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Experiments have shown that a single 10-pm-radius laser spot is not able to produce the 90' side-
emitted —harmonic efficiently in a preformed laser plasma. However, with the help of one or two auxili-

ary laser spots with a size similar to that of the main spot, the side-emitted
2

harmonic can frequently be
detected when some positional and angular conditions for the auxiliary spots are met. The origin of
these phenomena has been analyzed in terms of a proposed rejected laser photon-coupling model.

PACS number(s): 52.35.—g, 52.25.—b, 52.40.Nk, 42.25.Bs

I. INTRODUCTION

The 3coo/2 harmonic emission in a laser-plasma corona
area originates from a two-step wave-interaction process
[1—3]. In the first step an incident laser photon decays
into two Langmuir plasmons with nearly equal frequency
-coo/2 at the n, /4 density area when a threshold condi-
tion is satisfied. In the second step one of the decayed
plasmons is coupled during its propagation phase with an
incident or rejected laser photon, resulting in the genera-
tion of the 3coo/2 photon, when both the frequency and
the wave-vector matching conditions are met. In princi-
ple, the second step can take place only around the n, /4
density area of bulk plasma. This is because serious Lan-
dau damping may occur for the coo/2 plasmons traveling
downstream into a low-density region with a fast
enhancement of plasma wave vectors. However, experi-
ments [4] revealed that the 3coo/2 emission can extend
spatially into a density as low as n, /20.

Some authors ascribe the 3coo/2 in those low-density
areas as coming from the 3coo/2 scattering by an ion
acoustic wave which may be stimulated simultaneously in
low-density areas [5,6]. The side-scattered 3coo/2 experi-
mental observation showed [6] that the 3coo/2 signal de-
creases about 100 times while the electron density of bulk
plasma decreases from n, /4 to n, /20. This fact may
strengthen this proposal for the scattering mechanism.
However, the 3coo/2 signal distribution along the density
gradient is less variant within n, /4 —n, /10, resulting in
some uncertainty of the proposed mechanism.

To explain the extension of the 3coo/2 signal to an
overdense area from the n, /4, Short et al. [7) proposed a
stable filamentation model under which a new n, /4 layer
may appear in a stable filament channel in a dense bulk-
plasma environment. This model gave some explanation
of the angle distribution of the 3coo/2 emission.

We proposed previously an unstable dynamic filamen-
tation model [8,9] to meet the 3coo/2 emission properties
of both spatial filamentation and temporal pulsation in an
underdense plasma region. Recently, an image relay irra-

diation technique was developed to explore the details of
the 3coo/2 feature in space and time [10]. An experiment
for investigating the effect of many 10-pm-scale-laser
spots on the 3coo/2 emission has revealed some unexpect-
ed properties. The experiment discovered a close relation
of the side-emitted 3coo/2 signals with both the spot gaps
and their angular orientations. Some interesting effects
obtained were difBcult to explain by the scattering model
described above. A "rejected laser photon-coupling"
model has been proposed to explain these observations.

II. EXPERIMENTAL ARRANGEMENT
AND RESULTS

The image relay irradiation technique for target shoot-
ing has previously been described [10]. The prepulse
beam with 1.06-pm wavelength and 250-ps pulse width,
one beam of the Six Beam Laser Facility at High Power
Laser and Physics Lab, SIOM, irradiated a polished Cu
plane target at an irradiance of (5—13)X10' W/cm
with a large spot 220 pm diameter. Another beam from
the six was chosen as the main beam which was 500 ps
delayed to the prepulse peak time for all shots in our ex-
periment. The main beam produced an irradiance of
(3—8) X 10' W/cm on the target surface, which was ad-
justed at a prearranged image p1ane according to the im-

age relay requirement. The polarization of the main
beam was perpendicular to that of the prepulse, along the

