently large values of yo and/or
ro and/or to combine such that one or both of the
plasma edges lie far to one side where the probe
beam is already too weak. This may also hap-
pen if ro and ¢y are both small and the two peaks
are not separated. With the present measurement,
ro+tp 2 0.3 mm is required for a reliable separation
of the peaks. While frequency filtering the schlieren
signal to mitigate interference effects increases the
accuracy of the evaluation, it carries a price. Very
sharp plasma boundaries (o < 0.1 mm) give rise
to narrow peaks in the schlieren image and are dis-
torted by the filtering we use. This effectively sets
the lower limit on the sheath width we can reliably
evaluate. Any ty below this limit will be measured
as tg ~ 0.1 mm.

Note that A and W do not depend on the overall
magnitude of the signal. This is convenient because
vapor absorption is not known to a high accuracy
due to collision broadening and also because probe
laser power was not monitored continuously. The
evaluation process just described yields no infor-
mation on P,,,, — but when there is a measurable
plasma column core (ro > 0) we can safely assume
P,,.: = 1. We further note that the fit coefficients
(with given beam parameters) depend somewhat on
the vapor density, so for the evaluation of any mea-
surement, the corresponding set of theoretical sam-
ples must be computed and the fitting parameters
determined.

Estimating the plasma parameters using machine
learning methods has also been tested previously
[38]. Deep neural networks were trained using a
large number of calculated signals to recover the un-
derlying parameters and they proved more accurate
than the fitting procedure in this paper for the cal-
culated signals. However, for the actual experimen-
tal data, their predictions exhibited large fluctua-
tions at times, most probably because real plasma
columns are not axially symmetric and may have
slightly different sheath thickness at the top and

the bottom edge. The present evaluation method
proves more robust with respect to this circum-
stance.

3. Resonant vs. off-resonant pulse propaga-
tion

3.1. Experimental observations

As a representative example of the measurement
results for the transmitted pulse properties we ob-
tained, Fig. 4 shows the width of the transmitted
pulse together with its pulse E,,; as a function of
E;,, measured for N' = 7 -10'* cm™3 vapor den-
sity, resonant (780 nm) pulses. To characterize the
beam width, we use the D4o width (i.e. the sec-
ond moment width) of the fluence profile F(x,y)
defined as:

_ S (Flay) (@ —2)* + Fla,y)(y — §)?) dedy
D= 4\/ [ F(z,y)dzdy

(5)
where

f xF(x,y)dxdy
[ F(z,y)dedy

. and g = 47 @ y)dedy
[ F(z,y)dxdy

(6)
z and y are the coordinates in the camera plane in
these formulas, Z, § are coordinates of the geometric
center and clearly [ F(z,y)dzdy = Eoy. The fig-
ure depicts “raw” measurement data, each marker
corresponds to a single measurement. Insets show
transmitted pulse camera pictures for a few single
representative measurements. Several regimes are
visible on the plots, as discussed in [16]. For small
E;,, in the sub-threshold domain (marked “ST” on
Fig. 4), Eyut is below the noise-floor of the measure-
ment and the image on the pickoff camera is very
broad (see inset a) ). Then follows the sharp break-
through transition (marked “B” on Fig. 4), where
transmitted pulse width drops quickly as it devel-
ops a sharp, narrow, high-fluence feature and F,
starts to increase. Just above this is the confined
beam domain (“CB” on Fig. 4), where the pulse
width slowly approaches a minimum, while E,,; in-
creases (insets b) and ¢) ). In the final region named
the asymptotic transparency domain (“AT” on Fig.
4), both FE,,; and pulse width increase steadily (in-
set d) ). This region is associated with the satura-
tion of the optical nonlinearity of the medium due
to complete one-electron ionization in the plasma
column core (P = 1).
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Figure 4: Measurement results for transmitted pulse D4o
width (right y-axis, red crosses) and energy Fo.+ (left y-axis,
blue plus symbols) as a function of pulse input energy for
resonant 780 nm pulses and N = 7-10'* cm ™3 vapor density.
Dashed vertical lines mark approximate domain boundaries,
insets show representative transmitted pulse shapes: a) pulse
in the sub-threshold (ST) domain, b) narrow-width pulses in
the breakthrough (B) and c¢) confined beam (CB) domains
and finally d) widening pulse of the asymptotic transparency
(AT) domain.

