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A detailed comparison between photon acceleration and frequency-domain interferometry, for laser
wakefield diagnostics, is presented here. The dispersion effects on the probe beam and the implications
of an arbitrary phase velocity of the plasma wave are discussed for both diagnostic techniques. In
the presence of a large amplitude plasma wave and for long interaction distances, significant frequency
up-shifts are observed. The importance of this effect on the determination of the phase and frequency
shift measurements given by the two techniques is also analyzed. The accuracy of both diagnostics is
discussed and some of their technical problems are reviewed. [S1098-4402(98)00004-4]

PACS numbers: 52.40.Nk, 52.35.Fp, 52.75.Di

I. INTRODUCTION velocity of the driving beam responsible for the wakefield

In recent years, there has been great interest in theexclta'uon can be considerably different from the velocity

: : Obtained from the linear dispersion relation in a plasma

generation of large amplitude electron plasma waves )
(EPW) because of their potential application for particle(Vsie: = ¢y/1 = @}/@?, where w, is the plasma fre-
acceleration [1]. One of the most important goals of thequency ande is the laser pulse frequency). We have
research in the field of plasma particle accelerators is thanalyzed, for the first time, the regimes where the phase
development of experimental techniques to characterizeelocity of the wakefield can be considerably different
the EPW generated by laser, for instance, in the lasdfom the group velocity of the probe pulse (which obeys
wakefield accelerator or beatwave accelerator [1], or by afhe linear dispersion relation).
electron beam propagating through a plasma [2]. The first This paper is organized as follows. In Sect. Il we
measurements of the temporal and spatial characteristi®$esent the basic principles of the two diagnostics, stress-
of the p|asma waves genera‘[ed by an ultrashort laser pu|§w the most Significant technical characteristics of the
(laser wakefield) were recently reported [3,4]. These DI technique and pointing out the most important aspects
experiments were based on the measurement of th@‘aphoton acceleration diagnostic (PAD). In Sect. Ill we
phase shift experienced by a probe laser pulse using tH#st present, for the sake of completeness, the ray-tracing
frequency-domain interferometric technique (FDI) [5,6]. equations used in the simulations and the calculation of

In para”eL other experiments were performed with thethe relative phase shift. The eXpreSSionS for the wakefield
purpose of studying the frequency up-shift resulting fromscaling laws are also given. The results of the simula-
the interaction of short laser pulses with relativistic ion-tions are presented for several scenarios corresponding to
ization fronts [7,8]. An estimate for the velocity of the different wakefield tim¢length scales and phase veloci-
ionization front and its maximum electron density was Ob_tieS. For the first time, FDI is considered for realistic con-
tained, clearly pointing to the feasibility of a new diagnos-ditions where the probe pulse dephases from the plasma
tic tool, based on the measurement of the frequency shifvave and large frequency shifts are present. Limitations
experienced by a probe laser pulse interacting with colnduced by these two effects are also discussed. A com-
herent relativistic structures (e.g., laser wakefield) in laseParison with PAD is provided for the same set of parame-

produced plasmas [8]. ters. Finally, in the last section, we state the conclusions.
In this paper, a detailed comparison of these two di-
agnostic techniques is carried out. A numerical simula- Il. DIAGNOSTIC PRINCIPLES

tion based on the ray-tracing equations for the probe laser
pulse is employed to calculate the frequency shift due to
photon acceleration of the laser pulse copropagating with The purpose of FDI is the measurement of the phase
the plasma wave. The same simulation also allows ushift experienced by a probe laser pulse traveling through
to determine the phase shift of the laser pulse propagatn electron density plasma perturbation. The experimental
ing in the laser wakefield relative to another laser pulserinciple is as follows: a high-intensity, ultrashort laser
which propagates in the unperturbed plasma. Comparingulse (pump pulse) ionizes a gas at the focal region and
both results we are then able to evaluate the importancexcites an electron density perturbation (laser wakefield).
of the frequency shift induced by the plasma wave on théd double pulse beam (probe and reference pulses) is
determination of the phase shift. Comparatively, due tdocused on the same axis. Copropagating with the EPW
nonlinear [9] and 3D effects [10], it is clear that the group[described by the electron density(z, 7)], the probe pulse

