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Effect of a laser prepulse on a narrow-cone ejection of MeV electrons from a gas jet irradiated
by an ultrashort laser pulse
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Spatial and energy distributions of energetic electrons produced by an ultrashort, intense laser pulse with a
short focal length optical systefiti:sapphire, 12 TW, 50 fs\ =790 nm,f/3.5) in a He gas jet are measured.
They are shown to depend strongly on the contrast ratio and shape of the laser prepulse. The wave breaking of
the plasma waves at the front of the shock wave formed by a proper laser prepulse is found to make a
narrow-cone (0.4 mm mrad electron injection. These electrons are further accelerated by the plasma wake
field generated by the laser pulse up to tens of MeV forming a Maxwell-like energy distribution. In the case of
nonmonotonic prepulse, hydrodynamic instability at the shock front leads to a broader, spotted spatial distri-
bution. The numerical analysis based on a two-dimensi@ial hydrodynamidfor the laser prepulsend 2D
particle-in-cell(PIC) simulation justifies the mechanism of electron acceleration. The PIC calculation predicts
that electrons with energy from 10 to 40 MeV form a bunch with a pulse duration of about 40 fs.
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[. INTRODUCTION electron bunch can be much better than that from the con-
ventional linac.

Particle acceleration via laser-plasma interactions has The basic properties of the wave breaking are well known
been studied intensively for many years. Among a number of7]. If the intensity of the laser pulse is not very higtee
concepts of the particle acceleration by laser fields, the laseéRef. [8]), the wave breaking appears when the plasma wave
wake-field acceleratiofLWFA) in underdense plasmid] amplitude exceeds the threshold Eg~[2(w/wp
provides one of the most promising approaches to high per— 1)]1’2m0wp,/e whereo andw, are the laser and plasma
formance compact electron accelerators. Until recently, drequency. This occurs in a plasma with a rather steep den-
wake field of the order of 100 GeV/m in a plasma has beersity profile, \p|dN/dx~1, Ay =27 wp /c, where\,, is the
observed in LWFA experimen{®—-5]. Furthermore, since it wavelength of the plasma way@]. However in a gas jet, the
has a relatively small length of acceleratid], the LWFA,  density gradient is much smaller; since usualif(dN/dx)
particularly, allows the production of an ultrashort electron~200/500um, the injection originating from the wave
bunch (~10 fs) for probe analysis of matt¢6]. However, breaking of the plasma waves hardly happens if only the
electron injection into the wake field is a crucial part for main laser pulse is coming. Practically, a laser prepulse with
LWFA. Since the typical length of the wake field of the approximately a few nanoseconds duration precedes the
plasma wave is the order of7iv, /c~10-100um, the  main laser puls¢10]. The usual contrast ratio varies from
length of the injected electron bunch must be 2-t20. 1:10 to 1:10 for fundamental laser frequency. If the Ray-
Usually for LWFA, the injection of a high quality electron leigh lengthLy is short enough, the prepulse can form a
beam from a conventional (fadio-frequencydriven linac  cavity with a shock wave in front of the laser propagation. In
accelerator is assuméd]. In other schemes, two or several contrast to the plasma channel produced by a long Rayleigh
laser pulses are employed for the injecti@y4]. However, length laser prepulsgl1l-14, the length of the cavity is
such schemes require highly precise synchronization bedetermined by this smallg, because the energy is deposited
tween the wake field and the injection. One of the simplesin the plasma mostly near the focus point0 as W(x)
ways to put energetic electrons into the wake field for their-1[1+(x/Lg)?], where W(x) is the energy of a laser
further acceleration is the wave breaking of plasma wavegrepulse deposited & andx is a coordinate in the laser
produced by a single intense laser pul§¢ Though such propagation direction. Since the laser prepulse has low inten-
injection gives a broad Maxwell-like energy distribution of Sity, the electron temperaturg, can be estimated via the
accelerated electrons, a transverse geometrical emittance @fllisional  absorption ~ mechanism [16], dT./dt

