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IN BRIEF

L

This volume of the LLE Review covers the three-month period January-March

1993. The OMEGA laser facility was decommissioned during this quarter to

make room for the OMEGA Upgrade laser facility. The decommissioning is

described in this volume. Electron thermal transport in the corona and laser-

" irradiation uniformity are related issues for direct-drive laser fusion. Thermal

transport can affect the laser-irradiation uniformity requirements. The status of -

Fokker-Planck modeling of electron transport at LLE is reviewed and is followed

by a description of a new technique tbr achieving high laser uniformity using

: zero-correlation phase masks. The use of fast, optically triggered, superconducting
opening switches can, in principle, reduce the peak electrical load requirements
of systems like the OMEGA Upgrade. Recent research in this area is described.

The last three articles discuss vacuum ultraviolet and x-ray emission from short-

- pulse, laser-matter interactions. The generation of a high spectral brightness,

picosecond Ka source isdescribed. The subsequent articles describe the generation
- of high-order harmonics of a high-intensity laser system in low-density, laser-

alom interactions and the novel gas target used.

Highlights of the research reported in this issue include

• The SPARK Fokker-Planck code is described in detail. It incorporates
fluid ions and solves for transport on either a two-dimensional (2-D)

Eulerian grid or a one-dimensional (I-D) Lagrangian grid. Simulations of

a laser-driven CH foil in I-D planar geometry and of laser filamentation

in a 2-D planar plasma are presented.
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• Phase plates have been used in laser fusion tc,produce a well-defined, far- =

field intensity envelope that is relatively independent of tile inl-mt-beam

profile. Superposed on this envelope is unwanted, highly modulated

speckle from the interference of the different phase-plate elements. A

technique for choosing the phase-plate elements _in combination with

polarization rotation) such that these intensity fluctuations approach zero

in the limit of plane-wave, near-field irradiation is prcsenled.

• High-T,,, superconducting lhin films are used in a new type of opening
switch. The supercond_ .thlg fihn screens the magnetic flux linkage
between the primary and secondary coils of a transformer. Short laser

pulses are used to trigger the transition oi'the superconductor to its normal __

state, allowing the flux produced in the primary current to couple to the

secondary. Experiments have confirmed the feasibility of this inductively
ll _

coupled switch, and rise limes of 50 ns have been observed for the

secondary voltage pulse. _

• Strong Kt, emission is observed from a plasma produced by a high-

intensity-contrast, picosecond, p-polarized laser pulse. The K,. emission __

is found to be induced by hot electrons having a temperature of around 5

kev and carrying up to 2¢Y_ of the laser energy.

• The angular distributions of high-order harmonics generated in low- =

density gas targets of Xe, Kt, and Ar have' been measured. In this

experiment, the phase-matching effects are minimized, lt is found that

most of lhe harmonic angular distributions show a central region similar

to that predicted by lowest-order perturbation _.heory.

• A thin (l-mm), low-pressure (< l-T) gas target for high-order, harmonic- __

generation experiments has been developed, lt operates on the principle

• of free molecular flow rather than the principle of viscous flow, as does =

a gas jet. The device is a small, cylindrical, double-ended hole through

which the focused laser beam passes. Monte-Carlo simulations of the

density and flow of the gas within the nozzle are in good agreement with

- the experimental measurements of the gas-density profile. -

-- =

=
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1. Laser-Driven CH Foil in 1-D Planar Geometry

The simulation considered here applies to Rayleigh-Taylor inslability li
experiments performed at LLNL. 33lt models a CH foil illuminated by 527-nm

laser light, with 1-ns linear rise lbllowed by a 2-ns flat section. =



I,II,.... _1

.2

m

m

CONTENTS
lily

-'ii

=

__ Page

IN BRIEF ....................................................................................................... iii

- CONTENTS .................................................................................................... v -

Section 1 ()MEGA DECOMMISSIONING .............................................. 61

= Section 2 ADVANCED TECHNOLOGY DEVELOPMENTS ................ 63

2.A Fokker-Planck Modeling of Electron Transport ........................ 63
2.B Strategies for Ultra-High Laser Uniformity

Using Zero-Com.qation Phase Masks ........................................ 77

2.C Fast, Optically Triggered, Superconducting

Opening Switches ...................................................................... 86

2.D Smmg Kc_Emission in Picosecond
-

Laser-Plasma Interactions .......................................................... 9 I

= 2.E Angular Distribution of High-Order Harmonics
- from Low-Density Gas Targets ............................................... 100_

- 2.F Novel (;as Target for Use in Laser Harmonic Generation ...... 109
_

PUBLICATIONS AND CONFERENCE PRESENTATIONS
-

_

=

%,

-- ADV/\N('ED T['_('t|N()I.()(iY I)I!VEI.()PMI{NTS

_ Since the ta/gct's acceleralion is found Io be unalfected by lhc mmlocal >

transport, the main implication of these results to hydrodynamic stability is a

- 1,2ducliorlin peak density and a corresponding increase in ablalicm volt,oily ( I._,),

= v,,'hicili.,plc_ttcdin Fig. 54.2 as ztfunction of time. The reducti_m in the Rayleigh- =

"12i,,,hJr,.zr(pa'lhizrising lrt)m lhc increased V_.is of obvicms benefit I() ICF.
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_ and a parabolic density profile it+tile - direction, with a peak c_l"orle-qu;.trtcr critical

density ul - = ().The interaction beam is spatially modulated in the.v direction, with

a wavelength o1'4(1 btm, a peak intensity lt, oi5 x 1013 W/crn 2, and pulse width tri' =
=

() ") lt,__ 100 ps. It.,,;pr I _.+ation is calculated via lt-tc paruxial wave equation, and the

convergence effect caused by the finite.f number is modeled by u.sing a spherical
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Section 1
_ OMEGA Decom,fissiolfing -

_

L

m

On 18 December 1992 the final shot was fired on the OMEGA laser system._

OMEGA was then deconunissioned during the first quarter of 1993 to make

room for the OMEGA Upgrade.i The decommissioning task was completed on =

10 February 1993, several weeks ahead of schedule.

The operatienal OMEGA system was surrounded by 15 years' worth of

- slorage. Every area planned for use by the OMEGA Upgrade was occupied with =

= experimental hardware, d()cumentation storage, and spare parts. The first task
was to establish a schedule for dec()mmissioning that would be integrated with

the facility modification plan. This task was eslimated to take approximately 14
= weeks. The second task was the selection of the team to execute the

decommissioning plan. This team brought togelher the expertise of the operations -_
= group with the OMEGA Upgrade engineering team for each critical area to be -

decornmissioned. The plan was generated and reviewed with the directors, team

roles and responsibilities were outlined, tools and storage material were procured, =

storage areas were defined, and a rigging comractor was selected.
_

- The concern for safety was always utmost in the planning and each task was

evaluated to insure that the correct procedure was used and appropriate equipment
-- handling was available. -

The readiness planning paid off as the execution went well and safely, the

teams were swift, and area by area was cleared and cleaned.

II
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Discussion and Conclusions

This article has shown that it is possible to write an efficient electron-FP, ion-

fluid code to investigate I-D and 2-D transport problems of interest to ICF. _=

Briefly, to achieve this aim the FP equation is first simplified by mearts of a two-

term angular expansion of the electron-distribution function, and the resultant
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_

OMEGA Decommissioning_

The following is a summary of the structures, components, and miscellaneous -

material removed from the facility to make room for the OMEGA Upgrade:

• 250 skids (4 ft × 4 ft wooden pallets) each containing approximately 64

cu ft. oi"material weighing 500 pounds;

- • Six dumpsters (30 cu yd.)for metal scrap;
_

• Ten dumpsters (3() cu yd.) for material scrap:

- • 16,000 sq. ft. used for structures and components storage at the Center for -

Optoclectronics and Imaging and Boulter Carting Co.'

• 140,000 lb of structures for metal salvage.

Excluding the 140,000 lb of structures that were scrapped, the total volume of

material stored or scrapped via dumpsters is equal to approximately 109,000 cu ft.

- The material in storage was inventoried into the vault via the property-control

= process. Material and components intended for reuse in the OMEGA Upgrade -

design were assigned six-digit identification numbers that will be used to retrieve

the hardware when required for assembly into the Upgrade program.

- The early closure of the decommissioning allowed the facility contractor to

- slart the intern;-il building modifications ;.ii ;.in early date, which in turil will

enhance the ovenlll OMEGA Upgrade schedule. The excellent effort put north

- by the clecommissioning team coupled with the cooperative spirit of ali the LLE __

staff was key to the success of this effort.