A. Frequency-domain interferometry
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will experience an optical phase shift¢ proportional wherewv, is the phase velocity ank, is the wave num-
to n.(z, r), while the reference pulse, which precedes theber of the density perturbatiodw, excited in an homoge-
pump pulse, propagates through the interaction regioneous plasma backgroumnd,. The maximum measured
unperturbed. The relative phase shift between these twphase shift in the frequency-domain interferograms is the
probing pulses is then measured by the FDI techniquentegrated phase shift of the probe pulse after propagating
The relative positions in time of the three laser pulseghrough the interaction region
(reference, pump, and probe) are illustrated in Fig. 1.

The FDI technique is based on a temporal recombina- [T 2w
tion of the probe and the reference pulses in a spectrom- Ap = Ao [probe (2) = mer(@)]dz. (3)
eter. The temporal beating creates a system of fringes
in the frequency domain. The position of the fringes de-where A, is the wavelength of the probe and the refer-
pends on the relative phase between the probe pulse aetice pulses. The plasma refractive index seen by the
the reference pulse. This phase differenag can be ob-  probe pulseyyone(z) = /1 — [6n.(z) + n,,]/n. and the
tained in a straightforward way from the power spectrumplasma refractive indeX(z) = /1 — n,,/n. seen by
I(w) recorded by a charge-coupled device (CCD) camerthe reference laser pulse are determined by the ampli-
or diode-array detector. To extract the phase informatiorude of the laser wakefieléin.(z) and by the unmodulated
from the spectral domain we calculate the inverse Fourieplasmanr,,, respectively (where:,. is the critical density

transform of/(w) for the two laser pulses).
Finally, by sweeping the probe pulse along one or more
F.T ) (w) = —f I(w)expiwt) dt periods of the plasma wave with a temporal delay line, it
Var J is possible to reconstruct the wakefield oscillation with an
= 2h(t") + expiAd) h(t' — At) amplitude given by Eq. (3) and a wavelength identical to

. / that of the plasma wavg, = 27 /k,.
— exp—iA) h(r" + A1), (1) At this point it is implortant to notice that the above
whereh(t') is the inverse Fourier transform of the original description [3,4] of the phase shift experienced by the
probe pulse. It is clear that the phase information isprobe pulse leaves out the contribution of the frequency
contained on the sidebands centereds/at= =Ar. If  shift of the pulse. The dependence of the group velocity
At is sufficiently large, the sidebands are separatedf the probe pulse on the local plasma density (57.)
from the autocorrelation ternk(:’) at + = 0, and it is also not taken into account. In our treatment these two
is possible to extract a complex value, which containseffects will be included.
the phase information, by calculating the phase angle of Apart from these two approximations, one of the
F.T.|I(w)| at thet’ = +At points. most important characteristics of this diagnostic technique
It should be noted that in this diagnostic technique itis the high sensitivity to small density perturbations.
is normally assumed that the group velocity of the probeThis comes from the fact that in this interferometric
beam and the phase velocity of the plasma wave are idetechnique the signal is placed on a carrier (frequency-
tical, i.e.,v, ... = v,. Therefore, it is assumed that the domain fringes) and uses phase-sensitive lock-in detection
probe pulse always stays in phase with the density pertuin order to avoid stray light, pump leakage, and detector
bation, sampling only a small portion of the plasma wake-defect problems.
field during propagation. Let us consider the “simplified”
situation where the laser wakefield is given by

ne(z,t) = 6ne(Z)Sir{kp(Z - vpt)] t ne, (2)

B. Photon acceleration technique

Photon acceleration was first proposed by Wigksal.
[11] to describe the frequency shift experienced by a
pump probe laser pulse copropagating with a relativistic EPW.
ng(t) This designation has also been used to describe the
frequency shift of electromagnetic (e.m.) waves in other
configurations [12—-14].