=Ae vei(1 eV)/T¥? whereAs =2me?l/mw? is the energy
acquired by an electron in a collisiohjs the laser intensity,
*Electronic address: hosokai@tokai.t.u-tokyo.ac.jp and v, is the frequency of electron-ion collisions. For inten-
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FIG. 1. Experimental setup.
FIG. 2. CCD image of the interaction region. Supersonic gas jet

sity | =10 W/cn?, final ion densityN;=3x10® cm™2 (in  and laser focus position is illustrated in the inset.
the cavity, and pulse duratiom=2 ns, the above equation ] ) )
gives T,=150 eV. If x=Ccr>Lg, where C, is the ion 20.0 atm. With these presssures, thegden5|3ty at the gxn of the
sound speed, a shock wave can be formed in the plasma. 0zzle ranged from ¥ 101 to 3x 10" cm°. The uniform _
the shock wave relaxation deptx~ (M/m)¥2 , whereM, density d|str|but|ons_ with the s_harp boundary of the gas j_et
m are the ion and electron mass dnds the ion free path, is column near the exit are experimentally characterized by in-
less than the wavelength of plasma wavg, the strong terferometory. Using two turbo molecular pumps and an
wave breaking of the wake field produced by the main puls&>0-1 vacuum dump tank, the backgroun_d4 pressure of the
can occurr there; it can be a good source of injection. Foyacuum chamber is kept lower than .00 Torr during
temperaturd .~ 150 eV in a He gas jet, the ion sound speedtN€ 9as jet operation.
is Cs~5x10° cm/s andx~100 um so that the effect ap-

pears for the laser pulse withy<100 um. The shock wave B. Laser system
can be generated in the jet Wimplli(M/g])l/i/gWCSl1 The 12 TW Ti:sapphire laser systetB.M. Industries,
which gives the density range df>5x 10" cm™2. a-Line seriey based on the chirped pulse amplification

In the present paper, we study the effect of the lase{Cpa) technique generates up to 600 mJ, 50 fs laser pulses at
prepulse on the injection and acceleration process experg fundamental wavelength of 790 nm with a 10 Hz repetition
mentally and numerically via two-dimensiondD) hydro-  rate. The laser power at the target in the vacuum chamber is
dynamic and particle-in-cellPIC) simulation. Spatial and yp to 5 TW. As shown in Fig. 1, thp-polarized laser pulse
energy distribution of accelerated electrons is measured dgyith a diameter of 50 mm is delivered into the vacuum
pending on the nanosecond order prepulse contrast ratio agfamber through a vacuum laser transport line and is focused

its shape for short{ 50 um) Rayleigh length. on the front edge of the helium gas jet column at a height of
1.3 mm from the nozzle exit with a'3.5 off-axis parabolic
Il. EXPERIMENTAL SETUP mirror. Figure 2 gives a side view of the interaction region

obtained by the CCOcharge coupled devigeeamera, and
illustrates the gas jet and the focus point. Figure 3 shows a
In this experiment, an intense and ultrashort laser pulse itypical image of a laser focal spot at the target position that is
focused on helium gas. In order to form a spatially localizedimaged with a 2& objective lens onto a 14-bit CCD cam-
gas column, i.e., to suppress the transverse expansion in&a. The spatial resolution is Ogm in the image with this
vacuum due to the thermal and fluid motion of the injectedsystem. To measure the spot size, the system is calibrated
gas, a supersonic pulsed gas injection is used as a targetth a wire 10um in diameter set on the nozzle exit. The
[17,18. The pulsed gas jet is produced by a device that conspot size is 7.5um in full width at 1k of maximum. The
sists of an axially symmetricaval nozzle[19] and a sole- maximum laser intensity on the target is estimated to be
noid fast pulse valvg18]. The nozzle is designed to form 1.0x 10*® W/cn? so that the laser strength parameigrex-
M.=4.2 flow for He (y=1.660). HereM, is the Mach ceeds 2.0. The measured Rayleigh length is approximately
number at the exit of the nozzle ands the ratio of specific 53 um for this spot. According to the specification of the
heat. It has a 2.0 mm inner diameter at the exit. The typicalaser system, the contrast ratio of the main pulse to prepulse
experimental setup is shown in Fig. 1. The nozzle with thepreceding it by 8 ns is typically greater than foat the
pulse valve is placed inside the vacuum chamber. The pulsiindamental wavelength. In order to investigate the laser
valve is driven for 5 ms per shot at a repetition rate of 0.2prepulse effect on the ejection of the electron from the gas
Hz. The stagnation pressure of the valve is varied from 5.0 t¢et, we control nanosecond-order laser prepulses by detuning

