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Nonlinear theory of power transfer between multiple crossed laser beams
in a flowing plasma
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Analytic results are obtained for power transfer among crossing, equal frequency, laser beams, each
smoothed by a random phase plate, in a flowing homogeneous plasma. For beams with
well-separated directions, interbeam coupling transfers power, while intrabeam coupling causes
beam deflection. For any pair of such beams, the beam with the largest positive projection on the
flow direction will drain power from the other. @998 American Institute of Physics.
[S1070-664%98)01505-5

I. INTRODUCTION
e(x) =2 &k)jexpik-x)=2 e(x|q), 3)
The transfer of power between crossed laser beams has k q
been a consideration in the design of the large number of
such beams that enter hohlraum targets in the National Igni- e(x|q)= ; le(k)|expi[k-x+ ¢p(K)]. 4
tion Facility (NIF): such a transfer would upset the accurate [k=al<km
beam pointing that is required to achieve high gain implo-Hereq is the projection of each beam’s centroid wavevector
sions of capsules in inertial confinement fusfdvhen a pair  in the x-y plane, & is a unit vector in thex-y plane, x
of beams differ in frequency so as to resonantly drive the=(x,y), andw is the laser angular frequency. In the top hat
sound wave induced by their beat ponderomotive force, efmodel of intensity distribution across the RRE, is a con-
ficient transfer from the higher-frequency to the lower-stant in the diskk—q|<k,=ko/(2F), and vanishes other-
frequency beam has been prediétadd observedTo avoid  wise, wherek, is the laser wave number arkdis the optic
such a coupling, it was thought that the various beams shoultF”” number?
have the same frequency. The sum oveq is thought of having a modest number of
In this paper it will be shown that the presence of plasmaerms. For example, a NIF hohlraum will have 24 beams
flow can induce a significant power transfer between monoentering each side. For the purpose of applying this model to
chromatic beams in the steady state. An analytic theory i& more realistic, finite beam geometry, it is assumed that the
presented for the case in which each beam is smoothed bysimplified model presented above is applicable locally in a
random phase platéRPP, and it is validated by simulations region of the plasma if the spatial region in which a particu-
in a regime where self-focusing is not negligible. This theorylar subset of the 24 beams overlap is large compared to a
is naturally thought of as representing transfer of power bespeckle width—a transverse correlation length of a single
tween pairs of beams, interbeam coupling, and the redistribeam—abouF\,, where\, is the laser wavelength. The
bution of power within a beam, intrabeam coupling. Thesum overk has a much larger number of terms, with each
latter is primarily responsible for beam deflection by oV term corresponding to a particular RPP element.
when the beam directions are well separated. In the paraxial wave approximatidfiwith polarization
coherent light, and for time scales large compared to light
transit times,
Il. MODEL EQUATIONS 0 1 ko Ng SNe(X,2,1)
| —€e=—7— A+ — ——
A simplified model of the superposition of several RPP 9z 2ko 2 N Mo
smoothed laser beams, each labeled by its centroid wave A =42/9x2+ 4%/ gy?, (5)
vector, g, is obtained by assigning a static phaggk), to
each Fourier mode of the electric field, (in a particular
plane, z=0, of the optic focal region which for eachk
=(ky,ky), is a statistically independent random variable,

6’

n. is the critical density, and is the background density.
Isothermal, linearized hydro, with the normalized Green’s
function, L, is used to determine the density fluctuation in
the steady stat¥,

such that
. , on(x,z,t on U(x',z
(expil $(K) — Bk )=y, & ezl SO ey 22 e, )
No No (U)
E=e Re e(x)exp —iwot), (@ where|(sn)] is the magnitude of the ponderomotive density
response based upon the average ponderomotive potential,

dElectronic mail: har@lanl.gov (U)(|€|?), in a quiescentnonflowing plasma. In practical
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units, if the ion pressure is negligiblg{sn)|/ny=~0.90 . No [{on)]
X107 3N/ wm)?(c(1 )/ W) (eV/T,) whereT, is the elec- gz N P(k2)=ko 7=
tron temperature) is the laser wavelength, and) the
average laser intensity. In Fourier space,

dp - N
Xf Wb(k—p,z)G(p‘M), (11)
L=3(k)=1—(K-M)2+ 2i v ,k-M. @D with

Herek is a unit vector in the direction d{, the dimension- 23U

less Landau damping coefficient, , can vary over a wide G(u)= ERSTLEI AT
range, from about 0.01 to 0.5, aM is the Mach vector a
based on the plasma flowg, and the ion acoustic speet,, Since for zero spatial separatidm,is normalized to unity,
M=vy/cs. Since collisional absorption has been omitted