The main results of the propagation experiments
can be seen on Figs. 5 where E,,; and transmit-
ted pulse D4o width can be seen for all four va-
por densities studied and both ionizing pulse cen-
tral wavelengths. Binned data averages are plot-
ted with error bars marking the standard error of
the mean. The figures show that off-resonant ion-
izing pulses (blue lines) behave similarly to reso-
nant pulses (red lines) in general. However, F,,; is
smaller for any given F;,. The breakthrough tran-
sition requires higher E;,, and the transmitted pulse
is always wider for off-resonant pulses. As the vapor
density increases, the breakthrough transition shifts
to higher F;, for both wavelengths. Apart from the
lowest density measurements, the off-resonant pulse
also acquires a minimum width after the break-
through. The larger F,,; and smaller D4o width
combine to give rise to a substantially larger peak
fluence in the resonant case than in the off-resonant
case. Overall, Figs. 5b), d), f) and h) show that the
nonlinear self-focusing effect of the vapor is stronger
on the resonant pulses than on the off-resonant
pulses, in accordance with theoretical predictions.

We used schlieren imaging to measure plasma
column dimensions for the two intermediate va-
por densities together with the propagation mea-
surement. Figure 6 shows the plasma core radius
ro we obtained, as a function of E;,. Transmit-
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Figure 5: Transmitted pulse energy Fou: (left panels) and
D4o width (right panels) as a function of pulse energy
for all four vapor densities and both ionizing pulse wave-
lengths. Markers show binned data averages, error bars
depict the standard error of the mean. Red symbols/lines
mark 780 nm resonant, blue lines/symbols mark 810 nm
off-resonant measurements. a), b) N/ = 210 cm™3; ¢),
A N =5-10%em™3; ), f) N = 7-10 cm™3; g), h)
N =1-10" cm™3.



ted pulse D4o width is also shown on the figure
for reference. It is visible that a measureable rq
appears at the breakthrough transition where the
transmitted pulse width drops drastically. For res-
onant pulses, following an initial sharp increase of
ro there is a visible “shoulder” of near constant
plasma radius, approximately corresponding to the
confined beam domain (E;, = 32 — 50 mJ and
FE;, = 45 — 72 mJ for the two vapor densities de-
picted). There is no such feature visible for off-
resonant pulses. The plasma column reaches the
downstream end of the 10 meter vapor source at
higher E;, for off-resonant pulses (as the break-
through requires higher energies), there is a roughly
ro = 0.5 — 0.6 mm plasma radius with resonant
pulses already when the first detectable plasma ap-
pears for the off-resonance case. However, by the
end of the input energy range both resonant and off-
resonant pulses produce a plasma core of roughly
equal radius. The most important difference be-
tween the two cases is the plasma sheath width tg,
which is much smaller for resonant pulses (Fig. 7).
Though this quantity fluctuates a lot more than r,
especially for the off-resonant case, it is clear that it
is at least 2-3 times as large for off-resonant pulses.
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Figure 6: Plasma core radius rg for a) N' = 5-10'% cm~3

vapor density and b) N = 710 cm~3 vapor density
(left vertical axis). Solid red line / symbols mark resonant,
blue dashed line / symbols mark off-resonant measurements.
Transmitted pulse D4o width is also shown for reference with
dotted lines (right vertical axis, red / blue for resonant / off-
resonant).

Figure 6 shows that plasma is detected for some
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Figure 7: Plasma sheath width to for a) A" =5-10'* cm—3
vapor density and b) N = 7-10'* cm™3. Red solid lines
correspond to resonant, dashed blue lines correspond to off-
resonant pulses.
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Figure 8: Pulse energy ratio R, within the rg radius plasma
column core for a) ' = 5-10'% ecm™3 vapor density and b)
N =7-10" cm™3. Red solid lines correspond to resonant,
dashed blue lines correspond to off-resonant pulses.