y and z directions in Fig. 1, respectively. By a polarizer,
both the main and the prepulse beam shared a common
laser incident axis x. There was an adjustable mask in
the main laser beam, 19.6 m away from the f/1 5.
aspherical target lens with f =90 mm. The main spot
and the auxiliary spots from the main beam were defined
as the spot along the diagnostic axis and the surrounding
spots, respectively. Both the main spot and selected auxi-
liary spots were located on the prearranged image posi-
tion of the Cu target surface. Different configurations of
the m.ain spot and auxiliary spots along with the large
prepulse spot are summarized in Figs. 1(b) and 1(c). Fig-
ure 1(a) gives the spot projection layout.
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FIG. 1. All possible position arrangements of the image relay spots on the target surface for prepulse spots, main spots, and auxili-
ary spots. (a) Laser-beam projection creates a prepulse spot main spots and auxiliary spots by the image relay irradiation technique
The target surface is on the image plane of a mask, 19.2 rn away from the aspherical target lens. a and g represent the projection an-

gle and the target-turning angle, respectively. (b) and (c) show the selectable main spots and auxiliary spots and their relative posi-
tions.

An optical streak camera with a time resolution of 30
ps viewed each type of the main spot side-on via an f /4
objective in a sampling window 150X 5 pm along the in-
cident main laser beam axis. The target surface positions

in the window were marked on some shots. The
magnification of the diagnostic optics was -20.

Inserted in front of the streak camera slit was an in-
terference filter with a central wavelength of 7100 A, a
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FIG. 2. (a) The photograph from shot No. 1. A polished Cu target was employed with 0=10 A08, C, spot configuration, all of a
size 18X18pm, and the laser irradiance of 1.3X10' and 8.8X 10' %'/cm for the prepulse and main (or auxiliary) pulse, respec-
tively. (b) Shot No. 2. Employed was a polished Cu target with 0=0, A,

' narrow spot of 18X 200 pm and the laser irradiance of
0.96X10' and 6.3X10' W/cm for prepulse and main pulse, respectively. (c) The densitometric trace of (b). The above smooth
trace is the incident laser temporal profile and the one below shows an irregular pulsation structure on the temporal profile of the
3co0/2 signal.
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pass band 1SO A, and a rejection ratio 10 for the inhib-
it wave band. An optical fiber collected frequency-
doubled laser light which was used as a temporal fiducial.

The spatial resolution of both the target lens and the
diagnostic objective was better than 10 pm, which in-
sured the image relay quality of both the main and auxili-
ary spots, and the diagnostic sampling quality as well.

From Fig. 1(a) it is noted that the incident angle of the
main spot is 8+a, with 8 the incident angle of the main
beam along the central axis and a the spot projection an-
gle.

The side-scattered 3coo/2 signals have never been ob-
tained with a single 20-pm-diam main spot, which was lo-
cated at any positions of Ao (18 shots), A& (3 shots), or
A„(2shots), shown in Fig. 1(c), and was 500 ps delayed
from the prepulse, though an accurate alignment and
focusing procedure was repeatedly taken and the spot ir-
radiance increased to 8X10' W/cm. In contrast to
these results, it was found that the prepulse with a 212-
itim-diam spot in those shots always brought about strong
side-emitted three half signals, even though the prepulse
irradiances were only (0.5-1)X10' W/cm . When the
main single spot diameter increased to 50 p,m, the side
3coo/2 signal became detectable.

Previous experiments have shown that 10-pm-radius
auxiliary spots gave no contribution to the side 3coo/2
emission from the main spot with the same diameter,

when the distances between the main spot and the auxih-
ary spots were larger than 50 pm [10]. For the 3coo/2
generation there must be some direct interaction of nar-
row auxiliary beams with the main beam while the aux-
iliaries are distributed within a surrounding space, 10 to
SO pm away from the main spot beam axis. To investi-
gate the details several spot configurations were selected.

