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Observation of spatial asymmetry of THz oscillating electron plasma wave in a laser wakefield
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The asymmetric spatial distribution of electron density perturbation is observed by using a frequency-
domain interferometry technique. The wake amplitude of the outside bump is enhanced by the elliptical
distribution of the pump laser pulse. This asymmetry can be explained with a two-dimensional analytical
model expanded from cylindrically symmetric linear theory.

PACS numbgs): 52.35.Fp, 52.40.Nk, 52.75.Di

With the development of the technology of ultrashort highinterferometry techniqugl4,15. In their measurement, the
peak power laserfl,2], the optical high field is common- spatial information was obtained from the observation slit of
ly available for experimental research. At the laser intensitythe spectrometer to make a frequency-domain interferometer.
of 10Wi/cn?, the normalized amplitude of the laser Therefore the observation was a one-dimensi¢hB) mea-
field vector potentialag~1. Here, a;=eA,/mc?=(0.85 surement. However, it is necessary to observe two-
X 10" %)\ Y2 whereX is in wm andl in W/cn?. Under such  dimensional2D) spatially resolved images of EPW'’s, if we
a high field, atoms are immediately ionized, and ionizeddiscuss the spatial distortion of the lateral LWF. The lateral
electrons are accelerated by the optical ponderomotive fieldWF is strongly related to the stability of the accelerated
to a relativistic velocity. If the pulse width of the pumping electron bean16] in the LWF accelerator, because it acts as
laser pulse is shorter than the period of the electron plasma plasma lens. Thus, it is important for making a LWF ac-
oscillation, electrons are expelled from the high field areacelerator to discuss the effect of the spatial distortion of the
around the focus of the laser pulse by the ponderomotivéateral LWF.
force during laser irradiation. After laser irradiation, electron In this paper, we expanded the frequency-domain interfer-
plasma oscillation begins with the frequency®f., where  ometry technique in Ref12] to two-dimensional measure-
wpe= (4mne?Imy) Y2 Heree, my, andn, are the electron ment. The instantaneous 2D image of the EPW was recon-
charge, mass, and electron plasma density, respectively. gtructed. In this image, we found a cylindrically asymmetric
so-called standard laser wakefi€ldVF) [3] starts to oscil- distribution of the relative phase shift caused by the electron
late. In the LWF, the longitudinal electric field associateddensity perturbation. This cylindrical asymmetry can be ex-
with an electron plasma wavdEPW), of which the phase plained with a simple 2D analytical formula modified from
velocity is almost equal to the speed of light, is thought to becylindrically symmetric theory17,18.
higher than tens of GV/m. This mechanism is very attractive The frequency-domain interferometry technigue in Refs.
for a compact charged particle accelerator. In experimentdll0,12,18 was used for observing an EPW in a low density
research with laser accelerators, several groups have succepisma. In our experiment, a 10 Hz Ti:sapphire laser system
fully measured accelerated electrons with a self-modulate@as used. The pulse width was 100 fs with the maximum
laser wakefield(SMLWF) [4—-6] and a laser beat wave output energy as high as 150 mJ per pulse and the spectrum
(LBW) [7,8]. Recently, Amiranofgt al.[9] also successfully centered at 800 nm. This pulse was separated into two parts
measured accelerated electrons even with the LWF. As iby a beam splitter. The reflected part was used as the pump
described in Ref[9], the LWF seems to be the best methodpulse of 60 mJ, and the transmitted part, which was used as
for particle acceleration to high energy at present. In bothhe probe pulse, was frequency doubled by a potassium di-
LBW and SMLWF, the EPW is resonantly excited by the hydrogen phosphat®&KDP) crystal. The probe pulse was sent
laser intensity modulation. In LBW, the resonance conditioninto a Michelson interferometer, where adequate temporal
is more strict than the quasi-resonance in LWF. Although theseparation between two colinear pulses was made. The time
acceleration physics in a laser accelerator has been confirmel@lay between the two probe pulses and a pump pulse was
by a number of observations of accelerated electrons, wadjusted by a delay line, which was set after the Michelson
have many scientific and technical problems in the developinterferometer. After mixing the pump and probe pulses at a
ment of a laser accelerator. To discuss these problems, it dichroic mirror, these were focused by a Mgbanoconvex
important to get a well-controlled LWF. To control a LWF lens off/4 in the target chamber. The spot size of the pump
[10], we have to measure the dynamics of the EPW's. In thepulse at the focal plane was measured to hen?<11 um
measurement of EPW, Hamstetr al. [11] observed the os- [full width at half maximum(FWHM)]. The image of the
cillation of EPW’s by measuring THz radiation from the spot at the focal plane is shown in Fig. 1. The peak intensity
plasma. Marquest al. directly measured a temporally and was estimated to be 2910 W/cn?. The target gas was
spatially resolved EPW12,13 by using a frequency-domain helium, which filled the target chamber statically. The pres-
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FIG. 2. Spatial distribution of relative phase shift. The profile