I,

The preparation and planning for the integration of the OMEGA Upgrade I \
_ system is now well underway. Building modifications are proceeding and _

supporting the start date for structures installation on 23 August 1993.
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Section 2

ADVANCED TECHNOLOGY

DEVELOPMENTS
=

2.A Fokker-Planck Modeling of Electron Transport

Just over a decade ago Bell et al. I produced one of the first Fokker-Planck (FP)

simulations of electron-energy transport in an idealized laser-produced plasma.

As a result of improvements in numerical techniques and computational speeds_

available from modern computers, it is now possible to routinely run FP codes

under conditions directly relevant to inertial confinement fusion (ICF). 2-5 The

relevance of such simulations is that ICF plasmas can exhibit conditions where

classical fluid transport theory 6'7 is inadequate.

Well-known manifestations of the breakdown of fluid theory occur in the

presence of strong temperature gradients, where the Spitzer-Hfirm (SH) heat

flow qSH = -l<'SHVT (I<'sHbeing the SH thermal conductivity and Tthe electron

temperature) overestimates the magnitude of the maximum heat flux and fails to

predict the preheat caused by long-mean-free-path electrons ahead of the main

heat front, l Although the first inadequacy can be overcome to some extent by

limiting the heat flow to some fraction ,f of its "free-streaming" limit q f,8 i.e.,

q = qsl-i/(I + qSH /fqf), the second one can only be properly corrected by
means of a nonlocal heat-transport model such as the FP equation.

-

A more subtle heat-flow reduction effect has also been shown to arise `)even

for arbitrarily small levels of heat flow (i.e., RsH <<fqf), provided that
: the characteristic wavelength of the temperature modulation is less than about

200 _'e, where Xe is the delocalization length or mean free path of a thermal

_ electron. 3,1°,11This phenomenon has been shown to have important conse-
I0

quences for laser t'ilamentation instabilities, as confirmed by recent simulations

- of experiments, 4,12and to stimulated Brillouin scattering.l 3-15

63
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This article addresses some of the computational issues involved in solving

the FP equation. Particular emphasis will be given to the development of codes

applicable to laser-fusion problems of the type previously mentioned. The FP

equation is first introduced; the two-dimensional (2-D) electron FPcode (SPARK)

is described; this is followed by numerical simulations and a discussion of future
directions.

The Fokker-Planck Equation

The Fokker-Planck equation for Coulomb collisions between species a and b

with respective distribution functions _ (r, v, t')andJ), tr, v, t) can be written as 16

Z a ea£ +v.vi;,+_ E"V,.l_,
c-)t nia

[ , ]: r.. -Vv.(/;,V_H._,)+2VvV,,.(/;,V,,V,,C.,.,). (_)

[ , ]+ v,,.-Vv'(/;,VvH..)+_V_Vv(./:,VvV.,<;.,,).

where

_h = 4_ Z. Z/_e" in A , (2)
t?1_1

lll(z + Ill b
t"

H./,(v)- | dv' , (3a)
mh a Iv - v'l

and

o,#,(v)= j'.li,(v'))v-v')_lv', (3b)

where V is the configuration space gradient operator, Vv is the velocity space

gradient operator, In A is the Coulomb logarithm (fi)r simplicity assunmd to be

the same for both particles), e is magnitude of the electronic charge, Z, and Zh

are the respective charge numbers of particles a and b, and m, and mb are their

respective masses. The left-hand side of Eq. ( 1) (usually known as the Vlasov

part) represents the collisionless transport of particle a in the presence of an

accelerating field ZaeE/m ., but in the absence of magnetic field effects. The

collisional term on the righthand side of Eq. (I) assumes the donfinance of

small-angle scattering, which implies that In A >> 1.

The SPARK Code

The basic philosophy behind the SPARKcode has been to provide an efficient

and robust way of solving the FP equation. 17,18Its main purpose has been to

study nonlocal heat-transport problems of interest to ICF.

64
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_ SPARK is not unlike a standard hydrodynmnic code, in that it solves the fluid

equation tof the i(ms (mass and momentum conservation) and the energy

equation for the electrons (neglecting ion-thermal effects). However, the latter
is modeled by the I=Pequation ii ,lead of a fluid equation with SH heat flow.

Current versions of the code neglect the effects of magnetic fields and allow

for one-dimensional (1-1)) Lagrangian transport in planar, cylindrical, or spherical

geometry, and 2-D Eulerian transport in either planar or cylindrical geometry.

The 2-D version incorporates a paraxial wave-equation approach for laser light

_= transport. 12In ali versions, the fluid-transport equations (with SH electron heat

flow) are solved in parallel so as to assess the importance of kinetic effects and

provide for an accuracy check of the FP code in the collisional limit.

I. Basic Equations

The electron b'Pequation solved inSPARK includes an inverse-bremsstrahlung

heating source. 1!)By defining the distribmion function in the reference frarne of

the fluid ions (oivelocity ai), and using the expansion f = ,11,+ v. fl / v, EcI.(1)
- becomes

-- +u, ' V .Ii,-(V'u/ 3 0_--7[')I

(a) (h)

I 2_ (. + ++ _- Z 'a-- _.,. (-',,.Ii,+ 1.),,
v= az'L _, av 0v )

(c) (d)

,,,.z*<.,.v,__y; H,,,_ay;+ +---- , (4)
6v dv v 3v

(e) (./)

where v,, is the electron oscillatory velocity in the laser field,

= a=eE/,,,,,,u=-(;)_,lnll,)/v, _=-VIn./i,, and Z= v:'/3v,., . t-lcre,we
have introduced an effective e-i collision frequency defined by

V,,i*= 04_G,Z*(e e me) 2 lnA/v 3 where Z* =(Z2)/(Z)(with ( )denoting

an average of the ion species), and ; = (Z_:+ 4.2)/(Z* + 0.24) is a factor that
gives rise to the "exact" SH heat flow (for arbitrary Z) when./i, isa Maxwell ian. 3.2°
The terms in Eq. (4) can be identified as (ai hydrodynamic advection and

_ compression, (b) electron transport inconfiguration space, (c) ohmic heating, (d)

, e-e thermalization, (e) laser heating, and (li heating caused by ion viscosity. The_

- computational strategy for dealing with these various terms will be discussed.

important monlents of Eq. (4)are the particle density moment (4_f dvv 2)Two

--+ui'V n,, +n,,V'ui =0, (5);)t
_

-
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and the energy-density moment (2_,,, eSdvv4 )

+li i'V p+ pV'li i =-V'q+sib+//vi s , (6)

where "e = 4nj' dz,v2fo is the electron number density, p = (an/3)f dvv4fo is
the electron pressure, and sib and hvis are the respective inverse-bremsstrahlung

and viscous heating. In deriving Eqs. (5) and (6) we have enforced quasi-

neutrality by imposing zero current in the plasma. This condition allows us to
calculate the electric field as follows:

dvv_xV_ dw'_£l_fo
a = = - (7)

Idvv2x .r,,fd , x I°'3v

An alternative approach for calculating the electric field would be to adopt the

implicit-moment method, 21where one would use charge conservation and the

Poisson equation to solve for E = -Vcb. Although this method has been found

to improve charge neutrality in FPcalculations, it has only a negligible effect on

the thermal transport restllts. 17

Conservation of ion density and total momentum (assuming cold ions) is

given by

+ui'V ni+niV.u i=0 (8)

and

) ,9,mill i +li i.v U i =

respectively, where P,_-is the ponderomotive force and Qvis is the artificial

viscosity. 22

2. The Alternating-Direction-Implicit (ADl) Method of Solution

The aim of the ADl method is to provide a time-implicit solution of a

multidimensional differential equation by splitting it into 1-D equations, 23,24

which can then be efficiently solved. For a differential equation of the type

O.ro: (r.,.+ +.<-"Jt

where F_, F v, and Fz,are operators in x, y, and v, the scheme becomes
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and

(,- +' (:;*-:,:,).
ttere we have differenced in time as Of at = (j.,,+l _ ./-,,)/At and introduced

the implicitness parameter 0, such that Eqs. (l la)-(I lc) combined become
accurate to O(At) 2, when 0 = 1/2 (like the Cranck-Nicolson scheme).

To put the FP Eq. (41 into the form of Eq. (10), we lirst assume (without loss

of generality) that the distributionll, is a function of x, y, and v and neglect the

hydrodynamic contribution [tenn (a) in Eq. (4)!. Since the hydrodynamics
usc,a_ly evolves oll a much hmger time scale than the electron thermal transport,

its contribution can be treated separately.

Next, we assume that operators E_(./[,), Fv(./i,), and /:_,(.1_,)are weak

functions of.ll,. To deal with the nonlinearities we may choose to (al iterate at

each time step by starting with F" = l:(.lf)" (b) use a predictor step

F=/- / +0 I,, -.I,, (1'_)• O • *

followed by iteration: 17or (el linearize the operator as lollows:--

OF ( r ''+l -.l_")+O(At) 2 (13)
F "+1 =F t_ + _ V°

The choice between these various options becomes particularly important when

dealing with the e-e thermalization [term (d), Eq. (4)1, as will be discussed.