(12

dp -
from Eq. (5), it is assumed that its effect is negligible over f _p2 b(p,2)=1. (13
the range ok of interest. (2m)
Note that Eq.(1) implies that the fluctuations of are Equation(9) is consistent with the conservation of laser

spatially homogeneous in any plane with fixedand this  power, @d/dz)[|e|? dx=0, as can be seen by evaluating it
property is maintained aspropagates according to Eq§)  for x=0 to obtain an equation ford(dz)(||2), and noting
and (6). that the integrand vanishes.

A curious feature of Eq(9) is that its derivation is inde-
pendent of the presence of the diffraction term in Eg).
The validity of Eq. (9), however, does depend on diffraction
because it is one of the players in determining the impor-

An equation describing the spatial development of thetance of self-focusing, which, if significant, invalidates the
energy spectrum(|e(k,z)|?), is now obtained. As the laser Gaussian ansatz.
propagates into the plasma, the nonlinear coupling in(&q.
will generate phase correlations. PerturbatiVelese cor-
relations grow at a spatial rate that is proportiona{ th)?, IV. POWER TRANSFER AND BEAM DEFLECTION
while the rate of change of the spectrum goes [ikB, as i .
shown below. Therefore, for small enougt)) (small Corresponding to the beam decomposition of E3),
enough average laser intengityhe spectrum may develop ©n€ has
significantly before the approximation of statistically inde- - -
pendent phases is violated. b(k,2)=2> b(k,z|q). (14

If the sum overk in Eq. (3) involves a large number of d
terms, then phase independence implies that the fluctuatiotis assumed that the beam directions are separated so that
of € are Gaussian. The ansatz is made that over the range 8fy given Fourier modek, belongs to, at most, one beam,
z of interest, the particular property of Gaussian fields showrsay beam §.” Substitute Eq.(14) into Eq. (11),

IIl. GAUSSIAN ANSATZ

below in Eq.(8) is satisfied. Limited numerical tests of this 9 . no |(n)| .
equality will be presented with the simulation results. — b(k,z|q)=ko — > y(k,z|q")b(k,Z|q),
Gaussian statistics and E(d) imply that 9z e Mo 15
(€(Xq) €* (X2) €(X3) €* (X4)) with the dimensionless gain coefficient(k,z|q’), given by
_ * * dp - .
(€(x1) €" (X2) )(€(X3) €" (X4)) y(k,z|q’)=f (2:) b(k—p,Z|q )G(Pp-M). (16)

+(€(X1) €* (X4))(€(X3) €* (X2)), (8 ] ]
The terms withq#q’ represent interbeam power transfer,

where, e.g.x,, is any spatial location “1.” It follows from 544 the term witlg=q’, redistributes power within beam
Egs.(5), (6), and(8) that

A. Power transfer

.0 ko No [(&n)] , ,
9z b(x,.2)=~ 2n. ng f [L(x=x")=L(=x)] Consider a particular pair of beamgsandq’. The vec-
tor p in Eqg. (16) may be thought of as pointing from the
Xb(x=x",z)b(x",z)dx’, (9 element of one beam to an element of the other. If the beams
whereb(x,z) is the normalized two-point electric field am- are separated enough so that the projectiop oh M does
plitude correlation function, not change sign as the various beam elements are considered,
then the beam that points upstream with respect to the other,
b(x,z)=(e(x,2) €* (0, Z)>/<|e|2>, (10) i.e., the vector from its directiofthe location of its centroid

R in Fourier spackto the other beam’s direction has a positive
or in Fourier spaceh(k,z) =(|e(k,2)|2)/{|€|?), approximat-  projection along the plasma flow, will lose power due to this
ing Fourier sums by integrals, particular coupling.
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To gain a qualitative measure of the power transfer rate,
assume(as is the case for the top hat modelzat0) that
b(k,z|q) is a constant on the right-hand sigeHS) of Egs.
(150 and (16), e.g., for |[k—q|<km, b(k,z|q)/(2m)?
= P(q,z)/(wk%), where, in generalR(q,z) is the fractional
power in each beam,

dk -
P@2= | Gapblkdd, 3 Paz-1 a7

Integrate Eq(15) overk for |k—q|<k,, to obtain

az In P(q,2) FIG. 1. Variation of the normalized two-beam power transfer rBtayith
Mach numberM, for the casg8=cos }(p-M)=0, i.e., the flow is parallel