shots already at the start of the breakthrough do-
main. These shots are rare initially, but their fre-
quency increases as F;, progresses towards the con-
fined beam domain. The D4c width corresponding
to the shots with plasma is small, whereas the shots
where plasma is not detected, are much wider. As
E;, increases, shots with narrow D4c width and
measurable plasma become more frequent and the
average transmitted pulse width drops quickly. By
the end of the breakthrough domain, all shots pro-
duce a measurable plasma column at the end of
the vapor source. Note that because our evaluation
of the schlieren images yields no direct information
on the ionization fraction P, we only assume
that we have P,,.. =~ 1 at the plasma core if rq is
substantial (i.e. we have a plateau of the ioniza-
tion fraction in the center). Naturally, ’substantial’
must be in comparison with ¢y, i.e we may safely
assume Pp.. = 1, only if rg 2 to. This regime
is reached much sooner with resonant pulses (also)
because of the smaller tg. In fact for resonant pulses
we definitely reach it by the start of the confined
beam domain.

To estimate the significance of a thinner sheath,
we may consider the ionization probability profile



Pion(r) described by Eqn. 1 integrated in a plane
perpendicular to the propagation direction. The en-
ergy loss of the propagating pulse due to ionization
per unit distance dE;°" /dz will be proportional to
this quantity:

ion

dE
/Pion (r)rdrd¢ = 7'(2)7r + t87r + /oty ~ 76;053
z
(7)

Here we assume that every ionization event removes
exactly three photons from the field of the laser
pulse — the smallest number required for ioniza-
tion at these wavelengths. (The effects of above-
threshold ionization with four or more photons are
thus excluded from this simple consideration, as is
the energy loss by other means e.g. atoms not ion-
ized but left in an excited electronic state.) Using
values for r¢ and tg from Figs. 6 and 7 that corre-
spond to E;, = 100 mJ and inserting in Eq. 7, we
can readily see that dE°" /dz is roughly twice as
large for the off-resonant pulse at this point. For
lower (higher) pulse energies, where the ratio to/ro
is higher (lower), the ratio by which dEi°" /dz is
higher for off-resonant pulses will be higher (lower).

An interesting question regarding pulse propa-
gation is the actual ratio of the pulse energy that
propagates inside the plasma column core. In tra-
ditional filamentation in atmospheric gases, most of
the energy propagates in the low intensity wings of
the propagating pulses around the plasma as the
medium is transparent for low-intensity light. In
the resonant pulse scenario discussed here, however,
there is absorption for an arbitrarily low intensity
and theory predicts that most of the energy is chan-
neled inside the core, where resonant absorption is
stopped by the removal of the valence electron. The
actual ratio R g of pulse energy propagating within
the plasma column core can be estimated from the
camera images by integrating the fluence distribu-
tion within an r¢ radius around the center. Fig-
ure 8 shows the results of this evaluation. For the
resonant case, around 90 % of the pulse energy is
found to be channeled in the core in the asymp-
totic transparency domain. Off-resonant pulses are
channeled less efficiently, especially for low energies.
Nevertheless, even they show a behavior similar to
resonant pulses at high energy, i.e. they resemble
the propagation of resonant pulses much more than
they do traditional non-resonant filamentation phe-
nomena.

The experimental data thus proves, that resonant
self focusing helps contain laser pulse energy near

the plasma column core very effectively. Pulse en-
ergy is channeled in the core where the optical non-
linearity and absorption are saturated due to com-
plete single electron ionization. As a consequence,
the plasma sheath layer with partial ionization is
much thinner for resonant pulses. Because less en-
ergy is lost by resonant pulses for the partial ioniza-
tion, these pulses have a greater penetration depth
for a given energy, i.e. they require less energy to
create a continuous plasma column of given length.
This is clearly very advantageous for creating a long
plasma column and particularly so for accelerator
applications.