_pmbe Let us consider an EPW described b§n, =
o /\ /\ /'\ one,sinkk,{), where ( =z —v,r, and assume a
o0 \/ \/ low-intensity probe laser pulse centered arouhe- 0,

\/ \/ \/ with a pulse lengtho, < 27 /k, propagating in the

EPW. As we can see in Fig. 2, the local density at the
front of the laser pulse will be smaller than that at the back
t of the pulse. Since the phase velocity is proportional to

FIG. 1. Schematic visualization of the pump pulse, the trailingthe plasma density, the phase velocity at the front of the
wakefield, and two probe pulses. pulse is slower than at its back: The phase peaks at the

0

031301-2 031301-2



PRST-AB 1PHOTON ACCELERATION VERSUS FREQUENCY-DOMAIN INTERFEROMETRY... 031301 (1998)

Recent experimental results [8] have shown a very
good agreement with this ray-tracing formalism. The
results of the frequency up-shift in the copropagation and
counterpropagation setups of this experiment allow us to
/ determine the electron plasma density and the ionization
s front velocity by using the 2D version of Eq. (5) [8]. This

clearly points to the feasibility of PAD for relativistic
coherent structures in laser produced plasmas. It is very
important to mention that in this new description of
the frequency-shift diagnostic technique, the assumption
2 Vg = Up IS NO longer necessary, and the limitation to

) o small frequency shifts does not exist.
FIG. 2. Schematics of laser pulse frequency up-shifting by a

plasma wave whem, = = v, = c.

dny(2)

probe

Ill. RAY-TRACING SIMULATIONS

The results presented in this Section are based on the
back move faster than those at the front of the laser pulsgumerical integration of the photon (short laser pulse)
(represented here as a wave packet), which means that tjectories described by the ray-tracing equations, in the
wavelength decreases and the frequency increases. Fgfesence of a laser wakefield. The probe pulse length is
small frequency shifts, and considering that the laser pulsgot considered, and the wave packet is characterized only
remains in phase with the plasma wawg,,. = v,, the  py its central frequency and central wave number. When
frequency shift is given by [15] the laser pulse propagates in the presence of an electron

w2 Sn density perturbation, the linear dispersion relation
Aw = 2_[7 —= Azkp COikpf), (4)
W Ne, w? — k*c? — a)lz,(z —vpt) =0 (6)

wherew, = (4mn.oc?/m,)"/? is the plasma frequency of _ _ _
the unperturbed plasmay, is the frequency of the laser IS @ssumed valid, where is the frequencyk is the wave
pulse, andAz is the propagation distance. number, andw,(z — v,1) is the local electron plasma
From Eg. (4) we can easily map the plasma wave bjrequency associated with the electron density perturba-
injecting the probe laser pulse at different positions of thdion propagating with phase velocity,. Equation (6) is
plasma oscillatiory, as in the FDI diagnostic technique. Valid in two conditions: (i) The electromagnetic wave
Notice that Eq. (4) is valid only for very small frequency packe_t does_not disturb the electron density perturbation
shifts A < wo. This is usually true for present laser and (ii) the time scaler, (length scale) of the perturba-
wakefield experiments, but in future experiments, withtion is much longer than the period (wavelength) of the
long propagation distances and large EPW amplitudes, th¥@ve packet, i.e2m/w < 7, 27 /k < 7,v,). These
frequency shifts can be of the order of the frequency of°nditions are usually satisfied when probing is performed
the laser pulse. In this situation a more general theory @ low-intensity, ultrashort pulse, with a central fre-
must be used. Recently, the Hamiltonian formulation ofdUency much higher than the electron plasma frequency.
photons [14,16,17] was introduced as a new descriptioﬂ—he dispersion relation (6) can be inverted to express the
of the frequency shift phenomena, providing a more pow{réquencye as a function of the other variablésand:.
erful description of the photon acceleration mechanism?\ssuming 1D propagation along thedirection, we can
Generally, the solution of the ray-tracing equations carfnen obtain the ray-tracing equations
only be obtained numerically; however, fully analytical

. . dz dw w%(z,t)
results can be achieved for some electron density pertur- = = = =41 — — (7)
bations, such as an ionization front. For instance, we can dt ok w
easily calculate the frequency shift which occurs when a
wave packet (cla__c,sical analog_ of a photon) crosses over an dk dw 1 awg(z, )
ionization front without reflection [14] == . (8)