A. Supersonic gas jet
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FIG. 3. (a) Image of the laser focal spot at the targ®). Trans- E "
verse profile of the spot. g’ 0.0 \,\
172}
of a pockels cell of the regenerative amplifier of the laser § 002 \\
. . o ’/\"‘
system. The laser pulses are monitored by a photodiode be- = 0
hind a dielectric coated mirror set inside the vacuum laser
transport line. Since the time resolution of the diode '0'02.10 75 5 25 0 25 5
(~200 ps) is poor for the main pulse measurement but is Time [ns]

enough to detect changes in nanosecond-order prepulse, the . .
diode signals of the main pulse are calibrated with a third- F'G- 4. Typical laser pulse shape detected by a photodiatie.
order femtosecond cross correla@mplitude Technologies ~~2-> NS Prepulse(b) ~1 ns prepulse(c) ~5 ns nonmonotonic
Sequoia. The typical laser pulses detected by the diode ar@ ePUISe:

shown in Figs. 4a)—4(c). The prepulses usually range from R R .
—5to—1 ns; here 0 corresponds to a beginning time of theag:cepted angle of 0°—50° from the forward laser axis for the

main pulse. As shown in Fig. 4, the amplitude of the mainejected electrons. The imaging plates are laminated with an

pulse is kept constant for all prepulses by adjusting thealuminum foil of 12 um thickness on the surface to avoid
pumping power of Nd:YAG(yttrium aluminum garnatla- exposure to x rays and the laser pulses. The bottom plate of

sers for the multipass amplifier of the Ti:sapphire laser sys'Ehe cup iS. placed 180 mm away from the focus point. The
tem. electron signals are accumulated over 300 shots. In order to

obtain the energy distributions of the electrons, a magnetic
electron deflector is set in the laser axis behind thegst
shown in Fig. 1. The bottom plate of the cufdP) is used as
The spatial distribution of the electrons ejected from thean electron detector. The deflector consists of a top and a
gas jet is directly measured by a cup-shaped detector considiettom array of magnets that act as a permanent dipole mag-
ing of imaging platesIP, Fuji film: BAS-SR) with a spatial  net to disperse the electrons according to their kinetic energy.
resolution of 50um. The IP is a plastic film detector sensi- The magnetic field between the magnets is mapped out with
tive to high energy particles and radiation, which is used fora Hall probe and the maximum field strength reaches 300
electron microscopy and x-ray imaging. The cup has a widenT. The deflector has an entrance aperture of 2.0 mm with

C. Diagnostic setup
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an acceptance solid angle of 1 msr. The trajectories of thgize. The size of the window is 250mx 40 um. The com-
electrons bent in the magnetic field and projected on theutational grid is 5008 960. We use four particles per cell;
bottom plate of the cup are computed by a ray tracing. Withthere is no ionization included for this simulation. The initial
this setup, the energy distribution of the ejected electrons Upsser field is chosen as a plane wave with andHy, com-

to 40 MeV can be detected. On the sidewall of the cup, thgyonent with distribution as follows:

energy of electrons is estimated by a filtering with 10
polyethylene sheets stacked on the surface of the IP. The
visible light emission from the plasma at the interaction re-
gion is observed in the direction of 90° from the laser propa-
gation axis by a time-gated20 m$ CCD camera —i arctanix/Lg) —y%/(dg)?}, ()
(Hamamatsu C4880with a spatial resolution of 12m. A

blue-pass filter is put in front of the CCD camera to cut theWheréa=eEy/mcw, x, y the longitudinal and transverse
laser light. coordmates,f=\/1+x2/L,2;k=c/w. The maximal laser in-

tensity is 2x10° W/cn?, A=0.79um (ag=3.0). The
IIl. SIMULATION MODELS pulse duratiorf(FWHM) full width at half maximunj is 50
fs, as shown in Fig. 3 the focus spot size &>1df maximal
To evaluate the effect of the laser prepulse, we numeriintensity is 7.0um so that the Rayleigh length is estimated
cally solve the hydrodynamics equation in the following to beLg=50 um.
form [16]:

2N . .
E,(Xy.t)= Texp{— i wt+ik[x+y?/(2xf?)]