With A&8&C, or A&8oCo configurations in Fig. 1(c),
in which Ao denotes an 18X18pm main spot and
8&, C&,BO, CO the same size auxiliary spots, five shots
from nine obtained the 3coe/2 signals, with a strong tem-
poral pulsation, as typically shown in Fig. 2(a). In this
photograph four temporal pulses can be discerned with a
maximum spatial extension of 70 pm.

In all nine shots the target surface was tilted towards
the diagnostic optics at 10' and the auxiliary spots were
32 pm or less away from the main at the lateral or rear-
lateral direction of the main spot corresponding to the di-
agnostic optics. If the auxiliary spots were moved 51 pm
away from the main along the lateral or rear-lateral
direction, such as those in configuration A082C2 in Fig.
1(c), no 3coo/2 signals can be observed by the diagnostic
optics. If they were moved around the main spot to the
front-lateral direction, as in configuration A083C3 in
Fig. 1(c), no 3coo/2 signal response was found as well.
For the above distance and angle effect of auxiliary spot
arrangement, it is diScult to be explained by the 3coo/2
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FIG. 3. (a) Shot No. 3. Employed was a polished Cu target with 8=10, AIBIC& spot configuration from Fig. 1(c), a11 of a size

18X 18 pm and the laser irradiance of 0.96 X 10' and 6.3 X 10' %'/cm for the prepulse and the main pulse, respectively. {b) Shot
No. 4. Employed was a polished Cu target with 8=10, A,B,C, spot configuration from Fig. 1(c), all of a size 27X27 pm and the
laser irradiance of 1.2X10' and 7.5X10' W/cm for the prepulse and the main pulse, respectively. (c) The densitometric traces of
(a). The above trace shows the laser temporal profile which is broadened due to film saturation. The one below gives the temporal
profile of the 3coo/2 signal which shows no serious modulation.
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scattering mechanism, especially for the angle effect. Ac-
cording to the plasma wave scattering mechanism the
three halves starting from the front-lateral-auxiliary spot
should have been diffracte into the diagnostic optics.

As the main spot extended (along the z axis) to be an
oblong spot A,

' with the vertical range larger than 50 pm,
shown in Fig. 1(b), the 3too/2 signal was able to be detect-
ed without adding any auxiliary spots. The signals were
detected in 16 shots from a total of 23 shots in this case
with 0 varied from 0' to 20'. All of the measured three
halves showed strong temporal pulsation. A typical pho-
tographic record is given in Fig. 2(b). The densitometric
traces of the time fiducial and the three halves temporal
evolution are plotted in Fig. 2(c). It is easy to observe a
large difference between the smooth incident laser pulse
and the serious harmonic modulation. It was found also
that the pulsed feature of the 3coo/2 signal always ap-
peared when the vertical range of A,

' increased from 50
pm to the maximum 220 pm.

By moving the main spot position to AI and so the
projection angle a=15', as shown in Fig. 1(c), the 3too/2
signal was observed in five shots from the total of ten
with A&B&CI configuration at target angle 0 either 10' or
O'. It was found that the signal could be detected only at
angle 9=10' in the above shots, resulting in the incident
angle ++0=25' and 21', for the light to spots AI and 81
or CI, respectively. In contrast to the previous results,
the signal appeared to be smoothing in time. The spatial
extension of the signal was also smaller than that of the
previous results, as shown in Fig. 3(a). From the photo,
the observed spatial extension resulting from the prepulse
is 96 pm, in comparison with a 47-pm extension from the
main pulse, inclinded to the left of the prepulse signal.

Figure 3(c) gives the densitometric trace of the laser
time fiducial and the 3coo/2 signal for the main spot A&.

No serious modulation is obtained on either profiles.
Differing from the case of A,', the 3cgo/2 signal could

not be detected in three shots when the spot AI extends
vertically to a range larger than 50 pm. This shows an
incident angle e8'ect on the 3coo/2 emission, which is also
difficult to be understood by a plasma wave scattering
mechanism.