The remaining problem with Eq. (4)lies in the E-field terms. Not only are they

nonlinear Isee Eq. (7)], but they also involve mixed derivatives like

3 ,t-)z,11,,¢)vOv.l'o.... that cannot easily be incorporated into the ADl scheme. A

way around this difficulty has been found by introducing the coefficients _,)

and 13(jl,)in Eq. (4), which are then treated as time invariant over a time step At.26
With this transformation the FPequation can be expressed in the form of Eq. (10),

where Ep Fv, and F t, are convection-diffusion operators.

To difference Eq. (4) (in the 2-D Eulerian version of SPARK), the distribution

function is defined on an orthogonal grid .l)._.; =._,(v.i,x/<,y/), where the
indices j = 1..... J, k = ! ..... K, and 1 = 1..... L, denote cell centers. The cell

arc delmed b _, -, _, + _' / "_ and the cell sizes (not
boundaries' _ "" " Y j+l/- = ( .i j+l) ...... " " ""_"'" ,
necessarily uniform) by Az,.i = (z,.i+l/2 - z.,j_l/' )..... In the I-D Lagrangian
version, a mesh-centered grid is used in configuration space. 27

3. Hydrodynamic Transport

Since the hydrodynamic ew_lution of the plasma is normally slow compared
with the thermal-transport processes, we are able to solve the left-hand side of

Eq. (4) separately. In the 2-D Eulerian version of SP4RK we adopt a standard

67



LLE REVIEW, Volume 54

donor-cell scheme 22 for the convective terms in Eqs. (4), (8), and (9) and set

Qvis = 0. (However, if one wishes to model sharp density gradients and shocks,
a less-diffusive numerical scheme would be desirable.)

In the 1-D Lagrangian version, the fluid equations (8) and (9) are solved in the

frame of the ions, by introducing the total derivative g/dt = (_)/ c3t+ u i . V).22
The left-hand side of Eq. (4) is solved in the form 3

1d/,..i)v ( +)
r"+_ - fo + -- f" = o, (14)At at 3 ao

P

where we have made use of the continuity equation V' u i = -d(ln tri) / dr.

In both Eulerian and Lagrangian versions of the code the transformation

igt,J_, = Jo_vlnJ_, has been used, where [C,3vInJo]j = [in(fj+ 1/fj_l)]/2Avj.
This formulation gives rise to zero truncation error for a Maxwellian and has

been found to minimize departures from quasi-neutrality.

4. Electron Transport in Configuration Space

The electron transport inconfiguration space [term (b) in Eq. (4)] is differenced
in conservative tbrm as follows:

-'I )A_,.k Zk+l/2 ....AXk+l/2 +ark+l/2f-t'k+l/2fk+l/2.,

(J'k-fk-I +ax,k_l/2_k_ll2fk._l/21]-- Zk-I/2 AXk_l/2 j,I

'E /++'-+ /+- _1+112 ------ +av,l+l/2°t'l+l/2Ji+l/2
Ay / Ay/+ I / 2 "

- _l-I/21'i}-fl-_l +ay,1-1/20.1-1/2.]}-1/213 (15)AY[-I/2 j,k

Here, the boundary values c,?fare calculated using an interpolation formula

of type

/),k+,/2,1-(1-cj,k+,/z,I)J).J,.+.,l +ej,k+,/2,lJ),k,I , (16)

68
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(and similarly for J),k,l+i/2 ), where

ensures up-wind differencing for the convection term _7.(aO_fo).

The respective values of ax,k+ll2,I and ax, k+ll2, I are obtained from

J

£ Avj,:_z;,,+,,=,,(:,+,- :k)j,,/_",+,_2
j=] (17)ax.L.+ll'_ /...._. =- J

E Avj vjXj, k+l/2,1Otj,k+l/2,1fj,k+l/2,1
j=l

[using Eq. (7)] and

¢ )1 :j.,
Ot'j,k+ 1/2 ,I - In (18)

2vjAvj _,fj-I )1,'+11",1

5. e-e Thermalization

In the absence of thermal transport and external heating, the usual time-

implicit difference version of Eq. (4) is28

jj,+ l _ fjn
F

_
Al A_j t_7 " 1/ 2 J j- l / 2L j+ll'_Jj+ll2-Cs_ ,,n+l

+ Avj+'/eDJ+'/2(.l)!+-_i'-a'j '+') kvJ-'/2DJ-'/2(fj'+'-Jj_')],(19)

which, with the appropriate boundary conditions, conserves particle numbers

exactly. Following the Chang-Cooper method, 28we use

where

1 1
6j+1/2 - ---- (21)

Wj+l/2 exp( Wj+ll 2 ) - 1

and wj._1/2 = Ar:j+II2Cj+II2 / Di+iI2 .Thistypeofweightinghasbeendesigned
to preserve positivity and provide the correct equilibrium solution for f,,.

In order to conserve energy the Y-,lAv,0,4 1 sum of the right-hand side of
• ' \ J J / '

Eq. (19) has to vanish. Langdon -_ has shown, through integration by parts, that
this can be achieved by calculating the collisional terms as follows:
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Cj+I/2 = 41t _(Avv2 f) i , (22a)
i=1

J-I

4n E(_f)i+l/2AVi+l/2 . (22b)= +(Av:): .
I=J

and

3-1

• 4n _,, (vf)i+l/2 . (22c)(vD)3/2= (Avv2), Avi+,/2
i=l

This method of solution implicitly assumes that C and D are slowly varying

functions of time, so they can be calculated iteratively over one time step.

However, when the plasma is far from equilibrium and one wishes to u.,,etime

steps larger than the thermalization time %ee,energy conservation may require
too many iterations. One possible solution to this problem is to use a predictor-

corrector scheme, whereby one starts the iteration by linearly extrapolating the
distribution function from the n and 01- 1) time levels to the (n + 1) level. 17An

alternative approach is to linearize the full collision operator [Eq. (13)], so that

Eq. (19) becomes

f:,+l f:, _ Yet' _ ,.-.,, r,,+l ,, c,,+l

AZJjUzj LL'j+II2"Ij+II2 -Cj-II2Jj-112
kt

+ _t Jj+IDj+I/2{rn+l _ alf/'+l) L'j--I/'. (/'.tt+]\a.l--Jj-l)g/t+lJA73j + I / 2 A_j_ I / 2

Ye_e I Cn+l -.n 9 -- C n+l n+ AVjV 2 "j+ll2Jj+ll. "j-l/2fj-I/2

r_n+] nn+l 1
+ Uj+ll.______2(j)n+l_./)n) '-"j-li2 (j;,_.l)n_,)

AVj+I/2 AU j-112

}ee [ /--,n ,en _ cn nAV./Uj _j+l/2Jj+l/2 j-l/2.fj-1/2

Djn+'/2 (.fj+,- .fj,)Dn .n ]Az_j+ 1/2 At_j_ 1/2

where the right-hand side of the equation is now a full matrix operator [instead

of the tridiagonal matrix in Eq. ( 19)]. Although a tridiagonal matrix can be more

efficiently inverted than a full matrix, there are circumstances when, as a result

of time-step constraints, the overall computational effort can be less for Eq. (19a)

than Eq. (19).
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6. Ohmic Heating

The ohmic-heating term [term (c) in Eq. (4)] is differenced in conservative
form as follows:

v2 av _ a. a-_v +vf_.ai<, /,k,l

+(_.,-<'.,+_:'<':);+,,2"J+,,_:-,,=]

-xi-"2[("-_+<''_)./-)--/J-'],,v,_,,_

" +(,.,.<,.,.+,,.,.,.)j_,,_,,,_,,_s__,,=]) . <23,k,I

t where the interpolation formula forfj+ 1/2,as well as the coefficients a and 13,are
: calculated as previously shown.

Although the ohmic-heating term is normally included in FP

simulations, 17,3[),31Town and Bell32recently suggested that since its net heating

contribution vanishes for a zero-current plasma, its effect on the thermal

transport might be negligible. For ali SPARK simulations considered, this

hypothesis appears to be true.

7. Viscous Heating

The total energy density deposited in the plasma, as a result of the viscous

pressure Qvis IEq. (9)1, is given by hvis = -QvisV. u i . Since the ions are assumed

cold, this energy is transferred directly to the electrons IEq. (6)]. In the FP

equation, we achieve this by introducing a collision operation [term (]'),Eq. (4)1
with a coefficient of the form

2hvis (24)

Hvis = ( f i+i -J'j J)- fj-I ]• s 2/ ......................................................
j_t pj V.j+II2AVj+II2 Zj-II2AZ_j-112 )t )

i

Simulations

To illustrate the capabilities of SPARK, we consider two simulations. The first

one is of the I-D evolution of a laser-driven planar CH foil, and the second

one is of the interaction of a spatially modulated laser beam on a 2-D planar

CH plasma.
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1. Laser-Driven CH Foil in 1-D Planar Geometry

The simulation considered here applies to Rayleigh-Taylor instability

experiments performed at LLNL. 33lt models a CH foil illuminated by 527-nm

laser light, with l-ns linear rise followed by a 2-ns flat section.

