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Abstract

AWAKE uses a long relativistic proton bunch to drive
wakefields in plasma. The amplitude of the wakefields
increases along the plasma as the bunch undergoes self-
modulation (SM). Wakefields are energy deposited in the
plasma that must dissipate, a fraction of which is emitted
as light. Light diagnostics measuring the amount of light
emitted can be used to study the development of the wake-
field amplitude along the plasma. A finite radius plasma
column may influence wakefields, their energy balance and
possibly the self-modulation process. To study these effects,
the evolving plasma column radius has to be measured. Here
we report on the use of light diagnostics in the absence of
wakefields for this purpose.

INTRODUCTION

Charged particle bunches propagating through plasma
drive wakefields by displacing plasma electrons [1]. Wake-
fields can be used for particle acceleration. The accelerating
gradients sustained by wakefields can be several orders of
magnitude higher than in RF-cavities. AWAKE uses a long
relativistic proton bunch (400 GeV, 48 nC) as driver. To
reach accelerating gradients on the order of 1 GeV/m, the
proton bunch must undergo self-modulation [2]. For this
purpose, a 10.3 m rubidium vapor plasma source is used [3].
The plasma is created by a laser pulse (I, ~ 10 TW/cm?,
tpuise = 120fs (FWHM), 4 = 780nm, AZ 2 5nm [4])
ionizing the rubidium atoms with an ionization fraction of
100 % [5]. This ensures density uniformity within 0.2 % [3]
and enables control over the plasma density by means of con-
trolling the vapor density. A characteristic of a laser ionized
plasma is that the radius of the plasma column changes along
the pulse propagation due to the evolution of the laser beam
energy, radius and thus intensity. We show here that the time
integrated light recorded by ten CMOS cameras placed along
the 10.3 m plasma column is consistent with the amount of
ionized Rb atoms calculated by a simple model for laser ion-
ization through which the radius of the plasma column can
be extrapolated. The setup for the experiment and details on
the light diagnostic can be found in Ref. [6]. Measurements
presented in this work are taken in the absence of wakefields.

LASER IONIZATION MODEL

We introduce the laser ionization model that is used to
interpret the light measurements of the laser ionized plasma
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Figure 1: Plasma radius r(z) (where I(z,r) = I,;) plotted
against propagation distance of laser pulse z. Inset: Energy
deposited in the vapor/plasma by the laser pulse per unit
length. Red line: in vacuum. Green line: field ionization.
Orange line: ionization in sheath layer. Orange dotted line:
excitations in sheath layer. Orange dashed line: ponderomo-
tive potential. Blue line: self-focusing.

column. Figure 1 illustrates the influence of each component
in the model. We use the same approach as in Ref. [6] with
some modifications, mainly the inclusion of ionization in
the sheath layer and self-focusing of the laser pulse. The
model assumes a Gaussian transverse beam profile. The
beam is described by the two sigma beam width w(z) =

—20\2
wo\[1 +M* (*2)", which is measured in vacuum at five

locations within the Rayleigh length zz = JTTW% The beam
quality factor is M = 1.33, the waist size is wy = 1.6 mm
and its location zp = 5.42m from the entrance of the Rb
vapor column. Field ionization occurs above an intensity
threshold /,;, and produces a plasma of 100 % singly ionized

Rb atoms. In vacuum, the radius where intensity I(r) =
_ 2r2
Iy(x)e "@* > I is ro(z) =

" %2)2 In (%) (red solid
line Fig. 1). When propagating through rubidium vapor,
ro(z) changes as the laser pulse looses energy to ionization
and its intensity decreases.

First, we consider energy loss due to field ionization only.
Over a distance Az, the number of Rb atoms ionized through
field ionization is N,,, r; = 713 (z) - Az~ n,,, which requires
energy AEy;(z) = Njou i+ €9y, where ey = 4.18 eV is the
ionization potential and n,,, is the vapor density. We subtract
the energy lost over a small step (Az = 1em, AEy; < Ep, . 4,)

from the total energy of the pulse E,,;,, and recalculate



ro(z) with smaller energy for the next step, thus propagating
the pulse from the plasma entrance. We assume that the
transverse beam profile remains Gaussian despite energy
being absorbed only within < (. This decreases the radius
along the plasma (solid green line). The inset in Fig. 1 shows
the corresponding energy deposited by the laser pulse per
AE;
A