3.2. Considerations for longer plasma columns

Using the data we may also estimate the pulse en-
ergy that could be capable of creating a 2,4, = 20
m long plasma column. The estimate is based on
the observation made in numerical modeling of the
system that at a given vapor density and beam fo-
cusing, the properties of the propagating pulse (and
thus the properties of the plasma column) at a given
spatial position will depend only on the energy still
remaining in the pulse at that point [15, 16]. It is
made by recursion using the information on Figs. 5
and 6 — the curves required for the process in this
example are shown together in Fig. 9 for conve-
nience. If we require a ro = 0.5 mm plasma column
after Zmar = 20 min N = 5-10'% cm ™2 density va-
por and consider resonant ionizing pulses, we first
establish that we need F;,, = 29 mJ to have rg = 0.5
mm after z = 10 m (left panel of Fig. 9). We now
estimate that if we have a pulse which still contains
29 mJ energy after z = 10 m, that pulse will be
able to create the required plasma column in the
second 10 meter section of the 20-meter-long vapor
as well. Finding E! that yields E,,; = 29 mJ from
the E,yut(E;,) curve we obtain Ef, = 90 mJ (right
panel of Fig. 9, arrows with dotted line depict the
process). Thus, we estimate that a resonant pulse
with E;, £ 90 mJ would be able to create the re-
quired plasma column in a 20 m long vapor source
— a value well within the capabilities of the laser
system.

The same process can be used to estimate the
energy required for a 2,4, = 20 m long, 7o = 1 mm
plasma column at the same vapor density. Figure
9 left panel shows that F;, = 70 mJ is required for
ro = 1 mm after z = 10 m. Projecting this value
as F,,;: onto the right panel we see that we are
somewhat above the range of available experimental
data. However, using linear extrapolation, we can
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Figure 9: Illustration of the recursive method for estimating
the energy necessary to create a 20 m long plasma column
of a given radius in N = 5 - 10 cm ™3 density vapor. Left
panel: 7o(E;n) curve for resonant pulses from Fig. 6 a),
rotated anticlockwise by 90 degrees. Right panel: Eout(Ein)
curve for resonant pulses from Fig. 5 c¢). Dashed line in the
right panel marks the line of best fit for the upper range of
the experimental data.

estimate that EI ~ 152 mJ yields E,y; = 70 mJ
after 10 meters of propagation, which in turn is the
energy requirement for a pulse to create a 20 m
long, 1 mm radius plasma column.
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Figure 10: Illustration of the recursive method for estimating
the energy necessary to create a 20 m long plasma column
of a given radius in ' = 5-10™ ¢cm~3 density vapor for off-
resonant pulses. Left panel: ro(E;,) curve for off-resonant
pulses from Fig. 6 b), rotated anticlockwise by 90 degrees.
Right panel: FEout(E;p) curve for off-resonant pulses from
Fig. 5 c¢). Dashed line in the right panel marks the line of
best fit for the upper range of the experimental data.

Repeating the process to investigate the possi-
bility of generating a zpq; = 20 m, ro > 0.5 mm
plasma column by off-resonant pulses, we find that
E,.,; = 56 mJ is required after z = 10 m propaga-
tion (Fig. 10). However, projecting this value to
find E], we are far above the experimental curve
due to the fact that the plasma column appears for
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larger E;, and transmitted energies are smaller for
the off-resonant case. Linear extrapolation again
yields an estimate for the required pulse energy to
be E!, ~ 157 mJ, much greater than the 90 mJ
value of the resonant case. Also, this estimate is
to be handled with greater caution due to its dis-
tance from the measured range. The same process
with the data for N' = 7 - 10" cm™2 density vapor
and resonant pulses readily yields E/, ~ 118 mJ for
the limit of creating a 2,4, = 20 m plasma column
with ro > 0.5 mm (without any extrapolation). We
also note that given enough experimental data, the
recursive process could be repeated to estimate the
pulse energy requirement for 30 meter long or even
longer plasma columns.

4. Simulation

4.1. Theoretical framework

A theory has been developed recently to describe
the propagation of ultra-short, ionizing laser pulses
through Rb vapor under the condition of single
photon resonance from the ground state [15]. Re-
sults from numerical simulations have been found
to agree qualitatively with experimental findings
of resonant pulse propagation for the transmitted
pulse energy and width [16]. Using this as a start-
ing point, we have derived a more general theory
to treat the propagation of off-resonant pulses and
resonant pulses in a unified way and explore the
difference between their behavior. Here we present
only a very brief outline, as the basic concept is the
same as the one described in [16] in greater detail.