For out initial conditions we assume an 18-pm, fully ionized CH plasma at a

temperature of 0.5 eV. The peak laser intensity is chosen to be 5 x 1013W/cre 2.

SPARK is run in 1-D planar geometry, on a Lagrangian mesh, with the full

linearized version of the e-e collision operator [Eq. (19a)]. The configuration

space mesh uses 150 zones, and the velocity mesh uses 35 feathered zones, with

A_,,j+1[AVj = I. I l and Vj = 266vt (where v t is the initial thermal velocity of
the electrons).

Figure 54.1 shows the (a) temperature and (b) density profiles (solid curves)

near the ablation front, 2 ns after the start of the laser pulse. The laser is incident

from the right, and z = 0 corresponds to the initial position of the target's rear

surface. Using a fixed At = 0.5 ps, the run took !5 rain in CPU time on a CRAY

Y-MP with an overall energy-conservation error of 1%.

For comparison, Fig. 54.1 also plots (dashed curves) the results based on the

fluid-electron equation with SH heat flow [Eq. (6)]. From the temperature curves

we note that the fluid model predicts excessive penetration of the main heat front,

yet fails to predict the preheat at the rear of the target. This preheat, which is

caused by long-mean-free-path electrons coming from the 1.5-keV corona, then

has the effect of decompressing the target, as seen by the broader density profile

in Fig. 54.1 (b).

103 --r ..... _---_ ......r .... _...... ,......-r--_ r--_ 101 i---r ..... _...... , .... r----T -r......._.......7--T--_

(b) z !

1()l .---

•_. i()_l _

/ -

-80 -60 -40 -80 -60 -40

z (pm) z (pm)PI 163 PI 164

Fig. 54.1
Plotsof(a) temperature ineV and(b)density ingcre-3 as flmctionsof spatial positionz (pm)relative to the initial
target surface. Solidcurvescorrespond to FPsirnulation, dashed curves toSH simulation(with ideal gasequation
of state, full ionization, and no radiation transport), and dash-dotted curves to LILAC sirntflation (with real
equation of state, self-consistent ionization, and radiation transport).
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Since the target's acceleration is found to be unalfected by the nonlocal

transport, the main implication of these results to hydrodynamic stability is a

reduction in peak density and a corresponding increase in ablation velocity (Vc,),
which is pk_tted in Fig. 54.2 as a function oitime. The reduction in the Rayleigh-

Taylor growth arising from the increased V,,is of obvious benefit to ICf:.

106 i ..... ' .... : ' :

!
. !

.2 105

%

104

().() 1.5 3.()

Fig. 54.2 l (ns)
Plot _)1ablation velocity V,,in cms -I as a I'llf_5
fullcli(m ()ltJ me (ns). (,urves are JdentJ fled as in

Fig. 54. I.

However, the c(mlpari_,(m previously made may he somewhat exaggerated

because,S'PARKneglects radiation transport and ionizalion physics. "R)assess tile

relative importance of these effects, the LILAChydrocode (at LI,E_ has been run

under the same conditions (with no llux limit ), but including u Thomas-Femfi

equation of state, ionizali(m from astrophysical tables, and radiation transport.

The corresponding ablation-region profiles are plotted in Fig. 54.1, and V,, is

plotted in Fig. 54.2 (dash-dotted curvesl. As observed, there is a significant

impact from the additional physical effects included in LllA C. From this we may

deduce that an accurate modeling of the experiments should include not only
nonlocal heat transport, but also radiation and ionization effects.

2. Laser Filamentation in a 2-1) Planar Plasma

Laser-filamentation experiments have been reported by Young, _4 where a

I .()6-!u.mlaser beam with a 100-ps pulse length was intentionally modulated in
space and made to interact with a preformed underdense CIt plasma. These
experiments have been successfully simulated using ._'PARK.4 Recently, hc)wever.

Rose and DuBois -_5claimed that Young' s ex pert ments should have been linearly

slable t() filamentation gr()wth, by virtue ()I"the finite f-number effects _)t lhc

interaction beam. The m_tivation t()r the present simulations is, partly, t()address

this problem.

The simulation conditions have been described indetail by Epperlein and Sh(_rt.4

The plasma has an initial temperalure (rf0.8 keV,a uniform density in thex-y plane,
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and a parubolic density profile ill tile :. direction, with a peak oi'one-quarter critical

density at :. = O. "file interaction beam is spatially modulated in the.v direction, with

a wavelength of 40 ].lnl, a peak intensity /o of 5 x 1013 W/cna 2, and pulse width of

I0(1 ps. Its propagation is caJculaled via lhc paraxial wave equation, and the

convergence effect caused by the finite,/number is modeled by using a spherical

phase front with ['ocus at .v = ().3_ SPARK is run in 2-D planar geometry on a

Eulerian mesh wilh Av= I /.lm, Ac. = 20 _.lm. Az, = ().7p r arid AI = ().01 ps.

Figure 54.3 shows the surface plot of the normalized laser inlensity I/I, at the

peak of the pulse with/7oo andfl2 optics and FP and SH thermal transport. The
SPARK simulation took 80 rain in CPU time on a CRAYY-MP with an overall

energy conservation error of O. 1%.

Fig. 54.3 Comparison between FP and SH simulations confirms previ(m results that

Surface plots of normalized laser intensity I/1, nonlocal heal transport enhances the laser filamentation rate. 1°'12 More

with (a) FP transport and.lloo, (bl SH transport importantly, we find that the convergence effect caused by the.//2 lens actually

and,/l_, (c)FP transport and,ll2, and (d)SH enhances the level of selt'-lk)cusing, with the filaments following the ray

transport and.//2, trajectories, as observed experimentally. 37

(a) 6 (bi 21

/
I/I.
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J , ) z (#rn)x (p,m) -400
Laser 60

Fokker-Planck t7oo Spitzer-Hiirm t'/oo

(c) 6" (d) 2

0 0
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Discussion and Conclusions

This article has shown that it is possible to write an efficient electron-FP, ion-

fluid code to investigate I-D and 2-D transport problems of interest to ICE

Briefly, Ic)achieve this aim the FP equation is first simplified by means of a two-

tmm angular expansion of the electron-distribution function, and the resultant

equation is tlaensolved via ata ADl scheme.The SPARKcode, which incorporates

this approach, has been described in detail.

There are currently two main approximations in SI'ARK: it assumes a full

ionization and it neglects radiation effects. Although these approximations may

hold well in the hot, underdense corona of a laser-driven ICF"pellet, the effects

of ionization and radiation could be significant in the cold matter ahead of the

main heat front. The implications of ionization effects, real equation of state, and

radiation have already been demonstrated in Fig. 54.1, for the case of SH thermal

transport. Within the FP formalism, the atomic physics would be incorporated in

the form of additional collision operators that would model such processes as
excitation, ionization, and recombination.

Another possible improvement to SPARK would be to introduce spatial mesh

rezoning in 2-D t,ansport simulations. This capability would allow for

investigations of thermal smoothing and Rayleigh-Taylor instabilities.
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2.B Strategies for Ultra-High La_er Uniformity

Using Zero-Correlation Phase Masks

Laser fusion requires highly tmifonn target irradiation to minimize development

of hydrodynamic instabilities. Random phase plates 1,2have been used routinely

to provide a uniform far-field intensity envelope on target that is relatively

independent of the input-bean1 profile. However, superposed on this envelope is

highly modulated speckle from the inter,,:rence among different phase-plate
elements. Once a sufficiently large plasma atmosphere has de, eloped around

the target, the effects of speckle will be greatly reduced, as nonuniformities in

laser-energy deposition will be smoothed by thermal conduction within the

target. However, prior to that stage, the irradiation nonuniformities will imprint
themselves on the target surface. The resulting surface deformation will act as a

"seed" for growth of the Rayleigh-Taylor hydrodynamic instability that can

preclude a high-density compression and high thermonuclear yield. Beam-

smoothing techniques 3,4 have been developed to change the speckle pattern

in time and produce a relatively smooth, time-averaged intensity profile. The
main issue is whether the intensity modulations are reduced on a fast-enough

time scale to prevent significant beam imprinting on a target in the early stages
of irradiation.