Second, we consider that energy is also lost due to ion-
ization in the so called sheath layer. For r > r,, where
I < I, three-photon ionization can occur with an ion-
ization fraction P < 100%. In the sheath layer the ion-
ization fraction decreases exponentially as [7] P3, (r) =

unit length £}, , =

(r=rg)?
Pmaxexp (_ - ZZO )

when I(r = 0) 0> 1,;,). The width 1 is related to the trans-
verse intensity profile of the laser beam and therefore pro-
portional to the evolving beam width #,(z) = to%z)'). Here,
Nipns1 = (NTT1o(2)ro(2) + 1(2)?)ar - Az - n,y, and the en-
ergy loss is AEg = Ny - 3E,;, where E,;, = 1.59¢eV
(4 = 780nm). Adding this effect to the evolution of the
laser beam envelope yields the orange solid line. Including
ionization in the sheath layer significantly increases the en-
ergy deposited as shown in the inset, which in turn decreases
the radius of the laser beam envelope, as the intensity of the
laser pulse decreases.

The laser light (1 = 780nm, A1 = 5 nm) is resonant with
the D1, D2 (795, 780 nm from the ground state) and exited
(776 nm) transitions of rubidium [7], so we also consider
excitations to upper states that do not lead to ionization in
the sheath layer. Because excitation probabilities, similar
to ionization probabilities, usually scale to the power of
the number of photons required [8], we assume that the
excitation fractions to the first and second upper states scale
as P,Zy = P'3’§,3,n = 1,2. When compared to the orange
solid line, the orange dotted line shows that this has a small
effect and is not considered here after. Similarly, the effect
of the ponderomotive potential was found negligible (orange
dashed line), even when assuming that every ionized electron
would gain the maximum energy from the potential.

with a characteristic width ¢y (P,,,, = 1

Finally, we include non-linear focusing of the laser pulse.
In the sheath layer, de-focusing due to plasma dispersion
and focusing due to polarization of the rubidium atoms
compete with each other, while the fully ionized plasma
channel is practically transparent to the laser pulse. A
full treatment of this effect is beyond the scope of this
model. We therefore rely on empirical data to include this
effect (data from Ref. [7]). We taper the beam width to
match the measured width after propagation through va-
por. The tapering is incorporated into the beam width as

W(2) = Weeuan () + (1 + T (o2 B 1)), A lin-
ear taper is chosen, as the real development of the pulse
width due to self-focusing is unknown. Different tapering
(quadratic/exponential) was tested and yielded worse results.
Implementing this modification to the beam width yields the
final beam envelope and energy deposition curve shown in

blue, which we use for the rest of this work.

RESULTS
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Figure 2: Measured emission signal (black symbols) and
N,,,, from the model (blue dashed lines) against propagation
distance for different input pulse energies. Inset: Measured
emission signal at any location against N,,,,, at corresponding
location. E;,, varied between 1 and 100 mJ withn,,, = 1.95x
1014 cm—3 (orange) and 3.85 x 10'4 cm~3 (black).

For comparison of the model with light emission measure-
ments, we use the number of ionized atoms over 1 mm (ROI
of cameras is also 1 mm in z). The amount of light emitted
depends only on the number of emitters (electron-ion pairs),
which is approximately proportional to energy deposited
by the laser pulse. This is because electrons are created
with very little initial energy (Upondromotive = 0.2 €V), so the
only visible light emitted in the process is due to recombi-
nation. We adjust the free parameters of the model starting
from theroetical / measured values (/,;, = 1.7TW/ cm? [9],
to = 0.2mm [7], a = 1) and tuning them for best agreement
with the data. We find: 1,,, = 0.48 TW/cm?, which is lower
than the theoretical value and can be explained by resonant
excitation effects reducing the effective ionization threshold;
to = 0.25mm which is consistent values measured using
schlieren imaging. For agreement with data, we need to mul-
tiply the energy loss at each step with a multiplication factor
a. Here, a = 1.5 meaning that some energy loss is still not
accounted for. However, this is an improvement compared
to Ref. [6] where @ = 6.8 showing that the modifications
made yield a more physically consistent description. While
previously, adjusting the parameters of the model could yield
good agreement for measurements at one plasma density and
one laser pulse energy, we can now find one set of param-
eters that fits measurements for several densities and pulse
energies from 1 to 100 mJ.