) dt 0z 2w 0z
Aw = “p _B , (5) These equations allow us to calculate the wave num-
2wo 1 £ ,3

ber of the probe laser pulse at any point of its trajectory.
where the initial frequency of the photon is much higherKnowing the wave number we then obtain, in a straight-
than the maximum frequency of the plasma behind thdéorward way, the frequency shift by using the dispersion
ionization front, i.e.,.wg > w,o. The sign+ (=) refers  relation in Eq. (6)
to counterpropagation (copropagation) whege= Bc is

the velocity of the ionization front. Aw(z,1) = \/kz(z,t)c2 + wi(z,1) —wo,  (9)
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where k(z,t) is the pulse wave number and,(z,t) is  wherek, = (4me?n,/m,c?)"/? is the wave number of the
the plasma frequency of the wakefield at a pdintz)  plasma wave.

along the laser pulse trajectory is the pulse frequency For a better understanding of our calculations, we will
before interacting with the plasma wave. The phase shifivork with laboratory-oriented parameters: pump pulse
¢ experienced by the laser pulse in the wakefield isenergyE,, pulse widtho, = ¢7/(2+/In2) (wherer is the
determined by using the same ray-tracing trajectories anBWHM pulse width), and central wavelength. In terms

writing of the new parameters and using the following relations
4 t I
Srone(e) = [ Kendz = [ w@nd,  @0) @ = T (17)
0 0 g Bet
2 rJJc mA?
where k(z,t) and w(z,t) are the wave number and fre- /E Ao
guency along the ray-tracing trajectory. We can then de- j— 0 5 (18)
termine the total phase shift relative to a pulse propagating VT moo}
in an unmodulated plasma wherer, is the classical electron radius amd is its mass,
Bb(e) = dpobe(est) = drrlzr). (1) Werewnedd)as o
The phase of the reference pulse can be written in the one _ 2 <Are> I Eo
form Ne, m2m \ o? r3n, mec?
z X exd—(r/o,)*]exp(—mren.o?)
Dret(z,1) = fo ko — —2 dz, (12) :

Vg % {7”,6,1603 + [1 - (f)z}} sin(k, ). (19)

wherek, and w, are the wave number and the frequency -
of the reference pulse. The group velocity of the referencg o, 5 Gaussian focusr, varies longitudinally asr
r r

laser pulsev,, is given by o2[1 + (z/z,)*], where the Rayleigh length is, =
- koc? i w,%o (13) (277//\)030. Of particular interest is the electron density
Gret \/m w% ’ n, Which maximizesén,. For this we use the reduced
0 po expression, in the 2D limit, for the resonant dengity =
where w,, is the plasma frequency of the homogenousl/zwreag [20].
unmodulated plasma. Finally, the requirement thain, /n,, < 1 in the laser
focus imposes a minimum size to the laser focal spot
A. Laser wakefield scaling laws We used this limit in our simulations in order to optimize

Qur density perturbation. For simplicity, we have decided
0 analyze, in all the simulations, only the trajectories at
r = 0 (1D simulations), where Eq. (19) reduces to

For the sake of completeness, we present here t
expressions for the laser wakefield excitation in the linea
nonrelativistic two-dimensional (2D) regime. Using the
solution of the linearized 2D fluid equations given by 6n. _ 2 </\re )2 1 Ey

r

[18,19], we have, in terms of the normalized vector n, 727 0—3 3n, mec?

exp(—mr.n, 0'3)

Bg'ﬁttaunrttl)aaltcizénof the pump pulse, the second-order density X (mron,o? + 1) sin(k, <) . (20)
5 e 7 > * H i K
L — aL(g r) + kp [ S"{kp(g _ g/)] aL(g r) déa/
Meo . £ B. Propagation velocity effects
- k_f sink,({ — ¢)] As mentioned in the previous sections, it is currently
paL 5 assumed in the FDI diagnostic [3,4] that the probe laser
19 9 a(d,r) |, . pulse always stays in phase with the plasma wave, i.e.,
X r dl’, (14) @y~ . X
r dr dr 2 Vg = Up- This is not valid for two reasons: (i) The

where r is the radial coordinate describing the distanceProbe group velocity depends on the local electron plasma
from the pump laser propagation axis. Assuming that thelensityv, . (z,1) = ¢ /1 — 02(z,1)/ at each point of
pump beam is Gaussian in the radial direction and that thehe pulse trajectory [see Egs. (7) and (8)], and (ii) the
longitudinal pulse shape is also Gaussian, we have phase velocity of the wakefield,, which is nearly

ai (L, r) = aiexd— (/o) lexd—(r/o,)?]. (15) equal to the group velocity of the pump laser pulse,
can be considerably different from the velocity given
by the linear dispersion relation in a plasma, ( ~#