Uniformity during the onset of irradiation is more easily addressed tbr laser

configurations such as the OMEGA Upgrade, 5 for which the early-time "foot"

of the pulse is spatially separated from the main part of the pulse. (For the
OMEGA Upgrade, the foot pulse will contain less than 10% of the pulse energy.

lt will co-propagate with the main pulse through the same beamlines but occupy

only the inner 20%-30% of the aperture radius.) Because of the physical

separation between these parts of the pulse, it is possible to apply additional

uniformity techniques to the foot pulse that might not be appropriate for the

largm; more-energetic main portion of the beam. The strategies discussed here
have been specifically designed for the foot pulse to achieve the higher levels of

unilornaity required at the onset of target irradiation.

"lk)obtain the higher unitormity, we have developed a technique tot"choosing

the phase-plate elements (in combination with polarization rotation) such that

thc speckle inte_sity ,nodulations, normally produced from a phase plate, are

instantaneously ,,ero, at least in the limit of plane-wave, near-field irradiation.

Such phase plt,{es are referred to here as zero-correlation masks (ZCM). For a

beam with small phase aberrations, the far-field intensity fluctuations around the

envelope will also be small. However, for large phase aberrations the resulting
speckle modulation will be the same as for arandom phase plate. Some strategies

!k)rreducing the sensitivity ofa ZCM to phase aberrations and to other near-field

imperfections will be discussed.

Zero-Correlation Mask

A key ingredient for forming a ZCM is polarization rotation across one-half

of the phase-plate elements. The interference patterns produced by each of the

polarization directions are chosen to be conaplementary, such that the intensity

peaks of one exactly fill the valleys of lhe other. More formally, the phases are
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distributed such that the sum of the autocorrelation functions for the two degrees

of polarization are exactly zero for each spatial wavelength of nonuniformity.

An algorithm for generating ZCM's is described in Ref. 6.

A comparison between the far-field intensity patterns for a random phase

plate and a ZCM is shown in the computer simulations of Figs. 54.4(a) and
54.4(b). Both cases used a 32 x 32 phase plate with phase elements of either

0 or rr.Both plates were uniformly illuminated and had a 90° polarization rotation
across one-half of the elements. The only difference is that in Fig. 54.4(a) the

phases were chosen randomly, and in Fig. 54.4(b) the phases were chosen

according to the ZCM algorithm of Ref. 6.

The smooth intensity profile calculated for the ZCM in Fig. 54.4(b) requh'es

a very delicate balance among ali phase differences across the mask. The

calculation assumed ideal illumination conditions such as no spatial variation

of phase or amplitude across the phase plate, perfect focusing of the beam, and

high. contrast polarization rotation. Large deviations from ideal conditions will

destroy the delicate phase balance and introduce speckle structure, similar to

Fig. 54.4(a). For small variations from ideal conditions, the modulation of the

speckle is proportional to the near-field variation. For instance, when the phase

aberration is less than a few tenths of a wave, the rms intensity variation around

the smooth envelope is found to be proportional to the rms phase variation of
the aberration.

:::% 51)::::'i::: ' ' ! ::i ;:

. " ,__..'

Random ZCM "
10 .... , , , , 4 ........
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: i::.i -4 0 4 -4 0 4
Fig. 54.4 ":,:.:_ Relative distance Relative distance .i.:'4::"i::

Far-field intensity profile for(a)a random phase 'i!:':i'_}TC3242
plate with a polarization rotator and (b) ZCM. :-_.....

near-fieldB°thare 32irradiationX32 phase.........plates withplane-wave, ],!i.i:;,i :i)(_£ii:i;;i/)@i)_i. ::i:;)3, :-;i!:i?: _?'>:7

When a ZCM is used instead of a random phase plate, there is new motivation

to construct and maintain high-quality laser beams, i.e., the more uniform the

near-field profile, the smoother the target irradiation. Phase-correction techniques

can be considered. In contrast, with a random phase plate, highly modulated

speckle would be produced even for a plane-wave, near-field beam. Of course,

if the near-field profile is perfectly smooth, then a phase plate would not be
necessary for uniform target irradiation, providing that the bean3 was properly

apodized to prevent Fresnel ringing. However, there are situations where it is
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advantageous to use a phase plate, such as for combining the foot pulse and main

pulse on the OMEGA Upgrade laser.

The effects of phase aberrations on a ZCM can be reduced using either of the

beam-smoothing techniques, induced spatial incoherence (ISI)3 or smoothing by

spectral dispersion (SSD). 4To employ ISI, the phase plate would be divided into

many (N) smaller ZCM's. The time-averaged interference among different

ZCM's would be removed by introducing time delays among them, in increments
of at least one laser coherence time. Any remaining interference would be the

result of phase aberration_; across the individual ZCM's. If the aberrations are of
long spatial wavelengths across the beam, then the phase variation across each

ZCM will be relatively small for moderate values of N. If these phase variations

across each ZCM are ali different, then the rms far-field fluctuation, for the

superposition ofall N ZCM' s, will be reduced by 1/ _fN-,compared to the single
ZCM result.

SSD can be used with a ZCM in exactly the same way it has been used with
a random phase plate. Since SSD imposes a variation of "instantaneous"

frequency (i.e., time-dependent phase) across the beam, the delicate balance of

phase required for a ZCM is not satisfied instantaneously. However, when the

far-field intensity is averaged over an integral number of modulation times (for

sinusoidal phase modulation), then the ZCM phase balance is restored, as is true

for the asymptotic time-averaged result. The effect of SSD is shown in Fig. 54.5,

which shows the asymptotic result for (a) a random phase plate, (b) a 32 x 32

ZCM with the measured OMEGA phase error, 7and (c) a ZCM with the OMEGA

phase error reduced by 80%. Figure 54.5(b) used the measured phase vaJiation

from the central 20% of the OMEGA beam radius to estimate the phase error that
might occur t'or the foot pulse of the OMEGA Upgrade. (The foot pulse irl the

original design for the Upgrade occupied a slightly larger percentage of the beam

aperture; the advantages of using a smaller size will be discussed.) [n Fig.
54.5(c), this phase error was reduced by 80% to examine the effect of phase

correction that might be possible for the static part of the loot-pulse aberration.

In the limit of zero phase error, the time-averaged, far-field beam with SSD is

perfectly smooth.

ZCM ZCM
Random OMEGA phase 80% phase correction

................. ici''' ....L_ (a)

Fig.54.5 ¢_>
•"z.

The result of SSD (with one-dimensional
di._;persion)on the far-field intensityprofiles for
(a) a random phase plate with a polarization ........ , .............
rotator; (b) aZCM with the measured OMEGA Relative distance
phaseerror;and(c)same_v'!1").'::: ;._".,/,,,._,;,,.,, TC3243
error reducedby 80%. (SSD bandwidth = 10_,
frequency= 30 GHz, dispersion= 300 _arad.)
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Other Instantaneous Smoothing Techniques

We discuss two additional techniques for instantaneously eliminating far-

field intensity fluctuations that can arise from interference among phase-plate

elements. These techniques are limited to only a selected range of spatial

frequencies, unlike the ZCM, which eliminates ali spatial _avelengths of

aonuniformity. However, these techniques are not sensitive to phase aberrations

or other near-field imperfections.

1. Beam-Size Effects

The first of these techniques is relatively trivial but worth taking into

consideration when designing a laser system. In most cases, the size of the laser

beam is predetermined by energy, damage-threshold, and cost considerations.
For those cases, the discussion in this subsection is not relevant. However, if the

laser design offers some fley.ibility with regard to beam size, such as the foot

pu!se of the OMEGA Upgrade laser, then the following comments would apply.

The smallest possible beam size should be used for those applications that

would benefit from elimination of irradiation nonuniformities with very short

spatial wavelengths. Short-wavele,_gth structure is produced from interference

between phase-plate elements that are far apart. For a small beam, these distant
phase-plate elements simply do not exist, and the resultant nonuniformity is

limited to the longer wavelengths. For laser-fusion applications, this would mean

complete elimination of the fastest-growing modes of the Rayleigh-Taylor

hydrodynamic instability driven by laser nonuniformities.

There is considerable flexibility in choosing the size of the foot pulse tbr the

OMEGA Upgrade laser, as the division of the pulse into low-intensity and high-

intensity portions i:_somewhat arbitrary. There are two main constraints from a

laser point of view: ( 1) The foot pulse must be large enough to adequately pass

through the spatial filter pinholes. (2) Enough low-intensity light must have been

removed from the main pulse that the efficiency for frequency tripling remains

rela_.ivelj high. From a laser-target point of view, the main constraint is that the

toot pulse must contain enough energy to create a sufficiently large plasma

atmosphere thai the short-wavelength structure will be smoothed at the onset of

irradiation from the main pulse. These considerations can be met if the foot pulse

is _everal times smaller than in the original OMEGA Upgrade design.