No |<§n>| oA to the beam separation direction, and the cas@-efr/4. The solid curve is
=k — 2 I'(p-M,M,p/ky,,via) obtained from Eq(19), and the dashed curves are given®ythe simple
Ne No p=gq—q’#0 estimate of Eq(20). For =0 only G is shown sincel” is numerically
% P(q’ 2), (18) determined to be very well approximated 8yfor this case.
with )
A ered:,p/k,=3 andv;;=0.2, with either8=cos (p-M)=0
C(p-M,M,p/ky,via) or B=/4. Figure 1 shows the dependencd’abn M, com-
1 pared with that ofG. In this regime of relatively strong
== dkf dk’G(IQ’.M). (199  acoustic damping, the agreement is quite good in the sub-
T JJk—plky <1 lk—k'|<1 sonic regime for both cases, and for all Mach numbers when

Since G(u)=—G(—u) I’(f)-l\7l M, p/Ko, Via)=—F(—If)'|\7| B=0. Since the accuracy of this approximation improves
M, p/Km, vis), SO that power is conserved in the transfer pe With increasingp/ky, there will also be excellent agreement
tween any two beams. for the case/k,,=4, which is considered later in Sec. V.

1. Very well-separated beams 3. The regime of small acoustic damping

For very small values of;,, G(u) depends very sensi-
tively on its argument when~1, and the approximation of
Eq. (200 may be poor. In this section, with the aid of a
simpler model than the top hat spectrum, an analytic result is
again obtained fof".

Since the four-dimensional integral in EQ.9) is diffi-
cult to study numerically whe® has a very narrow reso-
nance, an analytically simpler model is now considered. In-
stead of the top hat model for a single beam’s spectrum, take
it as a Gaussian, so that instead of Etf), one has, after a
change of variable of integration,

The assumption of separate beams implies i,
>2 (recall thatp is the wave vector separation between a
pair of beamsq andq’, p=q—q’). If p/k,>1, then the
angle betweerk’ and M in Eq. (19), 6, does not change
much as thek andk’ range over their domains of integra-
tion, 60~ 2k,,/p. If, in turn, the corresponding change @
is small, §G/G<1, then

T(p-M,M,p/kp,via) =<G(P-M). (20)

Given thaté6<1, there are various regimes in which it
is simple to estimate whedG/G<1. Letk’-M=M cosé, . 1 .
so that 5(k’-M)=p-M 56 tané. For example, if p-M)? F(ﬁ-M,M,p/km,via)=F f f dkdk’'G(k-M)
<1, then 5G/G~ 356 tang, while if |p-M|~1 and |1 T
—|p-M||> v, thensG/G~256 tandl|1—|p-M||. (k+k' —plk,)2+k'2
If there is only a single finite intensity beam, then the ><exp< - >
gain rate implied by Eqg18) and(20) for a fluctuation well

separated by wave vectprfrom the beam center is given by 1 .

ko(](8n)|/nc) G(P-M), which is identical® to that obtained =1 j dkG(k-M)

for the self-focusing instability of a coherent pump in a flow-

ing plasma, in the limit where the wave number of the per- (k—plKey)?

turbation is large compared to that of the marginally stable X % - T) (21

mode in the absence of flow, i.@?>k3|(8n)|/n,.

If the beams are well separated, then in the limi{—0,
2. A numerical example only the resonance at, e.k;M=1, is encountered, and
In general, the integrals in Eq19) require numerical G(k-M)—(#w/2)5(x—1), with x=M cos#, and @ is the
evaluation. The following particular cases are now consid-angle betweek andM. It follows that
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T(p-M,M,p/Ky, via— 0)
o
= ——exp — 57
8JyM2-1 4k,

o 2k(p/ky,)cog B— 0)—k2)
X fo dkk exp( 7 ,

(22

where co¥=1/M.