The basic equation used for the pulse propagating
along the z direction is written for the complex en-
velope function &(r, z,t) of the axisymmetric laser
field E(r,z,t) = £&(r,z,t)exp(ikoz — wot) + c.c.
(E(r,z,t) (wo and ko being the central frequency
and wavenumber in vacuum). Standard methods
in the treatment of ultrashort pulses are employed
[39] such as the paraxial approximation, transform-
ing to Fourier space with respect to 7 =t — z/c, the
delayed time: E(r,z,w) = §{E(r,2,7)} and using
the Slowly Evolving Wave Approximation (SEWA)
[40] to arrive at the propagation equation:

s tonga, k=
0.6 =5 Vi€ +iz P N
. 2 ~
ik (& N 2

— noBnN O — —
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Here e, m. are the elementary charge and electron
mass, €y is the vacuum permittivity and 7y the
vacuum impedance. The first term on the right-
handside (RHS) of Eq. 8 is due to diffraction, the
last term is the plasma dispersion term. The third
term on the RHS of Eq. 8 is an energy loss term
derived from the requirement that when an atom
is ionized, an appropriate number of photons are
absorbed from the field (the number depending on
the electronic level that the valence electron was in
prior to ionization).

75°S 1 b
~ 5/2
\ 6p%Pys / 54D,
65°S 1, 4dD5,
5Py / 44Dy
5P2P1/2
551

Figure 11: a) Electronic levels of the rubidium atom that
are included in the theoretical model. The states used in
the original, 4-level model [15] are highlighted in red. Black
arrows mark allowed dipole transitions between the states,
but transitions to different fine-structure sublevels are not
resolved, i.e. only a single arrow corresponds e.g. to the 780
nm Dy and 795 nm Dy lines from 55281/2 to 5p2P3/2, and

5p2P1/2 states.

The second term on the RHS is the atomic po-
larization, which, for the resonant case, is domi-
nated by Rabi-oscillation type transitions on single-
photon resonances. Contributions of this type can-
not be expressed in terms of usual optical nonlinear
coefficients [41]. Therefore our theory includes an
explicit calculation of the atomic state using the
Schrodinger equation written for the «;(t) prob-
ability amplitudes: [¢) = 3 a;(t) exp(—iw;)|j)
(hw; is the energy of the energy eigenstate [j)).
The original model [15] included just four atomic
states, the ground state and three excited states
that are accessible via resonant interaction within
the bandwidth of the 780 nm ionizing pulses (see
Figs. 2 and 11). However, the dominance of these
over other atomic states will be much less signif-
icant for off-resonant pulses centered around 810
nm. Therefore the model has been expanded to
include 10 atomic levels in all (Fig. 11). The lev-
els were chosen by first considering a more general
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model with 18 atomic states and then selecting only
those which proved to acquire a maximum occupa-
tion probability of at least 0.01 during the inter-
action with the laser. The evolution of the atomic
state is thus described by:

0taj :% Z EeiiAjktdjkOék
k
(9)

+ % g*eiAjk'tdjklOzk/ — %aj
o

The summation for index k runs over the lower
lying atomic states (fiwy < hw;) for which the
dipole matrix element d;; # 0, the summation
for k' for higher lying states in a similar man-
ner. Aji = wo — (w; —wg) is the detuning of the
laser central frequency from the |k) — |j) tran-
sition frequency. Material parameters needed in
the calculation (level energies and dipole oscillator
strengths) have been obtained from the literature
[42, 43, 44]. T'; are level loss rates due to ionization
(intensity dependent), obtained from the so-called
PPT-formulas [45, 46, 47] and experimental data
[48]. With the atomic state evolution calculated,
the atomic polarization term for Eq. 8 is given by
the dipole operator expectation value (d)

73 = S {NZ aZaldkl} .

kl

(10)

where §{. } marks the time Fourier transform.

4.2. Numerical results and discussion

We performed calculations for a pulse propaga-
tion scenario similar to the experiments, with both
resonant and off-resonant pulses. The computa-
tions were done for a range of input pulse energies
with vapor density N' = 7-10'* cm™3. The input
laser pulse was a Gaussian beam, with focal param-
eters derived from the measured virtual laser line
camera fluence distributions as in [16]. A hyper-
bolic secant temporal dependence of the initial field
was assumed — note that this ideal pulse shape
leads to a significantly narrower spectral width for
the pulse than that actually measured (Fig. 2).
Transmitted pulse properties and ionization profiles
were plotted after 10 meters of propagation for com-
parison with experimental results.