For a ZCM, there is an additional advantage to using the smallest possible foot

pulse on the OMEGA Upgrade. Fhe phase variation is often the most uniform

near the very center of the aperture. Using only this region minimizes intensity

fluctuations produced in the far field of the ZCM. For t'lese reasons, we have

assumed a relatively small toot pulse in the examFk:., here.

2. Controlled Amplitude Modtalation

A second technique for eliminating interference structure among phase-plate

elements is to impose controlled amplitude modulation throughout the pulse,

together with time delays across the phase plate, so that only selected elements

are illuminated at any one time. Then, of course, there cannot be any interference
among phase-plate elements that are not simultaneously illuminated.
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A schematic of this concept is illustrated in Fig. 54.6. Regularly spaced

amplitude modulation is imposed upon the beam such that, in this example, the

pulse is "on" 25% of the time and "off' the remaining 75% of the tirne. Such

rnodulation could be imposed by spectral pulse-shaping techniques discussed in

Ref. 8. At the phase plate, a time delay is introduced across different sections of

the beam. In this example, four time-delay steps would be used, with step

increments of 1/4 the cycle time between amplitude peaks. Only two of the steps
are displayed in the figure. The result is that when one quadrant is being

illuminated with a pulse peak, the other quadrants are "off." This completely

eliminates interference among phase-plate elements from different quadrants

and, consequently, further reduces the short-wavelength nonuniformity produced
from interference among distant elements.

.- . .... . - .
. .

at differenl

J times

modulation Time
delay Phase

'I"('3248 plate

Fig. 54.6
Controlled amplitude modulation. Regularly spat".:damplitude modulation is imposed
upon the beam early in the laserchain. At the phase plate, time-delay step,,,are used to
segment the beam so thai only one section of the phase plate is illuminated with the
intensity peak at anytime, thereby eliminating ali interference am¢_ngdifferent sections.
Inthefigure, theshortestpossible wavelengthstructure hashccneliminatedbypreventing
interference among the most-distant phase-plate elements.

Note that even though the pulse is "off" 75% of the time, the target is still

continuously illuminated. At any time during the pulse, light is passing through

one of the phase-plate quadrants. Since every phase-plate element completely

irradiates the target, continuous uniform target illumination isobtained. Clearly,

the intensity in each amplitude spike w._uld have to be lour times larger than the

average intensity required to drive the target. This is ideal Ibr the lk)otpulse, as

the increased intensity would enhance its frequency-tripling efficiency.

Controlled amplitude modula,tion can be combined with ZCM's by choosing

each of the phase-plate quadrants to be a separate ZCM. In the limit of perfect

near-field condi_.ions, each quadrant would produce a smooth intensity profile

on target.

Combining Several Techniques

An example of combining ali the beam uniformity techniques previously

discussed is shc_wnin Fig. 54.7. A small beam with a 32 × 32 phase plate is used.
The beam is segmented into four parts, each with a different fr:'qucncy. With this
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Different frequencies

- 7will smooth rapidly

/

con,ro;ii
illuminates one ZCM at a time ZCM for each

TC3249 illuminated region

Fig. 54.7
One pt_ssible configuration for combining different beam-unifornlity techniques. These
include ZCM. controlled amplitude modulation, and SSD.

tk_rm of SSD using spatially separated frequencies, as opposed to phase-

modulated bandwidth, ali interference among the different beam segments will

be completely smoothed in time, without leaving any residual nonuniformity.

Each beam frequency irradiates a 16 x 16 quadrant of phase-plate elements. Each

of these quadrants is further subdivided into four sections with the time-delay

steps used for implementation of controlled amplitude modulation. Each of these

sections is chosen to be a separate 4 x 16 ZCM. Since each ZCM is, in fact,

divided into two noninterfering portions by means of a polarization rotation, the

full phase plate has now been separated into 32 incoherent, or totally noninterfering,

sections, each of dimension 4 × 8.

The interference structure produced by each 4 x 8 section is cancelled by its

ZCM complement for perfect near-field conditions. For significant near-field

fluctuations, the asymptotic nonuniformity is similar to the incoherent

superposition of 32 intensity patterns from different 4 x {4random phase plates.

The shortest spatial wavelength of any asymptotic nonuniforrnity structure is

determined by the size of the 4 × 8 subsection of the phase plate. Instantaneously,

however, there is a shorter-wavelength structure produced by the interference

among rays of different frequency from more-distant phase-plate elements. But
this interference will smooth to zero as I/(AvT), where Av is the frequency

difference and 7"is the averaging time.

We have calculated the nonuniformity that might be expected using these

combined techniques on the foot pulse of the OMEGA Upgrade laser. The inner

20c;4_of the measured OM EG A phase aberration was used without assu mi ng any

phase correction. The IR beana was assumed to be segmented into four parts, each

with a ditTerent frequency. The frequencies were in increments of 150 MHz

(5 ,_ ), which was tripled upon frequency conversion.Controlled amplitude modu-

lation was imposed with a cycle time of 20 ps. The resulting nonuniformity was

calculated as the rms variation on a spherical target tbr 60 overlapping beams.
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Tile time-averaged, rms intensity variation isph)tied as a function oiaveraging

time in Fig. 54.8, for three different unifornlity technique,< each using a 32 x 32

phase plate with a polarization rotator. The curve ma, ked "current" is with the

currenl form of SSD using 9-GHz sinusoidal phase modulation and 3 ,_ of

bandwidth spectrally dispersed in one dimension. The curve marked "near term"

shows the improvement obtained with two-dimensional SSD using 30- to

40-GHz modulation frequencies and 7-_ bandwidth dispersed in two

perpendicular directions. Finally, the combination of techniques discussed in

this article (using ZCM's, controlled arnplitude modulation, and pure-frequency
SSD)is shown as the curve markcd"future." This curve indicates that rms values

below - 1% can be achieved with smoothing times of the order of 10ps- 15 ps,

using these combined techniques. This level of unitormity and smoothing time

is consistent with currently accepted requirements for startup conditions, lt

should be emphasized that these calculations have not assumed any additional

smoothing by thermal conduction within a plasma atmosphere. The laser

irradiation was nmpped directly onto the target surface to model startup conditions.

.- 5 I _ ' _ '

._ 4

,""

e"

" 2 _rterm

K I _ Future

(I- I l , _ __1 _ I I I
(} 25 50

T('3251 Averaging time (ps)

Fig. 54.8

The rms irradiation nonunili_rrnity lhr 60-beam overlap on a spherical target. (ai carter, t:

one-dimensional SSI): (h) near term: two-dimensional SSD: tc) future: combination of

ZCM, controlled amplitude modulati_m, and pure-frequency SSD shown in Fig. 54.7. Ali

configurations used a polarization rotator aP,d the measured OMEGA phase eIT<_l"( wi thoul

phase correction). No thermal smoothing in a plasma atmosphere was assumed.

A treatment of the startup probleln must address not only the magnitude of the

irradiation nonuniformity, but also its spatial wavelength. A wavelength

decomposition of the asymptotic nonuni fortuity for the "near-term" and "future"

results of Fig. 54.8 is shown in Fig. 54.9, in terms of spherical harmonic mode

numbers. The "future" uniformity techniques have essentially eliminated ali

short-wavelength structure corresponding to modes greater than ~30. These

modes are considered the most dangerous for seeding the Rayleigh-Taylor

hydrodynamic instability, as they grow the fastest.
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Near term Future technique
c,_ I.()i , , _' ' _ .... _ L .... I .... ]

_- Modes rms _ _ M¢_des rms I
">' _- 1-15 0.57C4_ _- J

! 16-30 O.9O'7,._ L 1_,-311().20'7,._ 7 ' i
"fi 0.5 _- 31-50 0.68')f--{ _- 31-50 0.(15')';-_, i I

F'ig.54.9 == 51-11111 1).731/¢ _

A spherical harmonic decomposition of lhc = Total= 1.46')_ i i 51-100 ().112_ ]
-% i

asvmplolic nonuniformity for the _'near-term'" _ ! _- Total = 1).72'_- 5-1- _ i

and "future" resulls of Fig. 54'3. Nole ll_)w the 0.()

future technique has effectively eliminated ali 0 50 I00 () 50 I0()
short-wavelength nonuniformlty. Ali config- Spherical harmonic mode Spherical harmonic mode

uralions used a polarization r_,mlor and the • OMEGA phase error, no phase correction
measured OMEGA phase error (without phase "1"C3250
correction). No thermal smoothing ina plasma

allll()sphel'e was ;.iSStlllled.

Discussion

Several new techniques have been presented here for obtaining the high levels

of uniformity required at the onset of laser irradiation. Undoubtedly, new

variations of these techniques, as well as entirely new concepts, will be

developed over the next few years, adding increased flexibility for achieving the

required levels of irradiation uniformity. The methods for implementing and
combining these techniques will depend on details of the individual laser system.