By moving again the main spot position to A, with
projection angle a=15', but in an opposite inclination,
the detected 3coo/2 signals in two shots became very
weak with temporal pulsation while the spot
configuration selected was A„B,C„,shown in Fig. 1(c).
Figure 3(b) gives an example of the shot.

By setting two spots AI', BI on the x axis in Fig. 1(b) or
by extending horizontally the spot Ao to a range larger
than 50 pm, the 3coo/2 signals detection became quite
weak and floctuated in four shots. Some weak 3coo/2
pulses were observed in two shots from the four, though
the scattering theory predicted large scatter in a condi-
tion with both the signal source and plasma wave grating
located on a diagnostic axis.

III. ANALYSIS AND DISCUSSION

We first review the scattering model which cannot ex-
plain our present experimental observation, then outline

our proposed reflected laser photon coupling model and
finally perform a phase-matching analysis for the 3coo/2
harmonic generations.

A. Scattering model

The scattering model ascribes the side-emitted 3coo/2
harmonic to scattering the 3cuo/2 harmonic source from
the auxiliary spots by plasma wave gratings generated
simultaneously in the low-density region along the axis.
The stimulated-Brillouin-scattering (SBS)-produced ion
acoustic wave and the stimulated-Raman-scattering
(SRS)-produced Langmuir wave can be the sources of the
plasma wave gratings. By the scattering model it can be
explained that the 3cao/2 emission can extend spatially
into low-density regions. However, it is diffieult to ex-
plain the following experimental observations by the
scattering model: no 3tao/2 signals in both AOB2Ci and

AOB&C& spot configurations in contrast with clear 3coo/2

signals in the AOS, C, and A&BICI spot configurations;
weak 3tao/2 signals in AIBI configuration in contrast
with strong 3coo/2 signals in the AOBOCO configuration.

B. The rejected laser photon-coupling model

In our proposed model the side-emitted 3coo/2 har-
monic is generated by coupling reflected laser photons coo

from the auxiliary spots with the aio/2 plasmons induced
by the local dynamical filamentation process in its tran-
sient phase. The dynamical filamentation process should
be a complicated and unstable three-dimensional process
owing to strong dynamical coupling between self-focusing
and ponderomotive-force-induced electron-density
modification in local small-scale filaments [11]. The
relevant issue in our model is that the two-plasmon decay
process (TPD) can occur in a fast-moving tip area of a
dynamical filament [8,9]. The TPD-produced coo/2
plasmons will be left at a transient filament wall, where
the laser intensity drops down as the filament tip moves
ahead quickly. The side-emitted 3coo/2 harmonic is pro-
duced by coupling the backreflected laser photons from
the auxiliary spots with those dynamical-filamentation-
induced mo/2 plasmons. The detailed phase-matching
analysis will be given later to illustrate the directions of
the emitted 3coo/2 photons and to explain our present ex-
perimental observations of various spot configurations.
The lifetime of the dynamical-filamentation-induced eo/2
plasmons is quite short owing to very low environment
density surrounding the transient filament wall. There-
fore it leads to pulsation of the 3coo/2 emission. Howev-

er, the coo/2 plasmon lifetime becomes long as the sur-

rounding environment density approaches n, /4. This
may be the case in the AIBIC& spot configuration shown
in Fig. 1(c), in which the experimental result has shown
the smooth 3coo/2 temporal behavior as displayed in Fig.
3(c) and indicates the 3too/2 emission generated in the re-

gion with density about n, /4.
The TPD process occurs in the tip area of the dynami-

cal self-focusing filament which can be characterized by
the following parameters a, P, and q [1—3]:
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a:—(4k p I
v p I /cop) kpL,

v, kp/ ~vp ~ coo,

q=(k /kp)

(2)

(3)