2 pdmp
[1 — <L> ” cyf1 — wg/w), due to nonlinear and 3D effects. These
(k,o,)? o, . )

4 two aspects of the velocity effects in the probe pulse are
X N {k,o, exd—(k,o,)*/4]}sink,¢), (16)  discussed separately in this subsection.

Inserting the above identity in (14), we can obtain [20]
2

O — % ex{~ (/o1 +

n 2

€o
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In our simulations we have considered typical parameescillation is amplified when we consider that the probe
ters for the pump laser pulse used in recent laser wakefielgroup velocity depends on the local electron plasma
experiments [3,4]Ey = 2.5 mJ, 7pump = 100 fs (o, =  density, so the measured phase shift can mislead us in
18 um) which can be focused down te,, = 3.6 um  the evaluation of the plasma wave amplitude. This can
(for én./n., = 1) in the 2D resonant plasma density of be explained by the fact that we are comparing the probe
ne, =~ 1.74 X 10" cm™3. Since in this type of experi- pulse phase and the reference pulse phase at the same
ments the probe pulse is usually a small fraction of thespatial point but at different times, due to the difference in
pump beam, we use the same waveleniith= 800 nm  their group velocities. Comparatively, the frequency shift
for both beams. [see Fig. 3(b)] remains the same in both cases.

In Figs. 3(a) and 3(b) we present the phase and Now let us assume that the phase velocity of
frequency shift of the probe pulse, after interacting withthe wakefield is no longer equal to the group velocity
the plasma perturbation, for different time and spaceof the pump, but it is an independent parameter. For
delays. These delays enable us to insert the probe pulsg = 0.9¢ the simulations are shown (solid curves)
at different positions of the laser wakefield and to samplen Figs. 4(a) and 4(b) for the probe pulse phase and
different regions of the plasma wave oscillations. Infrequency shifts, respectively. Comparing these results
Fig. 3(a) we compare the phase shift obtainedfor,, =  with the previous ones (dashed curves), we notice that
v, (dashed curve) with the phase shift, considering thehe wavelength of the phase shift and the frequency
probe pulse group velocity as a function of the localshift oscillations are enlarged by nearly 12% and that
densityv, . [6n.(z,1)] (solid curve). The phase velocity the amplitudes are slightly smaller. So, in this case, the
of the plasma perturbation is given, in this case, by thavavelength measured by the probe pulse phase or by
group velocity of a pump laser pulse in a homogeneoushe frequency shift will be larger than the wavelength
unmodulated plasma density, (v, = ¢/l — w2 /w?).  Of plasma wakefieldAneasurea =~ 1.124,, for v, = 0.9¢).

From Fig. 3 it is clear that the obtained phase shift’® overcome this problem we need an independent
measure of the phase velocity of the plasma wakefield,

which can be obtained by comparing the frequency shift in
copropagation and in counterpropagation, as demonstrated

! ! ! ! '(a) in recent photon acceleration experiments [8].
0.1 = -
g 0.0 = - 01k
=
g
01 . g oo}
=
[ [ [ [ [ <
I I I I I
() el
04 | -
E 00| - 04}
<
q ~
oal i E 0.0 |
3
[ i [ i [ i [ i [
0.0 0.5 1.0 15 2.0 04
Delay (}\p) 1 1 1 1 1

