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Two-dimensional collision of probe photons with relativistic ionization fronts
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The collision of a probe laser pulse with a relativistic ionization front is analyzed via two-dimensional
ray-tracing theory and simulations. It is shown that collisions in higher dimensions lead to new regimes for the
frequency upshift of the probe photons; the frequency upshift can be considerably higher for particular colli-
sion angles that maximize the interaction length with the ionization front gradient. Finite ionization fronts also
lead to angle-dependent frequency upshifts, thus acting as diffraction gratings.
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The frequency upshift of electromagnetic waves interactapproximation, which means that the ionization front longi-
ing with relativistic ionization fronts or relativistic electron tudinal dimension f;c, wherer; is the ionization front rise
plasma waves has been raising significant interest in connetime) and the transverse dimensionWg) are much larger
tion with tunable radiation sourcdd—8], diagnostics for than the probe photons wavelengi8]:
plasma-based acceleratd®, and ionization dynamics ex-
periments[10,11]; the collision of weak electromagnetic . dk a0 1 awf)e
fields with relativistically moving plasma perturbations can Tdt ax . 20 ox @
lead to significant frequency upshifts which can be con-
trolled and can give information about the structure of the dx a0 k2
ionization front or laser wakefield. = = =

Despite the detailed study performed by Lampe, Ott, and dt ok O
Walker in their seminal papd2], where the collision of an
oblique wave incidence with an infinite ionization front was . dQ 9 1 awge
first considered, most of the theoretical work has been fo- Q= dat - gt 20 ot (€
cused on one-dimensional configurations, even though, in
general, experiments are intrinsically two-dimensional or
contain higher-dimensional features, such as ionization fronﬁ
finite width or probe beams with finite transverse profiles
Motivated by recent experimental work with two-
dimensional collisions of relativistic ionization fronts and
weak short laser puls¢42], we investigate the key features . .
of the frequency upshift of the probe pulse, combining the-Juency squa_red, wheme(_x,t) is the local electron _densny
oretical results for two-dimensional infinite fronts with ray- Of th€ ionization frontme is the electron mass, arelis the
tracing simulations. In particular, we identify the different €/€ctron charge. We will assume that the short laser pulse,

qualitative regimes for frequency upshift and we explore thechqraqteri;ed b, X, andQ, propagates in the presence of
effects arising from finite ionization fronts: it is shown that 0 ionization front described by the electron density pertur-

finite ionization fronts(with widths comparable to the inter- Pation
action length of the probe photons with the frotgad to 5 5
lower upshifts, and more important, this upshift is less sen- wpe(X— BrCt) = wpe{1— O (x— Brct)}, 4
sitive to the front velocity, and essentially dependent on the
maximum electron density of the ionization front for all col- wherex is the ionization front propagation directiofce,
lision angles. Furthermore, we demonstrate that under apprahe ionization front velocity, an® the Heaviside function
priate conditions it is possible to employ a finite ionization such that®(x)=1 for x<0, and®(x)=0 otherwise. We
front simultaneously for frequency upshift and pulse chirp-stress, however, that for an infinite front the exact shape of
ing: finite ionization fronts thus act as diffraction gratings the ionization front does not change our results. It is possible
that increase the available laser bandwidth. The analytic réo assume that the ionization front is infinite whenever two
sults are complemented by ray-tracing simulations of theconditions are met(i) the transverse width of the front is
probe photons, obtained by numerically solving the ray-arger than the probe beam widtti,) the transverse propa-
tracing equations. gation length of the probe photons is shorter than the ioniza-
We start with the ray-tracing equations, written in Hamil- tion front width, i.e., 7+C sin 6y/(8;—Cc0S6y)<<2W,. We will
tonian form, and valid in the limit of the geometrical optics assume thatk is defined in thexy plane, and co§,
=k-e/|k|. With this definition, the standard results for the
frequency upshift in co- and counterpropagation will be re-
*Electronic address: jmdias@alfa.ist.utl.pt covered forfy=0, and 6,= 1, respectively. We follow the

@

hereQ =[k?c?+ wj(x,t)]*2, the local frequency, as deter-
ined from the linear dispersion relations, plays the role of
‘the Hamiltonian, and andx are the canonical momentum,
or wave vector, and canonical position, respectively, and
w;(x,t)=47-re2ne(x,t)/me is the local electron plasma fre-
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procedure described elsewh¢8g, introducing the canonical
transformation defined by the generating function or
Fa2=px(X—Bsct) + pyy, 5 sl
corresponding to the change of variables ol
Px= Ky, Py= kya (6) .E.
< 4}
7x=X— B¢Ct, Ny=Y, (7)
J— 2r
and the new Hamiltoniaf) satisfies
ot 5— = 7