The ko denotes the local wave vector of the incident laser
light, cop the laser frequency, vp=eEp/(m, cop) the elec-
tron quivering velocity, L the linearized electron-density
scale length with n, =np(1+x/L), v, =(ke T, /m, )'
the electron thermal velocity, and k~ the y component of
the cop/2 plasma wave vector. From Eq. (2),
P=1.41T /(It~A, ) where T is the electron temperature
in keV, I&4 is the laser intensity in the unit of 10'
W/cm, and A, the vacuum laser wavelength in pm. In
the ponderomotive-force-induced self-focusing process in
small scales, the laser intensity in the tip area of the fila-
ment increases rapidly while the electron temperature
still keeps the value of the environment in a very short
period. Taking into account 5-10 times enhancement of
the laser irradiation of (3-8)X 10' W/cm in our experi-
ment owing to the sm.all-scale self-focusing, we can set
I,4 equal to about 3. T can be approximately equal to
about 0.8, the upper-limit for the prepulse irradiance of
(5—12}X10' W/cm on the Cu target surface. There-
fore, the upper-limit of P equals about 0.2 which is small
indeed. The threshold conditions for the TPD process in
the small-P (finite-Pq) approximation, 3a/(4P'/ ) & 3.094
and Pq =0.271, lead to [3]
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FIG. 4. (a) The wave-vector matching diagram in the TPD
process. Kp is the laser wave vector. K~ and K~ are decayedPl P2

plasmon wave vectors with the nearly equal frequency -cop/2.
k and k~ are the components on the x and y axis, respectively.
k„—:kp(~+ 2 ), 5p is defined as the angle between Kp and K~ .Pl

(b) 5& is the angle clipped by Kp and the self-focusing filament
axis, thus it describes a Kp angle variation caused by the
deflection in a self-focusing process. 5&+5p denotes the angle
between K~ and the filament axis.Pl

FIG. 5. (a) The wave-vector matching diagram for generation
of the side-emitted 3&op/2 signal with a wave vector K, in the
( —x) direction. Kp„denotes the wave vector of reflected light
from an auxiliary spot with an angle i to the z axis and an angle

P to the x axis on the x-y plane. K~ denotes the coo/2 plasmon
wave vector generated at the main-spot-beam region with angles
a, y, and 8 to the y, z, and x axis, respectively. (b) ~K~ ~ /~KO
as a function of angle i in different parameter P, the orientation
of the auxiliary spot. (c) Required 5 angle as a function of angle
i in different parameters P; 8 represents the angle between K~
and the main-spot-beam axis.
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Large k provides a suitable matching condition for gen-
erating 90' side-scattered three halves. The wave vectors
of the coo/2 Langmuir wave with the maximum growth
rate can be fitted approximately as k„(k„—ko ) =k as
shown in Fig. 4. Thus, one has k = 1.56ko,
k =(k +k )'~ =1.82ko. The angle 5o between Ko and

Pl

Kp equals about 3 1 . Considering an ang le 5, between
Pl

Ko and the filament axis, the angle between K and the

filament axis should become 5=So+5„asshown in Fig.
4(b).

6& can be large when the cross section of a filament
channel becomes small enough. Furthermore, taking into
account the depolarization effect in the filaments, we an-
ticipate the wave vector K to appear in all orientations

Pit

of polarization. This is consistent with the experimental
observations which have been independent of the incident
laser polarizations [4,9,10].

C. The phase-matching analysis

To analyze our experimental result, the vector rnatch-
ing diagram in the second coupling step is plotted in Fig.
5(a), where Ko„,K, and K, denote the reflected light
wave vector from the auxiliary spot, the coo/2 plasmon
wave vector, and the produced 3coo/2 harmonic wave
vector in the diagnostic direction of ( —y), respectively.
Ko, has an angle i with the x axis and its projection in the
y-z plane has an angle P with the y axis. K~ has the angle
cr, y, and 5 with y, z, and x, respectively. From the vec-
tor matching geometry in our experimental condition, the
K amplitude and its direction angle 5 required can be
deduced as

k =ko„(—", —4Q —', sini cosP)'

5=cos '[( —", —4Q —,
' sini cosP) ' cosi] .