The greatest flexibility is achieved when the low-energy, early-time portion of

the pulse (fool pulse )is physical ly separated from the main pulse, as in the design
for the OMEGA Upgrade laser. The best uniformily techniques might be

wasteful of energy and inappropriate for the main pulse, but they could be

implemented on the foot pulse where high uniformity is most crucial.

Ali of the new uniformity techniques discussed here would require some

developmental work before they could be inlplemented on a high-power laser.

For a ZCM, the technique for distributing the phases according lo a specified

pattern is current technology, but the required polarization rotation across half

the phase plate has nol yet been demonstrated. To date, a polarization rotator in
the form of a wedge has been developed, where the polarization changes

continuously across the phase plate. The extension to a single step should be

straightforward. The technique for generating controlled amplitude modulation

across the pulse, with a cycle time of _25 ps, has not yet been examined;

however, it should be only a small extension of the spectral pulse-shaping

techniques currently under investigation. (An array of high-optical-quality,

time-delay steps properly registered with the phase plate would also have to be

developed.) Finally, implementation of pure-frequency SSD would include

developmental work for the following: (i) generating the discrele-frequency

beams, (2) co-propagating the beams, and (3) frequency tripling. For example,

when different frequencies were used in the calculations, they were spatially

separated so thal frequency tripling could be accomplished by means of optical
wedges thal will del,feet each component through the tripling crystals at the

optinlal angle for that frequency. After the crystals, a second set of wedges would
recollimale the beams.
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Techniques such as these will be developed and implemented to meet the

uniformity needs in upcoming experiments.
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2.C Fast, Optically Triggered, Superconducting
Opening Switches

!)1high-power applications, opening switches play an important role. These

switches are required to carry high currents (100 A-10 MA) and operate with

short switching times ( I0 ms- 10 ns). Moreover, bcl'ore opening, tile switch must

conduct current to a parallel circuit branch (load) and withstand the w)itage

across tile load. If there is no load in parallel to the switch, it must absorb ali the

energy stored in the circuit inductance. For a practical pulsed-power generator

employing inductive energy storage, the opening switch has to be operated

repeatedly. These diverse requirements make the design ot'an opening switch a

challenging problem.

The existing opening switches include plasma opening switch (POS), plasma

erosion opening switch (PEOS), plasma Ilow switch (PFS), reflex opening
switch (ROS), and explosive opening switch (EOS). Ali these switches are used

to interrupt the flow of current in the circuit. An alternative approach to the

switching problems is the superconducling, inductively coupled switch (SICS),

in which the load is connected to the secondary coil of lhc lranslkwmer while

current flows through the primary. ]'he current flow in the primary isuninterrupted.

The switching is accomplished by removing a magnetic screen thai isolates the

secondary t'rom the primary. This approach is particularly suited to

superconducting magnetic-energy storage (SMES)applications where a persistent

current is required. Since there is no switch in the storage coil (primary), there

is no dissipation of energy. The number of times switches like PEOS can be

operated i,_limited because the su'Tace discharge degrades lhc source. Explosive

switches are also not suited for applications requiring repetitive switch operation.

The SICS Imsbeen operated up to kHz repetition rates t_singa train of short laser

pulses, and no degradation of performance has been observed.

Part of the interest in these switches is their possible use in reducing peak

electrica, loads in pulsed-power systems. This may have an application in the

OMEGA Upgrade charging systems.

Other types of superconducting opening switches have been invesligaled. 1,2

Ali superconducting switches inw)lve a transition of the material l'rom the

superconducting to the normal state. The transition can be achieved by either

heating the material above its critical temperature T,., exceeding its critical

current density ,I,., or exceeding its critical magnetic field H,.. High-T,.

superconductors appear to be superior to the metallic superconductors as

material for the opening switch, as we will discuss in the next section. In our

experiments, heating a YBa2Cu3OT. x (YBCO) film by laser pulses was used to

perform the switching.

Principle of Operation

First we will discuss the properties of the superconducting material (YBCO)

and then describe the concept of the inductively coupled switching.
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I. Material Properties of the Switch

Superconducting transitions inw_lve switching ['ronl a zero-resistance

superconducting state to a finite-resistance "nornml" state, High-T c ceramic
superconductors have a normal-state resistance that is orders of magnitude

higher than the low-7 I,metallic superconductors. An opening switch can be made
by using the superconductor to shunt the load, When triggered by short laser

pulses, these switches exhibit off-state resistances of the order of 100 _,

depending on the switch geometry, and switching times of the order of 50 ns to

100 ns. These are called photoresistive opening switches. IThe YBCO thin films

have critical-current densities in the range of 1-10 MA/cre 2 and a I-cre-wide,

1-mm-thick fih-n will carry 0. ! kA to 1kA of current. The high Jc nlakes YBCO

an attractive material for the opening switch,

High-7 I.superconductors are black and absorb light in the visible-near-lR
range effectively. Fast heating of the film is necessary to perform the switching;

this is accomplished by irradiating the film with laser pulses. Optical triggering

provides accurate liming. I)1a current multiplication circuit using programmed

induclive elements (PIE), storage inductors are charged in series and discharged

sequentially, in stages that are connected in parallel with the load, through a set

of isolating closing switches) This circuit can be used to deliver a large load

current using switches rated at a fraction of that currenl. The most important

constraint in such a circuit is the synchronization of the opening switches with

the closing switches. If the opening switches are not triggered within a short

temporal window, transient high currents or w)ltages will catastrophically

destroy the circuit elements, Optically triggered opening switches can be
suitable in circuits with such constraints.

Superconductors behave as perfect diamagnets ii the external ly applied field

is less than H,. This means that a superconducting film in a magnetic field will
expel the magnetic flux and act as a magnetic screen (Meissner effect). This

property is used in our switch. In type-li superconductors such as YBCO, there

exists a lower critical field H,. I and a higher critical field H,.2. When the flux

penetrates the superconductor following a laser trigger, for H,.1<//applied < H,.2,
the flux reaches a stable state, and subsequent cooling of the film in a magnetic

field may not exclude the flux. This n-my prevent the switch from operating

repetitively. Primary currents in our experiments produced fields Happlied lower
than Hcl. In this regime the flux penetration and exclusion above and below Tc

are reversible, lt is worth mentioning here that YBCO is anisotropic, and the

magnetic flux screening is most effective if the field is parallel to the c-axis of

the film. The films used in our experiments are high-quality, c-axis-oriented

epitaxial films with Jc exceeding 1 MA/cre 2 and 7I. ranging from 85 K to 90 K.4

Another advantage of using high-T,, superconductors as compared to low-T c

superconductors is the low cooling cost. l_,iquid nitrogen is sufficient as the

cryogen when YBCO films are used to construct the switch.

We have found no evidence that the superconducting film degrades with

repeated operation. The switches have been triggered b3 150-ps pulses from a

Nd:YAG laser at repetition rates up to I kHz. High repetition rates are limited by
the switch recovery time, which in this case depends on how fast the heat can be
extrac tcd from the fiIm.
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2. Superconducting, ll_ductively Coupled Switch
The switch consists of a film of high-T csuperconductor placed between the

primary and secondary coil of the trans former (Fig. 54.10). Asimilar configunltion
has been used for the measttrement of critical current in films. 5 Tlm film, the

primary coil, and the secondary coil need not be at the same temperature. For

example, in a SMES system the primary coil would be a superconducting

magnet. With present technology these magnets, made from low-T c materials,

require cooling below 10 K (Nb3SI3, Tc= 18.5 K)or with liquid helium (Nb-Ti,

7",.= 9.5 K) for an optimum performance. The film can be at liquid-nitrogen
temperature and the secondary coil, which is connected to the load, can be at

room temperature. In our experiments, however, we used copper coils for both

the primary and secondary coils and placed the film and coils inside a temperature-

controlled cryostat cooled by a c losed-cycle refrigerator.

B-field

B-field after trigger

berl)re trigger

[_ - "4' ..... ,,

,,, !)!
III

Load

Current L Superconducting
source film

Fig. 54.10 zii52
The superconducting, inductively coupled
opening switch.

In the superconducting state the film isolates the secondary coil from the

primary coil. Under illumination by a laser pulse the film makes a transition to

the normal state, and the magnetic flux produced by the primary current couples

to the secondary coil. The temporal change of flux through the secondary coil

results in an induced w)ltage (V = dOdr) across the load.

In this switch there are no electrical contacts to the film. Therefore, the

problem of low-resistance contacts to the high-T,.superconductor, which limits

the performance of the phc_toresistive switch, does not arise in this design. I,¢_

Experimental Results

Some preliminary experiments have confirmed the inductively coupled

switching, in these experiments, the coils were made from insulated 40 G copper

wire. Since the mutual inductance drops drastically with the separation between

the coils, flat, washer-shaped coils were used. Thin YBCO lilms, with thickness

varying from 500 nm to 800 nra, were deposited on heated MgO substrates

(1 cmx 1 cre) by rf magnetron sputtering)The film surface was protected by a
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12-Ium Teflon sheet, and two identical coils were placed on either side of the

sample. The inner diameter of each washer-shaped coil was 3 mm and the
outer diameter was approximately 6 mm, depending on the number of turns. A

100-turn coil had an inductance of 50 ltH.