Q=[(p+p2)c2+ wiy 7,012 pyBic, (8) A | S 0

and it is independent ofy,, which means thap,=k, is a /% B0)

constant of the motion. Furthermore, since nfwis also FIG. 1. Phase-space trajectories for the different regimes in two-

independent of, then(Q) is another constant of the motion. dimensional collisions, in the plane=2/|Kk| —,, for different
We will use these two constants of motion to derive theinitial conditions: 1 —6=8/4m; Ao=10 pm, 2 — 6,=8/9m; Ao
frequency upshift for different configurations. =7 pm, 3 —0o=m/6; N1 =5 um, 4 —6o=8/9m No=2 um, 5
We first consider that the probe photons propagate im 0o=/36; and\y=434.2 nm, for an infinite width ionization

; _ ; —(n2 2\1/2 front, with a 80 fs rise time, maximum electron density,=5
vacuum which means thato—koc,_ with kol—(pxo+ pyp).l., X100 om-3 and fi— 0.041. ¥
and p,o=Kgcostp, and pyo=Kqsiné, With these initial :
conditions()(t=0)= wo(1— B costy). After collision with  frequencywy for this regime can be obtained from the con-
the ionization front, thg photons can be elther reflected by thgjtion p,=0 for some point in the photon trajectory:
front (and propagate in vacuymor transmitted across the
front (and propagate in the plasma regiohhe first scenario
occurs whenever the trajectopy( 7y, 7y) has a caustic, i.e., cui
dpy/dny=—=, which leads to the conditiorwy<w,,
wherew,, is defined by

2
(1— B c0Sby)?—sirté,

>0. (12)

To illustrate the different regimes for the infinite width
2 (1_ g2 ionization front we have performed ray-tracing simulations,
wl= @peo( 1= A7) _ (9) solving the equations of motion for the photons, Eds.and
7 (1— B;cosbp)?— (1— B2)sirt b, (2), with a fourth-order Runge-Kutta method. In this sce-
nario, the ray-tracing simulations confirm the analytical re-
If wg<w, the pulse is reflected by the front and the maxi-sults. First, it is instructive to examine the different photon
mum frequencyw; of the photon after the collision is given phase-space trajectories, as shown in Fig. 1. The selected
by plasma and probe photon parameters that illustrate these re-
gimes are currently obtainable in laboratory conditions
of 1—p¢cosb, |Bil [12,14,19. Depending on the initial conditions, we observe
P 1 g2 1- g2 | B = cosby|. (100 that the photons are either reflected in phase sftagiecto-
ries 1 and 3 or transmitted in phase spatteajectories 2,4,

This regime describes not only the standard double relativisand 5. More important, and unlike the one-dimensional sce-
tic Doppler upshift in counterpropagatiordd= =), but it ~ hario, even in the co-propagation scenadere o= /2)
also describes the scenario where the photons are overtaki¢ can observe reflection in phase space and a significant
by the front and reflected to the vacuum region. frequency upshifitrajectory 3, that cannot be attained for
On the other hand, whes,> w,, the photons will propa- Standard injection conditions in one-dimensional collisions.
gate in the plasma regiofbehind the frontand the maxi- This is the most interesting scenario, since the co-
mum frequencyw; is propagating photons are injected in vacuum at some angle to
the front, and then are overtaken by the front and reflected by

1— 0 | B4 the front again in the copropagation direction. This scenario
i Bicosty | By ) - ; e : SN :
—= > 5| (Bi—cosby) maximizes the interaction time with the ionization front in
“o 1- s 1-p; the copropagation scenario, and it gives the highest fre-
5 112 quency upshift when the conditions for reflection in the

(11) counterpropagation scenariteading to a double Doppler
upshify are not met, as it usually happens for the standard
experimental conditions. It is therefore the most interesting

In this scenario an additional regime can be identified, wherscenario to examine in detail.

the probe photons are reflectéat., p, changes signbut the In Fig. 2, we evaluate the frequency upshift for co-

photons propagate behind the front. The maximum cutofpropagation scenarios as a function of the different free pa-

@peo
——5-(1-B)
®Wo
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rameters, by employing the analytical expressions derivethe frequency of the incident photons.

before Eqs(10) and(11), keeping the incident frequency of ~ Of course, only when the spot size of the probe laser pulse
the probe photons constant. The remaining parameters thest much smaller than the width of the ionization froiar

are kept constant are the ones available in the photon acceadquivalently, the spot size of the ionizing laseris possible
eration experiments by Dias and co-workgtg,14. We im-  to talk about infinite ionization frontgl5]. In fact, in stan-
mediately observe that a clear maximum exists for the highdard experimental conditior}d0,12, the spot sizes are simi-
est frequency upshift in copropagation, and that by carefullyar; therefore, it is almost mandatory to examine the features
tuning the ionization front parameters it is possible to ob-introduced by a finite width ionization front.