Figure 2 shows measured light emission signals (black
symbols) and N;,,, calculated from the model (blue dashed
lines) for input laser pulse energies E;,, = 80, 31 and 7.5 mJ
and n,;, = 3.85x 10'* cm™3. As expected, less pulse energy
leads to less ionization and less light emitted / energy de-
posited. In all cases, the plasma column tapers down quickly
for z < 5m. For E;;, = 80 mJ, the plasma column then re-
mains essentially constant all the way to the plasma exit, as
enough energy remains in the laser pulse to ionize the vapor.
For E;, = 31 mJ, the plasma column tapers down to almost
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Figure 3: Radius of the 100 % ionized core of the plasma col-
umn against propagation distance for n,;, = 1.95x101% cm~3
(orange), 3.85x 1014 cm~3 (black), 4.9x 104 cm~3 (red) and
6.8 x 10'*cm™3 (green) with E;,, = 100 mJ. Inset 1: Trans-
verse profiles of the ten cameras stitched together. FWHM of
transverse profiles (black symbols) and 100 % ionized core
of the plasma column (black solid line) with sheath layer
(black dashed line). Inset 2: Transverse profile at z = 4.5m
(blue) with a fit of the projection of a cylinder (red) and
FWHM (black symbols).

zero radius at z = 10 m, as the laser pulse looses nearly all of
its energy. For E;,, = 7.5 mJ, the laser pulse loses all of its
energy over z = O m to 5 m and does not ionize a plasma col-
umn after that. In all three cases, we observe relatively good
agreement between the measurement and the model. We can
quantify the agreement by plotting the measured emission
signal at any of the ten locations against the model prediction
for N,,,, at that location (Inset Fig. 2) for all measurements
with E;, = 1mJ to 100mJ and n,, = 3.85 x 104 cm™3
(black) and 1.95 x 10! cm~3 (orange). The Pearson correla-
tion coefficient between the measured emission signals and
N;,,, calculated from the model is 0.985 indicating a strong
linear correlation. This suggests that the model is a good
representation of the measurements.

We use the model to analyze the radius profiles of the
100 % ionized core of the plasma column. Figure 3 shows
the profiles for n,, = 1.95 x 10'*cm~3 (orange), 3.85 x
1014 cm3 (black), 4.9x10'4 cm~3 (red) and 6.8x10!* cm 3
(green) with E;, = 100mJ. These are realistic parameters
for self-modulation experiments at AWAKE. At the plasma
entrance the radius is the same for all densities, about 2.7 mm.
This is because the initial intensity profile of the laser pulse
is the same and the threshold for field ionization does not
depend on density. In all cases, the plasma radius tapers
down over the first few meters, as the waist of the laser beam
is close to the middle of the vapor column. For higher plasma
densities, the tapering is steeper because the laser pulse
looses more energy and self-focusing effects are stronger.
This is more visible towards the plasma exit. Here, the
plasma radius remains essentially constant for lower plasma
densities, but keeps tapering down for higher ones.

We can compare the radii we obtain from the model with
the transverse profiles from the camera images. Inset 1 shows
the transverse profiles of the ten camera images stitched to-
gether. A larger plasma column appears both wider and
brighter, because its height and depth increase. We observe
less intensity and narrower profiles with increasing propaga-
tion distance. This is consistent with the model. However,
the radius at half maximum (black symbols) is significantly
larger than the model prediction (black solid line). Look-
ing at a single profile (Inset 2, blue line), we also observe
that it does not match the projection of a cylinder (red line)
for large radii. This could be explained by the sheath layer
smearing out the edges of the plasma. However, the plot of
ro(2) + to(z) (black dotted line) does not explain the differ-
ence in transverse extent. More importantly, using schlieren
imaging it was recently shown that the plasma expands trans-
versely on the timescale of a few microseconds [10]. This
means that emitters can move from their original location,
effectively widening the observed plasma column. The ex-
posure time of the cameras (40 ps) is much longer than the
timescales of plasma expansion. Therefore, transverse pro-
files appear wider, while the total amount of light collected
by the cameras is only affected by the relatively small number
of emitters traveling far enough to leave the ROL.

For n,, = 4.9 x 10'*cm™3 and 6.8 x 104 cm~3, we can
compare the values of 7 at the plasma exit with measure-
ments from schlieren imaging presented in Ref. [7]. The
model predicts radii rg(z = 10m, E;, = 100mJ) = 1.3mm
and 0.9 mm respectively (Fig. 3), while the experimental
values are approximately 1.3 mm and 1.1 mm. This shows
that the values for r extracted from the model are close to
those measured before, while the values extracted from the
camera images are larger than expected.

CONCLUSION

We presented a model for laser ionization of rubidium va-
por which assumes a Gaussian beam profile, field ionization,
three-photon ionization in the sheath layer and linear taper-
ing of the beam width due to self-focusing effects. We opti-
mized the parameters of the model by comparing the number
of ionized Rb atoms with light emission measurements. The
model was used to generate plasma radius profiles for sev-
eral densities. The results can be used to include the effect
of a tapering plasma channel on the wakefields driven by a
self-modulating proton bunch in numerical simulations.
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