The integrand and thereforé is a maximum wherd
=B, i.e., when the vector joining the beam centémsFou-
rier spacg is on the Mach cone. If

(p/km)cog B—60)>1, (23

then the integrand strongly peaks lkd= (p/k.,)cosB—6)
with the value p/k.,)cosB— #)exd (p/2k,,)? coS(B—6)], so
that by the method of steepest descent,

T(p-M,M,p/Ky,, via— 0)

—i( /K, )cog B—6)
" agwzg Pmicosh

2
xex;{—(i> [1—cog(B—6)]|. (24)
2Kk

In fact, numerical evaluation of E§22) shows that there is
agreement with Eq.(24) to within a few percent for
(p/km)cosB—6) as small as 2.

For cog(8—6)+1, T increases wittp/k, until it reaches
a maximum at p/k,)?=2[1—co(B—6)]. In order that
this maximum is consistent with the ordering of HGJ),
e.g., p/k,)cosB—0)>2, it is necessary thd{B— 0| <0.6.
When 6=, T" keeps increasing witlp/k,,, because more
modes are closer to being resonant. Otherwliseyentually

decreases with increasipgk,,, because the beam centers are

off the Mach cone by a finite angle, and onéé~2k,,/p

exceeds this angle, fewer and fewer modes are resonant. If
the top hat spectrum were retained, instead of the Gaussian,

then there would be a sharp cutoff Bfat 2k,/p~|8— 6|.

B. Beam deflection for well-separated beams

Define the propagation direction of beayrby its wave
vector centroid,

J(dk,dk,/(2m)?)kb(k,z|q)

(a(2)) (25)

J(dkdk,/(2m)?)b(k,z|q)

In general, its evolution depends upon coupling to all the
other beams. If the beams are very well separated, then in-

H. A. Rose and S. Ghosal
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FIG. 2. Spatial development of power in the upstream member of a pair of
RPP beams: the solid curve is the simulation; the dashed curve is the solu-
tion to Eq.(26).

a cumulative effect, i.e., the most downstream pointing of all
the beams receives power from all the other beams, while
beam deflection is determined by single beam intensities.

V. SIMULATION VERSUS THEORY FOR TWO
CROSSING BEAMS

The numerical solution, Eqg5) and (6), is compared
with the statistical theory given by E¢l8), for the follow-
ing particular two-beam case, whose parameters are chosen
to qualitatively be in the regime for the crossing of a pair of
beams of the inner and outer cone of beams entering one side
of a NIF* hohlraum: T,=3 keV, ny/n,=0.1, v;,=0.2, M
=0.5 \g=0.35um, F=8 single beam optic, overlapped
average laser intensity(1)=4E15 W/cnf, p/k,=4 and®
p-M=1. These parameters imply th&sn)|/ny~0.015,
while in Sec. IV A we imply thats is a good approximation
to I', so thatl’~0.33. Numerical parameters are the follow-
iﬁg: number of grid points in thex andy directions, n,
ny=128, periodicity length in thex andy directions,L,
=Ly~129\, and step size in thedirection,dz~7.5k,. A
standard split step method is used to advance(gyq.with
the diffraction term evaluated in Fourier space.

Let P, be the fractional power in the upstream beam.
For these parameters, Ed.8) implies that

dP, /d(kyz)~4.83x10"*P, (1—P.). (26)

The boundary condition consists of independent phases for
the two RPP beams, with the power equally shared between
them?!’ so thatP, (z=0)=0.5. The solution of Eq(26) is

4.83x10 *kgz=In[P, /(1—P,)]. (27

terbeam couplings simply increase or decrease the power ifhis result is compared with the simulation in Fig. 2. The
beamq, but not the distribution of power within that beam, agreement must be good nea+ 0 since the boundary con-

so that there is no direct contribution t§q(z))/dz. Self-

dition ensures that the fluctuations there are nearly Gaussian,

coupling theg=q' term in Eq.(15) redistributes that beam’s and non-Gaussian correlations develop over a finite distance,

power, leading to a finite value af(q(z))/dz. If just this

coupling is retained to obtain the self-induced rate of chang&= (| €|*)/(| €|

as evidenced by Fig. 3, where the flathédashed curve
2)2 is shown(all factors ofe in this expression

of the beam direction, it can be shown that this is identical tcare evaluated at a given spatial locaji@md the ensemble

that previously obtained for a single bear.