IV. RESULTS AND DISCUSSION

1% N Jd . 0
_ —(hu)= )
atn (}lr( )

Figures %a)—5(c) (left-hand side show the spatial distri-
bution of electrons deposited on the bottom plate of the cup-
9. ( 9 ) ) 1 9 R shaped IPs. The distributions are obtained for different
—U+|u—=|u=————=(znT)— nAu, prepulse conditiongas shown in Figs. (@) —4(c)] and for gas

Mn gr density of 2.8&10'° cm 3 and 4.8 TW peak power of the
main pulse. It is clearly seen that the spatial distribution of

d d (5. d d the ejection of electrons from the jet depends strongly on the
E(”T)“L&_F(gun-r) +”(9_r+ Ka_FT laser prepulse. A peak distribution is observed at a density
range of 10 to 3x10° cm 3. In the first case, as
8re? dS shown in Fig. %a) (left-hand sidg for a prepulse with a
= —Zyeimo—zexq—O.Srz/dé), (1)  contrast ratio of 1:19 pulse duration 2—3 ns, and energy
3mcow R ~10% of the total pulse energy, corresponding to Fig),4a

peaked spot distribution by narrow-cone ejection of electrons

wheren,z,M are the ion density, charge, and maBss the s clearly seen at the center of the plate. In the second case,
electron temperaturey, x are the plasma viscosity and ther- 35 shown in Fig. &) (left-hand sidg for the prepulse with
mal conductivity, and vej=4me’z’nA/mY?T%? is the  contrast ratio 1:10and pulse duration less than 1 ns with
electron-ion collision frequency, wher& is the Coulomb energy less than~10% of the total pu|se energy, corre-
logarithm. The last term of the third equation describes lasesponding to Fig. %), no electron signal is observed on the
energy depositiomlz=d,/1+x%/L2, whered, is the laser  bottom plate. In the third case, as shown in Fi¢c) Sleft-
spot sizex is the coordinate in the laser propagation direc-hand sidg, for the prepulse with contrast ratio 1% Qulse
tion, andLp is the Rayleigh length. duration more than 5 ns, and nonmonotonic pulse shape with

The system of Euler equatiori$) is solved numerically energy more than-10% of the total pulse energy, corre-
by a fully conservative schemi0], assuming cylindrical sponding to Fig. &), the ejected electrons explode into
symmetry, for a fully ionized He slab with 2.0 mm depth. pieces and smaller spots are detected at the bottom plate.
The plasma density linearly increases from zero to maximafhis spotted distribution is measured even in a single shot.
ion densityn=1.5x 10'° cm™3 after 300um, which is the  The radial and longitudinal distributions of the ion density in
focus point, and then the density is constant. The initial temthe He gas jet after the laser prepulse obtained by the hydro-
perature is uniform and equalg=0.1 eV; the initial veloc-  dynamic simulation are shown in Fig. 6. The radial distribu-
ity is zero. Calculation is performed for the prepulse inten-tion of the plasmgion) density, shown in Fig. @), is very
sity |p=1013 W/cn? with duration 2.0 nsdo=7.0 um, and  close to those obtained experimentally in Refs1—15.
Lr=50 um. These parameters are chosen to be close to thdowever, in the direction of laser pulse propagation, shown
experimental ones. in Fig. &b), there is no preplasma channel that can give rise

Longitudinal density distribution obtained from the hy- to an optical guiding. We should note that in a similar ex-
drodynamics simulation is used for two-dimensionalperiment(see Ref[15]), performed with a longer Rayleigh
particle-in-cell simulation employing the moving window length when optical guiding is crucial, the angular distribu-
technique[9]. However, we neglect the effect of the trans- tion of energetic electrons is very different from that mea-
verse density distribution on the laser propagation, assumingured in the present experiment. For the first case, after 2 ns
that the cavity width is much larger than that of the laser spobf irradiation by the laser prepulse, there is a clearly seen
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the second case, there should be no electron injection caused
by the wave breaking into the consequent wake field. In ad-
dition, if the laser prepulse gets shorter and its energy de-
creases, the density distribution becomes uniform. This is
because there is no shock wave in the cavity and the laser
intensity is not strong enough to produce a wake field with
an intensity higher thaBg~[2(w/wp— 1)]1’2map/e. The