FIG. 3. Wakefield oscillation map given by the numerical 0.0 05 10 1> 20

results for (a) phase shift and (b) frequency shift for different Delay ()\p)

delays, assuming that,, . = v, (dashed curves) or that the

probe pulse group velocity depends on the local plasma densitylG. 4. Wakefield oscillation map given by (a) phase shift
Vg [076(2, )] (SOlid curves). In (b) the dashed curve and and (b) frequency shift, assuming that the propagation velocity
the solid curve overlap. The pump laser pulse parameters a@ the plasma waver, = v, . (n,,) (dashed curves) or that
Ey = 2.5mJ, Tpump = 100 fs. v, = 0.9¢ (solid curves). Ey = 2.5 mJ, Tpump = 100 fs.
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C. Large frequency shifts effects positive gradients of the electron density perturbation,
respectively. But in the present situation the maximum

Another assumption, normally taken in the mea- : - ;
surements of the laser wakefield properties, is that th%iqunfgg%quupr;]smggagn& lézvcmir']?fggdfn;gger:r%an
frle‘zaqlijl;alr;c;;nsdhn;:txri)terézr;c%cé bnye t?eectggoegr pu&zz;ssﬂﬁt:rhis effect arises from the fact that the frequency shift at
giegibie o 9t b .each point of the ray-tracing trajectory of the probe pulse
calculations. This is usually true in present day experi-

ments, but in the near future it will be possible to excite' inversely proportional to its frequency [see Eq. (8)]

larger EPW with the help of more powerful lasers and In Fig. 5(a) we present the phase shifts of the probe

. ulse given by Egs. (10)—(12) including the frequency
to _mak_e them propagate along longer dlst_ances [Zlghift contribution (solid curve) or neglecting those con-
This will lead to much larger frequency shifts of the

, : tributions (dashed curve). Comparing these two curves
probe laser pulse. In order to examine the importance ; X s
of a large frequency shift in EDI we have chanaed the'€ &N notice that not only the phase shift oscillations be-
pump Izgser p?JIse garameterS' We have incre%sed ome much stronger, but a similar nonlinear behavior is

N Nso present, i.e|A¢_| > |A¢.|. Figure 6 provides the
gﬂlrzet}ioennetggi o B 31(()) (;Smilaan:i SC anbprssse_?hg\engwse explanation for this effect. This is a typical plot of the
pump — z 9 .

: . i . frequency shiftA) (solid) and phase shifA ¢ (dashed
plasma wakefield perturbation obtained from the scalln%lo?]g thg probe pLEIse tr)ajectoli)y through tﬁe(laser w?slke—
laws of Sect. IIIA is 6n, = 1.93 X 10" cm™3 in the

laser focus ¢,, =~ 8.2 um for dn, /n, = 1). field. Itis obvious that the phase shift of the probe pulse

From Fig. 5(b) we can see that the frequency shift?oes not tend to a constant value, in contrast with the

. : fequency shift. This is due to the fact that the final fre-
experienced by the probe pulse is of the same order q uency of the probe pulse is very different from the refer-
its initial frequency. In this simulation, the frequencyq y P P IS very

. - ence pulse frequency (which is constant), and the phase
shift can go up toAA = |Ag — Al = 200 nm for a . . ;

. L difference between these two pulses increases continu-

probe laser wavelength ofo = 800 nm.  Like in the ously as long as they propagate inside the plasma. There-

simulations of Fig. 3, the frequency shift reaches its y 9 y propag P :

positive and negative maximum values when the pulséore’ for a large frequency shift, the measured phase shift

v o . . X ill be strongly dependent on the propagation length.
is positioned in the regions of the strongest negative an&V This can lead to phase shifts several times larger than

ar. For instance, in the simulations of Fig. 5, where the
20 . total propagation distance inside the plasmAis= 30z,
@) [22], the phase shift oscillations reach amplitudes~of
117 (peak to peak). This is an additional difficulty for
the FDI technique. In fact, the time-delay st&épfor this
diagnostic technique must be small enough to enable us to
count all of the displaced fringes in the frequency-domain
interferograms. The upper limit for this time-delay step
. At is given by

10 =

Ag (rad)

10 b
<
B 4(A¢pp/77') ’

] At (21)

20 =

100 = (b)-

140 - 14
120 | 412

100 410

AN (nm)