average has been approximated by spatial average ithe

If there are many well-separated beams, then poweplane. If the Gaussian ansatz were valid, then(Bgimplies
transfer will dominate beam deflection because the former ithat S=2. The deviation ofS from this value atz=0 is a
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FIG. 3. Dashed curve: the growth of flathess for the case of Fig. 2. Solid

curve: flatness for the system that has twice the linear dimension. FIG. 4. The same as Fig. 2, but with half the laser intensity.

measure of the corrections to Gaussian behavior owing to th&rbeam couplings because the wave numbers probed by
finite system size, e.g., the number of RPP elements in eaciuch couplingsp, by assumption are much larger than those
beam is~ 200, while strictly Gaussian statistics are obtainedwave numbers probed by intrabeam coupling, which are of
only in the limit of an infinite number of elements. The solid magnitudek,,. Perhaps this is why in the above simulations
curve shows the flatness from a simulation with twice thethe power transfer rate was more accurately predicted than
linear dimension. It is closer to GaussianzatO, consistent the beam deflection rate. Since these wave numbers are as-
with there being a larger number of elements per beamsociated with acoustic fluctuations, interbeam couplings have
~800, and it is a smoother curve, suggesting that the fineassociated acoustic frequencies that are also larger and hence
scale bumps in the dashed curve are fluctuations and négss susceptible to temporal smoothing than intrabeam cou-
representative of the ensemble average. There was only [@ings. It is therefore possible that a given amount of tempo-
few percent change iR, (z) between the two systems. ral bandwidth(either externally imposed or self-induged

Note that only after a relatively short propagation dis-at once both adequate to suppress self-focusing and inad-
tance, say at=1700k,=95 um, one beam has about twice equate to suppress interbeam power transfer.
the power of the other, initially equal powered, beam.

The growth ofS as the beam develops in space may b
interpreted as a self-focusing effect. A+0, the figure of \z MITIGATING CIRCUMSTANCES
merit'® for self-focusing({Ppg/P.~0.20, wherg Py is the There are various mechanisms that may reduce the inter-
power in a single beam’s hot spot whose nominal intensity ibeam power transfer. These include polarization, frequency
the single beams’ average, aRy is the critical power for  shifts between the beams, and plasma inhomogeneity.
explosive ponderomotive self-focusing. Since typical hot
spots have a peak intensity of about three times théa‘
average®!® self-focusing is expected to be non-negligible. If each beam is polarization coherent, but for a given
With regard to self-induced beam deflection, Fig. 15 of Ref.pair of beamsq andq’, the polarization vectors, and e,
5 shows that self-focusing is expected to have a large éffect may be distinct, then it can be shown that E4s) and (16)
in this regime. The measured deflection of the upstreanare replaced by
beam, over the range of tleaxis simulated, is, in fact, about A no |(sn
ten times the estimate provided by the theory based on non-- h(k,z|q) =k, 0
self-focused beams that have a top hat specfrum. 9z Ne No

In Fig. 4, the simulated power transfer for the weaker dp -
case(l)=2E15 W/cnf, is in much better agreement with the 'y(k,z|q’q):('éq-éq,)zf —— b(k—p,Z|q")G(p-M).
theoretical resulfobtained from Eq(27) by the replacement (2) 5
4.83—2.42]. To an excellent approximation, the same simu- (29
lation result is obtained by maintaining the intensity atIn particular, if the polarizations are orthogonal, then the
4E15 W/cnt, while reducingny/n, to 0.05, so thatP,)/P.  interbeam transfer rate vanishes. This could be achieved, in
is the same for these two weaker cases. This is expected if, #¢ NIF context, if every beam in the inner cone crossed
apparently is the case, self-focusing events that are stronglyith, at most, one beam in the outer cone at some spatial
limited by density depletion effects are not significaht. location, and the polarizations were appropriately chosen.

In general, one does not expect good agreement between
the simple theory and the model equations, Efsand(6),
when self-focusing is significant for any single beam. How-
ever, for well-separated beams, diffraction effects are more If each beams has a small frequency shiff with re-
significant(and self-focusing effects less significafdr in-  spect tow,,

. Polarization

) > vk2Zq'a)bk,zlg), (28
q!