serve frequency upshifts in excess of 200 amM/3 [in For finite width ionization fronts, the extra free parameter
Figs. 2a) and Zb)]. Furthermore, as can be seen in Fi@r)2  introduces new phenomenology. In fact, if we define our fi-
the regime for reflection in co-propagation can be easilynite width ionization front as

achieved with modest ionization front densities. These re-
sults indicate that even when the conditions for reflection in

2
counterpropagation are not met, the frequency upshift in co- 02 (X~ Brct) = Wpeo e_zyz/wg 1+1tan X— Bict
propagation can be optimized, and tuned, over a wide range ~P¢ f 2 CT¢ ’
of frequencies, with frequency upshifts of the same order as (13
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""" ] 55 From the photon trajectories long after being detached from
] the ionization front(at x=—3000 wm), it is also clear that
3 the ionization front is acting not only as a relativistic mirror
] 4.1 but also as a diffraction grating, angularly spreading the pho-
ton beam with a well-defined frequency dependence. In Fig.
T 4, the photons are reflected in copropagation, and the fre-
28 & quency upshifts are stronger, and again the ionization front
3 upshifts the photons, increases the bandwidth of the incident
beam, and higher frequencies diffract at lower angles: the
frequency upshifts, however, are lower than those predicted
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E ] 14 e e . . . . ..
-400 | = by the infinite ionization front results. This is due to the fact
] that the photons slip out from the ionization front density
o ‘ ‘ i 5 gradient region in a time smaller than the interaction time for

3000 2000 1000 0 - an infinite Wldth' |qn|zat|on front. In fact., if we analyze the
S sl frequency upshift in the same way as in Fig. 2, and for the
same conditions of Fig. 2, but now for a finite width ioniza-
FIG. 3. Frequency upshift map for the collision of a slab of tion front, we immediately observe lower upshifts by a factor
probe photons witW,; =25 um and\,=800 nm, colliding atan of 5 at the maximum when varying, (Fig. 5, and this
angle 6=, with an ionization front withng,=5x10'" cm™3,  ypshift is less sensitive to the front velocftyig. 5(b)], and
Br=0.941,Wo=25 um, and7;=80 fs. essentially dependent on the maximum electron density of
the ionization front for all collision angles; this is due to the
wherey describes the transverse position, it is obvious thatact that for a finite width ionization front the interaction
depending on theollision point the probe photons will be  time is strongly limited by the geometry of the front, and no
impinging on the front at different angles. It is then expectedonger by the front velocity, since the photons exit the index
that the frequency upshift will vary along the width of the of refraction gradient sideways, before interacting com-
probe photon beam, much in the same way as shown in Figjetely with it, as occurs in the infinite width scenario.
2(a). This is illustrated in Figs. 3 and 4, where we have  aAnother peculiar aspect of finite width ionization fronts is
solved the equations of motion for a photon beam with finitethat another regime can be achieved, when the probe photons
width CO”|d|ng with a finite width ionization front, as de- enter the p|asma beh|nd the front_ Now |t iS necessary to
scribed by Eq(13) and where we have deposited on a grid inconsider that the photons are injected in the plasma, overtake
the xy plane of the collision(and for each time stepthe  the jonization front, and then either propagate in vacuum or
local frequency of the photons, thus mapping the frequencyh the plasma, behind the ionization front. For this scenario
of the photons along their propagation. to occur the photon group velocity in the plasma projected
In Fig. 3, the standard scenario of transmission in counglong the direction of the ionization front velocity, has to be
terpropagation is presented. As expected, the photons colligreater than the ionization front group velocity, i.e.,
ing, atx=0, head on with the center of the fro@t y=0)
suffer a stronger upshift, and also a stronger diffraction,
while the photons colliding with the outer parts of the ion- kc/w-e> B;. (14)
ization front(aty~2Wy,~50 wm) remain almost unshifted.

e For probe photons colliding with ionization fronts created by

a similar laser pulse with a similar wavelength, the velocity
of the front is similar to the velocity of the photons behind
the plasma, which means that conditigh¥) is not easily
satisfied. Therefore, this scenario does not seem to be rel-
5 evant for the standard experimental conditions for the colli-
13009 =5 sion of probe photons with relativistic ionization fronts.
In summary, we have analyzed the two-dimensional col-
lision of probe photons with relativistic ionization fronts em-
650.0 ploying ray-tracing theory and simulations. Besides pointing
out the existence of a new regime that allows for strong
frequency upshifts even in copropagation, we have demon-
00 strated that finite width ionization fronts lead to smaller fre-
quency upshifts than the infinite width fronts, but have the
advantage of also acting as high-efficiency diffraction grat-
FIG. 4. Frequency upshift map for the collision of a slab of ings, providing a well-defined angular spectral dispersion.
probe photons withV; =25 um and\,=5 wm, colliding at an ~Taming the relevant parameters where both of these sce-
angle 6,= /6, with an ionization front witt,=5x10?° cm™ 3, narios can be tested and applied in laboratory conditions is
B:=0.941,Wy=25 um, and7;=80 fs. the next step of this work.
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