FIG. 5. Typical images of electrons deposited on the bottomSPotted distribution in the case of nonmonotonic laser
p|ate of the Cup_shaped ||?bft hand’ and Corresponding image of prepulse iS, we believe, a result of an InStablllty at the shock
the plasma radiatiotiright-hand sidg and longitudinal profile of ~Wwave. Since the condition for the wave breaking is depen-
the plasma radiation in the direction 90° from the aright up  dent strongly on plasma dynamics, we expect that hydrody-
obtained in a density of 2:810'° cm™2 and laser power of 4.8 TW. namic disturbances in the shock front may strongly affect the
(@ ~2.5 ns prepulseb) ~1 ns prepulsec) ~5 ns nonmonotonic  process. Once it appears, the shock wave cannot decay rap-
prepulse. idly. However, such a hydrodynamic instability disturbs the

front of the shock wave. Since the injection of the main

shock wave and the density gradient becomes steep at tleceleration due to wave breaking must be directed along
front of the shock. The thickness of the shock wave,with the density gradient, this instability leads to the forma-
~10 um, is comparable to the plasma wavelength so thation of spotted distribution. These results suggest that the
strong wave breaking and electron injection is expected folaser prepulse affects the initial plasma density profile steep-
this condition. A condition of the pulse duration of 2—3 ns ened in the direction of laser propagation due to the forma-
matches well with one of the shock wave formation also withtion of a shock wave, which is essential for the injection into
consequent wave breaking of the wake field produced by théhe consequent wake fields and the ejection of the narrow-
main laser pulse. For the prepulse intensityl0'® W/cn?,  cone electrons from the jet.
the shock wave is formed after 1 ns of irradiation. This Figures %a)—5(c) (right-hand sidg show the images of
means if the laser prepulse is shortened two times, such as the radiation from the plasma obtained by the CCD camera
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FIG. 7. The radius of the laser pulsat 50% of the total pulse
energy with propagation distance. (FWHM), which corresponds to a divergence angle of the
ejection of~2.5°. The corresponding transverse geometrical
in a direction 90° to the laser propagation axis, which corre£mittance of the electron bunches is as smaf-&@sl7 mm

sponds to the spatial distributions of electrons shown on th8'rad, though Coulomb explosion strongly affected the bunch

left-hand side. The setup in the images corresponds to tH8 its propagation. However, the size of the spot for each shot
one in Fig. 2. The longitudinal profile of the plasma radiation™ay be smaller than that accumulated over 300 shots be-

is also inset with the images. Figurdab shows that the Cause of their pointing stability. The calculated charge of the

radiation from the plasma has a dumbbell shape; two brightindle bunch is approximately 0.7 hC J with a duration of

spots at the edges and a narrow channel between them in tAQ fs. . ) ,
direction of the laser propagation. In this condition, the spot El€ctrons injected during wave breaking are further accel-

at the front edge is much brighter than that at the rear. Figurg'ated by the laser wake field. Figure 9 shows a typical en-

5(b) shows that the plasma shape of the radiation for &£9Y distribution of the electrons ejected from the rear of the
smaller prepulse is uniform over the jet. In contrast to thedaS jet. The distribution is obtained by the spectrometer for a