B. Frequency shifts
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so as to change the sign of the power transfer between a
e(x)=>, e(x|q)exp(—iwgt), (30 given pair of beams, then this weakens the magnitude of the
a overall transfer. However, at least for the example consid-
then because the time-dependent hydro-Green’s function igred in Sec. V, in which significant transfer occurs over a
obtained from Eq.(7) by the replacemenk-M—k-M distance of about 10@m, the flow would need to vary by
—wl(kcg), it can be shown that the transfer rate is modifiedorder unity over this relatively short distance to have much
from that given in Egs(15) and(16) to of an effect on the transfer.

J » Ng [(8n)] « 13, Lindl, Phys. Plasma, 3933(1995.
9z b(k,z|a)=ko . n Z y(k,z[q"q)b(k,z|q), 2W. L. Kruer, S. C. Wilks, B. B. Afeyan, and R. K. Kirkwood, Phys.
¢ 70 g Plasmas3, 382 (1996.
(31) 3R. K. Kirkwood, B. B. Afeyan, W. L. Kruer, B. J. MacGowan, J. D.
Moody, D. S. Montgomery, D. M. Pennington, T. L. Weiland, and S. C.

dp - ,
') — _ ' Wilks, Phys. Rev. Lett76, 2065(1996.
y(k,Z|q ) f (271-)2 bk p,zlq ) 4y. Kato and K. Mima, Appl. Phys. B: Photophys. Laser Ch&l8. 186
(1982.
XG[p-M—(wg—wy)/(pCs)]. (32 5H. A. Rose, Phys. Plasmas 1709(1996.
. ) ) 5D. E. Hinkel, E. A. Williams, and C. H. Still, Phys. Rev. Left7, 1298
If a pair of beams is very well separated, then, as in(£6), (1996.

, n ’S. Ghosal and H. A. Rose, Phys. Plasmag376(1997).
y(k,z|q'q)=G[p-M — (wg— wq )/ (PC) Ip=gq-q'» (33  8S. Ghosal and H. A. Rose, Phys. Plasrag189(1997.

. . 9The various beams need not have the same value, afccordingly the
so that the combined effect of flow and frequency shift may size of the Fourier disk for each beam may be different.

be interpreted in terms of an effective frequency shift and nooyt is only necessary that the angle subtended by the subset of beams that
flow, or flow and no frequency shiffpr interbeam transfer actually cross in a given spatial region not be too large, and, of course, that

alone between a given pair of beams. Since self-focusing is the individual beanf/#s be large.

31, . L - .
ol o Perhaps the most serious limitation of the steady-state assumption is that it
affected by flow(e.g., spatial incoherence is increased due to may be destabilized by flow along tlzedirection near the self-focusing

the combination of self—focusmg and flow—see F|gs_s_¢),7 threshold. See A. Schmitt, Bull. Am. Phys. Sd€, 1824(1995.
12, and 13 of Ref. 5, also, flow induces beam deflegfion  2see Eq(16d) in D. F. DuBois, D. R. Nicholson, and H. A. Rose, Phys.
general, the case of flow with no frequency shift is not Fluids28, 202(1985.
i ; ; 3see Eq(39) of Ref. 5.
equivalent to some case with frequency shifts alone.

. . . . YActually, this is a generalization of the RPP result obtained in Ref. 7
If the sign and magnitude of the frequency difference is pecause the beam spectrum is allowed to evolve.

chosen appropriately, the magnitudeGfand hence transfer SThis remark discounts the indirect effect of power transfer on beam de-

rate, may be reduced. Since, however, plasma flow may peflection that follows from the increase of a single beam’s deflection rate
i ; with its power.
I.nhomo.geneous’ pqwer transfer could be reduced in one Spia‘SThis would be the case if the two beams and the hohlraum axis were in a
tial region, but not in another. plane and there was no azimuthal flow. If the radial flow is positive, then
the inner cone gains power from the outer cone.
C. Plasma inhomogeneity "The somewhat arbitrary definition of a beam’s power is to assign a mode’s

) ) ) ) power to, e.g., beam one, if its Fourier space location is closer to the initial

Since spatial Fourier transforms are only needed in the location of beam one’s centroid.
.. . 18
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tion dlrecuor,] may be gccounted for, by ConS'de_ngn Eq. 20t self-focusing could be ignored, then the beam deflection rate would
(7) to be a given function af, and this change simply works increase linearly with the average laser intensityPJ)/Ps.

its way through the formalism. If the flow changes direction?!See the discussion of Fig. 16 in Ref. 5.
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