Figure 12 a) and b) show transmitted pulse en-
ergies and widths, while Fig. 12 ¢) and d) shows
plasma core radii and sheath widths. There is a
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Figure 12: Simulation results for A" = 7 - 10™ c¢cm—3 vapor
density a) transmitted pulse energy, b) transmitted pulse
D40 width, ¢) plasma core radius ro and d) plasma sheath
width tg. Solid red lines mark 780 nm resonant results, solid
blue lines mark 810 nm off-resonant results. Experimental
results are also plotted with dashed lines (without error bars)
for an easy comparison. Experimental tg values on d) are
rescaled by a factor of 1/3 to fit close to the range of the
simulation results.

good qualitative similarity between experiment and
theory albeit with some quantitative discrepancy.
Transmitted pulse energy (Fig. 12 a) ) is pre-
dicted to be significantly larger for any given Ej,
than that measured, but the fact that the resonant
pulse E,,; curve commences growing earlier and is
greater than its off-resonant counterpart is clearly
represented in the results. Transmitted pulse width
(Fig. 12 b) ) also shows that simulation reproduces
well the breakthrough behavior of the pulses, the
quick drop in D4o to a minimum width, as well
as the following expansion of the width of the res-
onant pulse. The minimum width value obtained
in the simulation is somewhat smaller for the res-
onant case. The plasma 79 behavior is also well
reproduced (Fig. 12 c) ), the curve for the reso-
nant case displaying the shoulder of near constant
ro that corresponds approximately to a similar re-
gion in the D40 width (the confined beam domain).
Finally, the sheath width tg (Fig. 12 d) ) that we
obtained from simulation also shows that the res-
onant pulse gives a ty value several times smaller
than the off-resonant pulse does. However, the nu-
merical values from the simulation are smaller by
a factor of about three. (Experimental values have
been rescaled on Fig. 12 d), see also Fig. 7 b).)
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Figure 13: Contour plot of the ionization probability at the
vapor source exit obtained from a), b) numerical simula-
tion and c), d) schlieren imaging measurements for N' =
7 - 10'* cm~3 density and both resonant and off-resonant
pulses.

It is noteworthy that the drop in transmitted
pulse D4o is much sharper for the simulation than
measured experimentally. It has been shown in [16],
that the parameters of the ionizing pulses (mea-
sured beam waist parameters wg, 2o and the beam
profile shape as well) fluctuate somewhat shot-to-
shot. The simulations on the other hand are per-
formed with constant beam parameters. Varying
the beam parameters in the simulation (within the
range of variation observed in the experiment) the
sharp drop is smeared out and small-scale features
(present predominantly for the resonant pulse case)
are smoothed, averaged out [16].

To visualize the plasma column at the vapor
source exit, we show a 2D plot of the ionization
probability (i.e. the plasma density) as a function
of F;, and the radius on Fig. 13. Plotted are:
a), b) Pion(Eipn,r) at z = 10 m obtained from the



simulation and c), d) ionization probabilities of the
form Eq. 1, with parameters rg, tg derived from bin
averages of binned ry and ¢y values obtained from
the experiment (Figs. 6 and 7). The plasma col-
umn core in the figures is the region close to the
r = 0 axis where P;,, = 1. The plots show good
resemblance between simulation and experiment —
the fact that the experimental sheath layer width
is much wider than the simulated one is also vis-
ible. Finally, Figure 14 shows two plots for simu-
lated Pj,,(z,7) calculated for the entire length of
the vapor source in case of a resonant and an off-
resonant pulse with the same energy. The pulse
energy is low, a little below the breakthrough tran-
sition of the resonant pulse. The plots reflect very
well that conclusions drawn in the previous sections
from quantities observed / calculated for the vapor
source exit hold during the entire propagation ex-
cept for a small transient region just after the entry.
They depict explicitly that the resonant pulse of
equal energy creates a longer plasma column than
the off-resonant one.
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Figure 14: Ionization probability inside the vapor source
from simulation calculated for a E;, = 18 mJ energy, a)
780 nm resonant and b) 810 nm off-resonant pulse.