H 9 —3
case shown in Fig. (8), in the case of strong prepulse, 935 density of 1.4 10 cm 3, 4.0 TW peak power of the
shown in Fig. %c), the plasma also has the form of a dumb-main pulse, and with a prepulse condition of the narrow-cone
bell shape, though a brightness of the spots at the both edg8€ctron ejection as shown in Fig(ah The aperture of the
are comparable. This proves that the visible radiation of théPectrometer allowed detection of only the narrow-cone elec-
plasma depends on the prepulse as well. The radiation frofkons. A calculated electron energy distribution is also shown

the plasma is dominated by electrons because the rate 8t Fig- 9. The electron spectrum has an exponential profile.
multiphoton excitation of He atoms is very small even for Assuming that this distribution is a Maxwellian with an ef-

the laser intensity we use. Moreover, helium is fully ionizedf€ctive temperaturd, , we getT,~10 MeV for both mea-

in the channel so that the radiation in the channel can be oni§t'ed and calculated ones. They have a fairly good agree-
recombination radiation. The result of 2D PIC calculation ofent for electron energf<40 MeV. According to these
the laser spot size during its propagation in the jet with the

shock wave is shown in Fig. 7. Since the critical power for 162

self-focusing [21] for the electron density N.=3

%101 cm™3is Por =1.7x 10 2ncr/n TW=0.9 TW, the la- Z B -
ser pulse witlP=4 TW forms a laser channel. After passing g 100 g
distanceL~0.8 mm, the pulse diffracts because its power —g é'-‘ §
becomes smaller than critical one. However, the laser energy = ! %
absorbed by the electrons is only 58%, so that approximately S 4l a0
25% of the laser pulse energy is lost to diffraction during its 3 10 E
propagation. Since the propagation length is smaller than the § C §_
size of gas jet and the prepulse has small Rayleigh length, a s 1l =
the plasma radiation at the rear of the channel is dominated § 10 E-PIC simulation"‘ 2.
by electrons propagating through the jet. If wave breaking 9 C i =
occurs, the energy of the electrons passing through the jet 0 i . | .

becomes very high. Such electrons cannot efficiently ionize 0 20 40 60

and the plasma spot at the rear becomes darker. We should

note that a longer channel length0.8 mm correlates with

the dark channel in radiation measurement. FIG. 9. The measured and calculated energy distribution of elec-
The transverse profile of the spot of Figab(left-hand  trons in the bunch for a density of and k40 cm 2 and a laser

sidg is shown in Fig. 8. The size of the spot is 8.1 mm power of 4 TW. The dotted line shows experimental error.

Electron Energy [MeV]
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90° 0° 270° E V. CONCLUSION
© 150 We have measured the spatial and energy distributions of
%" e electrons accelerated by an ultrashort laser pulse with short
1120 € ; . )
3 3 Rayleigh length. This acceleration depends strongly on the
g 0 5 laser prepulse parameters.
2 L60 B In the condition where the prepulse forms a shock wave in
50" 30 the direction of laser propagation, the electron injection due
I?lec“"“s. to the plasma wave breaking occurs at the front of the shock.
TOm gas—]et G Jet

-0 The narrow-cone electron bunch has been shown to appear
o . . due to the injection. For lower energy in the laser prepulse,
FIG. 10. Typical image of electrons deposited on a sndewallIeSS than 101% of the enerav of the rgr?;lin ulse. we Eavpe not
plate of the cup-shaped IPs, which corresponds to Ka&). 5 r9y PUISE,
observed the bunch, while for nonmonotonic prepulse, we
values, the acceleration gradient is evaluated to exceed I|e_ve, the hydrodynamm_ |ns_tab|I|ty at the. shock front
ominates the spotted distribution of energetic electrons. A

GV/m for the 800um acceleration distance. In the present . ;
paper, we do not measure the bunch duration; however, tHE2NSverse geometrical emittance of®.fam mrad has been
PIC calculation gives 40 fs duration for an electron bunchPPServed. The energy distribution in the bunch is Maxwell-

composed of electrons with energy-180 MeV. like with the effective temperaturé,,~210 MeV, and the

Figure 10 shows a typical spatial distributions of electrond"@Ximal energy we observed is 40 MeV. The electrons with
deposited on the cylindrical wall of the cup-shaped IPs. Th&NErgy fro_m 10to 40 Mey constitute a bunch with a duration
lower energy electrondess than 500 keMwith a wide-cone of 40 fs in PIC_ simulation. The calculated charge of the
ejection angle(larger than 30f from the laser axis were electron bunch is 0.7 nC/1 J.
o_bsgryed. In contrast to the_depos!tlon on the bottom plate, ACKNOWLEDGMENTS
significant changes to the distribution for the prepulse was
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