80 |-

60 -

AA (nm)
(pey) 6w

-200 = - 40

1 M 1 M 1 M 1 M 1
0.0 0.5 1.0 1.5 2.0

Delay ()\p) or

20 -

FIG. 5. Wakefield oscillation map giving (a) the phase shift 21z,

and (b) the frequency shift for the laser pulse parameters:

Ey = 100 mJ, mpump = 30 fs. The calculated phase shifts in FIG. 6. Typical plot of the frequency shifAA (solid) and
(a) are obtained by neglecting the frequency shift of the probg@hase shiftA¢ (dashed) at each point of the probe pulse
pulse (dashed curve) or by retaining it (solid curve). trajectory centered at/z, = 0.
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1900+ : IV. CONCLUSIONS
0] saz2n - In this work we have presented a detailed compari-
1400 : son between two different diagnostic techniques for laser

i ng 2m;

wakefields. Using the ray-tracing equations we consid-
ered, for the first time, the group velocity dispersion and
frequency-shift effects, which have been neglected until
now in the current literature on FDI, but can be of great
importance in the interpretation of future experiments, as
we have shown in this paper. By simulating the time-
delay scanning of the plasma oscillations we were able to
o e identify and clarify the impact of these effects in both di-
0 20 40 60 80 100 120 140 160 180 200 agnOStIC teChanues

B[] Our numerical simulations show that for FDI the
FIG. 7. Map of the pump laser pulse parameters (pulsévakefield oscillation reconstructed from the measured
energy versus length). Solid curve defines the limit where theohase shifts is significantly modified in both amplitude
frequency shift is equal to the spectral width of the probe pulseynd frequency, if the dispersion effects in the probe beam
(Awsnite = Awpy,,,). Dashed and dotted curves define the 50 included and/or assuming that the plasma wave phase
limits of applicability of the FDI. The vertical lines indicate the L .
100 GeV/m goal for the future plasma accelerators as predicted/€l0city is different from the group velocity of the pump
by the 2D and 1D scaling laws. laser beam. On the contrary, for the PAD technique, the
results are not affected by these dispersion effects, which,
in fact, are fundamental processes in the PAD.

We have also considered experimental parameters rele-
yant to future laser wakefield experiments. In these con-
ditions, the frequency shift of the probe beam cannot be
neglected. Moreover, we have studied the influence of
a large frequency shift on the phase measurements made
ith the FDI. In this case the frequency of the probe
ulse is completely different from that of the reference
ulse. Thus the phase difference will depend not only
n the plasma length but also on the dispersive optics in-
stalled in their optical path before reaching the detector
device. This fact, added to the complexity of measuring
phase shifts much larger thanand the difficulty of using
the FDI of two laser beams with very different frequen-
cies, will be the major drawback of this laser wakefield
Prwiv diagnostic technique. Comparatively, the large frequency
Awgite = AW pry - (22)  shifts play in favor of the PAD technique due to the fact
that the extraneous data contributions, such as stray light,
pump leakage, and detector defects, are no longer a tech-
nical problem. For all of the reasons discussed above,
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whereT, = A, /v, is the plasma wave period addp ),
is the expected phase shift oscillation amplitude (pea
to peak).

We will now discuss the limits of application for each
of the two diagnostic techniques. In order to illustrate
these limits we have built up a map representing the pum
laser parameters, enerdy, versus pulse length, (see
Fig. 7). For each set of parameters, the correspondin§
laser wakefield scaling is obtained for the optimized
situationén,/n,, = 1 for the resonant density in the 2D
limit. The criteria used to define the limiting curves are
as follows. The solid curve is given by the condition of
frequency shiftA wg,ire measured by the PAD technique
equal to the spectral width of the probe pulse

Since, from an experimental point of view, it is very
difficult to measure a frequency shift smaller than the

spectral width, this technique is only valid above thispAD is the most promising diagnostic for large ampli-

curve. : .
The FDI technique is limited by the measured phaséUde plasma waves in future laser wakefield accelerator

shift A¢, which must be lower tha2w. We have experiments.
plotted two curves above which the FDI technique is
not valid: one (dotted curve) considering the phase shift ACKNOWLEDGMENTS
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we also represent two lines defining tHe0 GeV/m
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