Finally, some comments on the possible causes of
the large quantitative discrepancy between numer-
ically predicted and experimentally observed FE,,;
and tg values. In several respects, the simulation
assumes a situation that is only imperfectly real-
ized in the experiment. First, the real laser pulse is
not axially symmetric and its spatial distribution is
far from being a pure Gaussian beam. While non-
axisymmetric (i.e. full 3D) simulations are far out
of scope, similar calculations have been conducted
by us previously with flattened Gaussian beams
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of various orders [49] using the previous numerical
model for resonant propagation [15].These studies
determined that the different transverse spatial de-
pendence did not affect the propagation substan-
tially apart from a fairly short transition region
at the beginning of the vapor and did not result
in a substantial difference in the transmitted en-
ergy. Second, the idealized sech temporal pulse
shape does lead to a much narrower spectral width
of the pulse than that measured for the experimen-
tal input (Fig. 2). This may possibly cause a more
significant difference. Furthermore, the simplified
calculation of ionization (required to get an atomic
model calculable in 2D propagation simulations)
may also cause a significant quantitative difference
from the experiment.

5. Summary

We have presented both experimental and simu-
lation results for the propagation of resonant and
off-resonant, ultra-short, ionizing laser pulses in ru-
bidium atomic vapor. The 780 nm central wave-
length pulses were resonant with atomic lines of
the rubidium atom, while the 810 nm central wave-
length off-resonant pulses were just above the res-
onance wavelengths. We performed measurements
varying the input pulse energy from 0 to ~150 mJ
and repeated the measurements for several vapor
densities.

We measured the transmitted pulse energy and
width after propagation along the 10-meter-long ru-
bidium vapor column. Simultaneously, we have in-
vestigated the transverse extent of the plasma col-
umn created by the pulses close to the downstream
end of the vapor column using schlieren imaging.
From the schlieren images, we determined the ra-
dius of the plasma column core, where the laser
pulses achieve one-electron ionization of the rubid-
ium atoms with a probability very close to 1. We
also determined the plasma column sheath layer
width, which characterizes the fall-off distance of
the plasma density from the core to the unionized,
neutral vapor.

We established that resonant pulses lose less en-
ergy during propagation per unit distance and are
confined more strongly in the transverse plane by
the interaction with the vapor. For low energy, res-
onant ionizing pulses create a plasma with signif-
icantly larger core radius at the vapor’s end than
off-resonant pulses do. For high energy pulses, the
radius of the plasma core is approximately equal for



the two cases. For the entire energy range investi-
gated, resonant pulses create a plasma column with
a much thinner sheath layer. Based on our results,
we conclude that the greater energy loss in case of
off-resonant pulses comes predominantly from this
wider sheath layer, as they leave a much larger vol-
ume of partially ionized atoms around the core. For
this reason, resonant pulses are able to create a
longer plasma column than off-resonant pulses with
the same energy. We observe that, contrary to tra-
ditional filamentation in atmospheric gases, both
resonant and off-resonant pulses are channeled in
the plasma core where further ionization and thus
energy absorption does not take place. However,
resonant pulses are being channeled much more ef-
ficiently with around 90% of the pulse energy trav-
eling in the core for mid- to high-energy pulses.

We have also used our experimental results to
estimate the pulse energy required for creating a
20-meter-long plasma column under identical con-
ditions. While the laser used in our experiments
would be able to create this double length plasma
column with resonant pulses, it is far from it when
off-resonant pulses are used.

We generalized a theoretical description devel-
oped for the resonant pulse propagation problem to
treat the off-resonant case as well. Comparing sim-
ulation results with measurement, we conclude that
they are qualitatively similar, even if the quantita-
tive predictive power of the theory is still lacking in
certain respects. Using simulations results, we have
shown that the plasma column created by resonant
pulses is bounded more sharply almost all along
the entire vapor column and that this allows the
resonant pulses to generate a much longer plasma
column with equal initial pulse energy. Our results
show that single-photon resonances have a major
effect on pulse propagation and that they can be
very advantageous if the requirement is to generate
a long, 10-meter-scale plasma column. Our results
can potentially be very significant for the construc-
tion of plasma wakefield accelerator devices, but
may also be of interest for other applications with
high-power laser pulses, e.g. lightning protection or
remote sensing applications.
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