(a) corresponds to the 1D distribution of the relative phase shift
FIG. 1. Typical focal pattern of pump laser pulse at the focajwhen the first_probe pulse_ is located at the phase of tr_le_ maximum

plane. electron density perturbation and the second at the minimum. The

profile (b) shows the phase shift after 0B& from the time of(a).

sure of helium was set to be 0.4 Torr by a capacitance malhe profile(c) shows the phase shift after 0, from the time of

nometer(Baratorn. The pump pulse ionized the helium gas @.

near the focal region and excited an EPW by ponderomotive

force. The probe pulses were sent into the area where tf@_grpe from the time of(a). Since the two probe pulses are

EPW was excited. Each pulse causes a phase shift dependirgated at the reverse phase of the EPW comparéa tthe

on the phase of the EPW, of which the phase velocity isprofile (c) is the reversed profiléa). In profiles(a) and(c),

almost equal to the speed of light. These probe pulses wet@e spatial profile is composed of two parts. One is a central

imaged on the spectrometer slit with &2 doublet, which  part at|y|<4 um, and the other is an outside part. The

was set behind the focal point. The pump pulse was reflectegentral part of the profile can be caused by expulsion of

before thef/2 doublet by an IR mirror. Then only the probe electrons from the laser propagation axis, so that the electron

pulses interfered with each other in the spectrometer. Th@ensity increases outside the focus. The bump of the phase

magpnification was 31 times. The spectral and spatial resolyrofile in the outside part is caused by this phenomenon,

tion of the spectrometer were estimated to be 0.z  Which will be discussed later.
1.2 um, respectively. The output spectrum was recorded on a [N 2D imaging, we moved the observation slit of the spec-
16-bit charge-coupled device camera. The spatially resolveffometer along thex axis in Fig. 1. At eachx point, the 1D
distribution of the relative phase shift can be obtained fromspatial distributions of the relative phase shift by the EPW
the interferogram by Fourier analygis2,15,18. were obtained. By placing the 1D distributions obtained in
When the gas pressure is 0.4 Torr, the electron plasm@rder, we can reconstruct the 2D distribution. In Figa)3
densityn, is estimated to be 2:610°cm™2 because of the the experimentally obtained instantaneous 2D image of the
full ionization of helium. Therefore the period of the electron EPW is shown. 2D electron cavitaion is apparently seen. The
plasma oscillationT . is estimated to be 680 fs. In order to Solid curves in Fig. 4 show the spatial profiles of electron
obtain the maximum difference of phase shift of the twodensity perturbation along the linésA’ andB-B’ in Fig.
probe pulses in the interferogram, the time separation of thé(@. Note that the electron density perturbation is normal-
two probe pulses was adjusted to T,e. First we observed

x (pm)

the distribution of the relative phase shift by the plasma, phase shift [mrad] Normalized units
when the pump Iaser.pulse was between the two probe _ . | — | .
pulses. The phase shift was 100 mrad at maximum. By 5 2.5 0 2.5 -1 0.5 0 0.5

sweeping the timing of the two probe pulses with a fixed
1.5T . time interval, the two probe pulses were set to be after ~*°
the pump pulse. Thus the distribution of the relative phase -107
shift by the EPW was obtained. The typical distribution of €
the 1D spatial profiles of the relative phase shift is shown in .,
Fig. 2. These profiles in Fig. 2 correspond to the profile
along they axis in Fig. 1. The profilda) corresponds to the

1D distribution of the relative phase shift at which the first
probe pulse is located at the phase of the maximum electroi x (um) x (um)
density perturbation and the second at the minimum. The
profile (b) shows the phase shift after 023 from the time

of (a). Because the two probe pulses are located at the same F|G. 3. (a) Experimental 2D spatial distribution of phase shift.
phase of the EPW at the time @), the relative phase shift (b) 2D spatial distribution of electron density, which is calculated
became zero. The profiléc) shows the phase shift after by using the 2D analytical model.

&
1 |
b=
w
@
y (um)
s
he]
2




PRE 62 OBSERVATION OF SPATIAL ASYMMETRY OF TH . .. 7249

?(\
’.

N

0 7

o

FIG. 4. 1D spatial electron density distribu-
tion. Profile (a) corresponds tA-A’ in Fig. 4,
and profile (b) corresponds to th&-B’. Solid
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; » BB curves: experimental data. Broken curves: nu-
iy 20 1o o o 20 merical fit from the 2D analytical model.
Y (um)
(b)
ized in Fig. 4. Cylindrical asymmetry can be also observed. sn 2¢ \Y 241 r3(yP—1)2
This asymmetry is thought to be caused by the asymmetry of ro :( ) —
the laser spot at the focal plane, as shown in Fig. 1. As is Ne Wped 2 o?
shown in Fig. 4, the width of the central part of the profile is 5
different betweenA-A’ and B-B'. Moreover, only in the % coZ 6 sir? g_r_K4( 0) % 3)
outside part ofB-B’ can the bump of the phase shift be o? Ne’
clearly seen.