The k~ /ko„and 5, as a function of i in the different pa-
rameter P, are plotted in Figs. 5(b) and 5(c), respectively.
The required k, covering a range from 0.63ko„ to 1.91

ko„, is well coincident with the previous estimation
k —= 1.82ko, or k =—1.82ko, . The range of angle i is lim-

ited at about 10'—30', estimated by a large number of
auxiliary spot position experiments. The angle 5 may
thus cover a range from 50' to 60', an experimentally
available turning angle range of Kz.

When the ~o/2 plasmon Langmuir wave, originated by
the beam self-focusing of the main spot [11],travels down
to a low-density environment of bulk plasma, the wave
vector will increase rapidly at its propagation phase with

the fixed frequency. In addition, the transient nonuni-
form density distribution by self-focusing will make the
wave-vector direction changed. Those changes make K
more flexible to fit the wave-vector matching condition.
Besides these, the small-scale self-focusing can also occur
in auxiliary spots, resulting in a ray divergence of in-

cident laser light and so the divergence of reflected pho-
ton vector. This effect makes Ko„more flexible for the
vector matching, leading to the emission of the 90 side
3cuo/2 signals from a broad space. It should be noted
here that the temporal synchronization or the simultanei-

ty factor of self-focusing between the main spot and the
auxiliaries is an essential factor for the vector matching
in a broad space. This factor may be the main cause of
the 3coo/2 pulsation and nonreproducible behavior in the
experimental observation.

The adjustment of target turning angle 0 plays a role of
reorientation of the reflected light from the auxiliary
spots. A suitable adjustment of the angle 0 can make a
group of reflected rays with the optimum angles coupled
to the coo/2 plasrnons at the main spot beam, resulting in
a large possibility of the 3coo/2 production.

The target turning angle e8'ect clearly appeared in

group experiments at configuration AIBICI. With a tar-

get turning angle HO=10', simple geometrical deduction
shows that the reflected light from the auxiliary spot will

meet the main-spot beam at a position nearly 20 pm away
from the n, surface, which is just at or close to the area
of the n, /4 in the performed plasma [12]. The lifetime of
the coo/2 plasmon should be long at the n, /4 area of the

bulk-plasma environment, no matter how originated, ow-

ing to small Landau damping. As the reflected light trav-
els directly into the n, /4 area to couple with the long-
lifetime plasmons, the temporal pulsation behavior of the
3coo/2 signal becomes less evident. With a normal

target-turning angle t9o=0', the Ko„ofthe reflected pho-
ton could not meet the angle matching condition for the
3coo/2 90' side emission, resulting in failure of the signal
detection in a total of five shots in our experiment. The
target-turning angle experiment has given evidence that
the reflected photons did take part in the coupling pro-
cess for the 3coo/2 90' side emission.

For the configuration AI'BI' or horizontally extended

Ao, the reflected light from Bl' or another auxiliary spot
in the extended A o case may suffer from serious
deflection by the transient filament wall. Therefore it
could be difficult for the reflected light to cross the chan-
nel to arrive at the other side of a filament for proper
coupling with the coo/2 plasmons in order to produce the
3coo/2 side emission. This may be the reason for the very
small detection possibility for the 3coo/2 signal obtained
at this configuration. This effect will be investigated fur-
ther in detail in the future.

IV. CONCLUSION

The behavior of the side-scattered 3~o/2 signal has
been investigated by a group of small-scale spot experi-
ments. The temporal pulsation, signal nonreproducibili-

ty, and other complicated phenomena may be explained

by a proposed reflected laser photon-coupling model.
The scattering model is also analyzed. This research may
be beneficial to explore more details of small-scale self-

focusing filamentation, which may be more important
than our current understanding in laser-produced plas-
mas.
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