In orde_r to analyze this 2D §patia| distri_buti_on, we derivedyhere A~21P(TW) X n()\/U)Z(wpeTo/Z)eX[{ — (wpero!

a theoretical model that describes the cylindrical asymmetry»)2] p js the instantaneous laser power, ané the wave-

A two-dimensional cylindrically symmetric formula for the |ength of the laser pulse. Thereforesn/n.=an,/n,

nonrelativistic analytical model has been developed by Gor-. sn ,/n.. In this measurement, the spot size was mea-

bunov and Kirsanov and by MarqueSqI.[l?,l&l. In order  gyred to be 7umx11 um FWHM. Theno and 7 were

to analyze the cylindrically asymmetric distribution of the gssumed to be 6.um and 1.57, respectively. Under our

electron density perturbation, we took the azimuthal anglgyperimental conditions, the longitudinal oscillation is negli-

d_ependence ||jto acg:ount. In the elliptical intensity d|§tr|bu—gib|e compared to the transverse one. Thémin, was ap-

tion, the laser |ntenS|2ty at ;he focal pIaneZ: can be described br)froximated asdn/ng~ an, 4/Ne. In Fig. Ab), the theoreti-

I1(r,0,2,t) =1 ex —r¥s(6)°lexpl — (t—2/c)*/75], wheres(6)  cally calculated 2D image ofn/n, is shown. To compare

is defined as (cos6lo,)*+(sinbloy)’. o4 and oy are the the experimentally obtained image with the theoretical one,

laser focal spot radii along theandy axes.r, is the laser 1D spatial profiles ofA-A” and B-B’ are plotted simulta-

pulse width.r and ¢ are the distance from theaxis and the neously in Figs. &) and 4b), respectively. In these figures,

azimuthal angle in cylindrical coordinates, respectively. Bysolid and broken curves correspond to the experimental and

defining n=o0,/0, and o=o0y, s(8)=a/k(0) and k(0) theoretical data, respectively. The theoretical data are in

= Jcod 6+ ?si? 6 are obtained. Whem=1, the spot pro- good agreement with the experiment.

file becomes a cylindrically symmetric Gaussian distribution. The wake amplitude of the outside bump in théirection

The scalar potentiap(r, 8,z,t) can also be described by the is larger than that in the direction. As seen in Fig. 4, the

following relations from Ref[18]: ratios R of the normalized wake amplitudeSn/ng at the
outside bump to that at the central part are not fixed to be

r2 ] 1/e2~0.14, which can be derived from the cylindrically

(@

symmetric theory{18]. According to our model, the ratio
R(6,7) is given by R(0,7)=2y(6,n)!(75*+1)exd— (7
+1)/24(6,7)— 1], where ¢(6,7)=(5*—1)?co gsir? o/
where ¢=1/7(lo/ecn)(wpero/2)ex—(wpero/2)?]. N is  k%(6)+xX(6). In the elliptical intensity distribution of the la-
the critical plasma density. The electron density perturbatiorer pulse, the rati® depends o as shown in Fig. 5. In this

¢(r,0,z,t)=¢ Sin(wpet—kpez)ex;{ — 200

on can be obtained from the Poisson law, figure, the solid curve was estimated by the theory described
above forp=1.57. This ratio for the cylindrically symmetric
5 9 1 92 5 case is also represented by the dashed line. The two dots in
5n—(60/e)v ¢—(60/E) FE I’E) + r_2(9_02+ E
0.3
Hereeg is the vacuum permittivity. The electron density per- 0.25
turbation is the sum of two part$n=én, ,+ én,. on, in- 09
dicates the longitudinal oscillation of the LWF, which is in- x
duced by the temporal profile of the laser pulse, a@nd, 015
indicates the transverse oscillation of the LWF, which is in- 0.1
duced by the transverse profile of the laser pulse/n. and 0.05
on; ,/n, become 0

o

025 05 o075 1 125 15
0 (rad)
sin

2

an, F{ ro\? z
—=Aex —(—) wpe(t——) ) _ )
Ne s(6) ¢ FIG. 5. The raticR of the normalized wake amplitudén/n at
the outside bump to that at the central part of the profile. Solid line:
and 7n=1.57. Broken line:p=1. Dots: experimental data.
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Fig. 5 were evaluated from the experimental data. For expulse. In the elliptical intensity distribution of a pump laser
ample, the ratio a®#= /2 for =1.57 is estimated to be pulse, the wake amplitude of the outside bump is enhanced
0.26. This value is about two times larger than that for along the steeper intensity gradient. A 2D analytical model
= 1. Therefore, the enhancement of the wake amplitude fofan explain the _experlmentally (_)btamed qutlal distribution
the outside bump can be attributed to the elliptical intensity®f the asymmetric electron density perturbation.
distribution. This work was supported by the Research Foundation for
In conclusion, we observed the spatially distorted electrorppto-Science and Technology, University of Tsukuba
density perturbation of the lateral LWF. The spatial distribu-TARA Project, and a Grant-in-Aid for Scientific Research by
tion of the asymmetric electron density perturbation was dethe Japanese Ministry of Education, Science, Sport and Cul-
termined from the elliptical distribution of the pump laser ture (Grant No. 11650039
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