The switch was mounted on the cold finger inside an optical-access cryostat.

Light from a Nd:YAG laser illuminated the film. The voltage across the

secondary coil was measured above and below 7",.using sinusoidal input. The

output voltage above T,. was found to be more than 20% of the input w_ltage
indicating 20% coupling tbr identical primary and secondary coils. As the

sample was cooled through lhe transition, the coupling decreased to less than 1%.

For our samples the coupling dropped from 20% (which was tound tobe the same

at rot,m temperature and al the onset of transition) to less than 1% in a

temperature range of 2 K. This indicates that at least 95% of the flux coupling to

the secondary coil was screened by the superconducting film.

Instead of a dc current, 5-!us pulses at low duty cycle were applied to aw)id

joule-heating the prinaary. The current pulse was synchronized in time with the
laser pulse such that each laser pulse arrived at the center o['a current pulse. The

primary current pulse serves two purposes. First, it introduces flux in the primary

for a period of 5 IUSand theta turns it off, producing a positive and a negative

voltage pulse across the secondary load corresponding to its leading and trailing

edges. Above 7I.these w)ltage pulses are indicative of the amount of flux coupled
to the :;econdary coil and can be used to cornpare with the optical response.

Second, it is long enough so that the optical effects take place during a time when

the primary current produces a constant (dc) flux. When the film was cooled

below 7_. the amplitude of these pulses was greatly reduced because of flux
screening by the superconductor. We observed a w)hage pulse at the load when
the switch was irradiated with a laser pulse. This shows that the optical heating

caused a transition of the film to the normal state and the flux to couple to the

secondary coil. The amount of flux coupling varied with laser fluence (Fig.

54.1 I). By varying the laser tluence we were able to vary the amount of heating

500 - , i ' i ' I ' i '

400 r2_...... 13.34 mJ/cre"

_, 300 9.53

.29.
_- 5.43
O 100 -4.57

3.34
Fig.54.11 2.38
Ptaotoinducedswitchingobserved in theswitch 0 '
oiFig. 54.1()showing the induced w)ltageat the 0 100 200 300 400 500
secondary coil for varying laser flt,ence. The Z1355 Time (ns)
temperature is76 K,and the laser triggeroccurs
at -_14(Ins.
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of the fihn. The coupled flux (and hence the induced voltage) increased as the

fihn was heated through the transition regirne be fore saturating (Fig. 54.12 }.The

saturation indicates thai the film was fully in the hernial state. The maxinlum

induced voltage for optical triggering is approximately 400 inV. The rise limes
are4{) to 60 ns.

in these preliminary experiments we used the same multiturn coils for the

prirnary coil and iko secondary coil. With a I()()-turn primary and a single-rum

secondary, L I and L-} will be 50 trh and 5 nil, respectively. The ouipul lime

constanl will be 5 nil/50 _-_!= 10()ps. Tiffs switch is based on a derivative effect.

Therefore, the oulpul currenl aild voltages will also he intich higher, as discussed

in the previous section.

500 .... i , _ ' ' i '- ' ' '

.-. 400 •
>
r-. •

_ 300

> II

200 • •_.j

" I()0
II

Ii

() , ,• , , I ..... I ._
() 5 1() 5

Laser fluence (nlJ/cnl 2}
z1449

Fig.54.12
Peak (}f the photoinduced voltage as a funciit)n of laser fluence. Saturation above
12Ill J/till 2 indicates c()mpleteIiansili(m()filmfihn I{)the n()fn)al-conductingstate under
optical illununati(m.

('(mehlsion

"rho superc(mducting, inductively coupled opening switch is anew appr()ach
I{)the switching problern. The superconducting film does not have any electrical

contacts and acts as ztflux screen isolating the h)ad. The switch can be operated

repetitively without any degradation of its performance. Optical triggering

provides accurate timing and fast healing of the film. We have demonstrated the

operation {)fthis switch. The dependence of the optically induced secondary

v{)ltage {)nthe laser fluence has been investigated. Rise times o150 ns have been

{)bserved with multiturn secondary coils. For an {)ptirnally designed secondary

c(}il, the switching time is predicted to be shorter, and since the switch is based
on a derivative effect, the load current is als{) expected lo be much higher.

90



ADVANCEI) TECIqNOLO(iY I)EVELOPMENTS

ACKNOWLEDGMENT

This work was supported by SDIO/IST through ONR (-?onlracl #N00014-92-J-1993, NSF

#DMR-8913524, Rochester Gas and Electric, and New York State Energy Research and Develnp-

menl Aulh_rily.

REFERENCES

I. D. Gupta, W. R. Donaldson, K. Korlkamp, and A, M. Kadin, in Optically

Activated Switching 11(SPIE, Bellingham, WA, 1992), Vol. 1632, p. 190.

2. S. K. Dhali and M. Mohsin, Rev. Sci. Instrum. 63, 220 (1992).

3. T. Burke, J. Carter, M. Weiner, and N. Winsor, "Analysis of Current

Multiplication Circuit Utilizing Programmed Inductive Elements (PIE)"

(private communication); also presented at the IEEE's High Voltage

Workshop, Monterey, CA, March 1988.

4. P.H. Ballentine, J. P. Allen, A. M. Kadin, and D. S. Mallory, J. Vac. Sci.

Technol. A 9, 1118 (1991).

5. J.H. Claasen, M. E. Reeves, and R. J. Soulen, Jr., Rev. Sci. lnstrum.62,996

(1991).

6. D. Gupta, W. R. Donaldson, K. Kortkamp, and A. M. Kadin, "Optically

Triggered Switching of Optically Thick YBCO Films," presented at

the 1992 Applied Superconductivity Conference, Chicago, IL, 23-28

August 1992, and to be published in IEEE Transactions o, Applied

Superconductivity.

2.D Strong Kc_ Emission in Picosecond
Laser-Plasma Interactions

Since the development of ultrashort (< l-ps), high-peak-power laser systems, it

has been possible to produce plasma with the picosecond duration of x-ray

emission.I'2 A picosecond x-ray source may provide a useful probe of time-

resolved phenomena with high temporal resolution. In ultrashort laser-phlsn3a

interactions, the relatively low x-ray conversion efficiency has been of particular

concern. An increase of the conversion efficiency has been reported for the case

of the laser pulse interacting with a preformed plasma, which has been created

either by a small prepulse 3,4 or a substantial level of amplified spontaneous
emission (ASE). 5 However, streak-camera measurements have shown that for a

prelk)rmed plasma the x-ray pulse duration is much longer than in the case of a

high-intensity-contrasl laser pulse, i.e., no preformed plasma, l'(' A plasma

produced by a p-polarized, high-intensity-contrast laser pulse is a promising

candidate lkn"an ultrashort x-ray source with high efficiency since it absorbs as

inuch as 60% to 70% of the incident laser light. 2'7 Measurements of the fast-ion

blowoff indicated thai a high fraction of the laser energy was carried by fast

electrons, a Hot electrons penetrating the target may induce Ka emission.

Recently, Kc_"emission induced by hot elecmms has indeed been observed in

ultrashort laser-plasma interactions.';, 10
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In this article details of Ka emission observed in the interaction of a

picosecond, high-intensity-contrast, p-polarized laser pulse with a Si substrate

coated with 0.2 gm to 2.5 gm Al are reported. Hot electrons are tbund to be the

dominant source for Kc_emission. The x-ray-source characteristics were infen'ed

from high-resolution x-ray spectra, measurements of duration of emission, and

source size. The analysis suggests that the Kc_emission may have the potential

to generate shorter x-ray pulses than, for example, resonance line emission since

its temporal evolution depends oll mechanisms like hot-electron generation

rather than on recombination and cooling processes in the plasma.

Experimental Conditions

A chirped-pulse amplification and compression (CPAC) laser system lI was

used to generate 13-mJ, 1.3-ps, 1.05-grn pulses. Recent improvements in the

laser design, 12including the installation of a saturable dye cell (Kodak 2595 dye)

after the compression gratings, have increased the intensity contrast from 103 to

5 x 105. The duration of the prepulse is around 100 ps. The p-polarized laser

light was focused onto the target at an angle of 60°. Because of the oblique

incidence, the local spot of the laser is elliptical with an area of 12 gin x 24 p.rn

( 1/e intensity), leading to an irradiance of 4 x 1015W/cm 2with a prepulse fluence

of 0.8 J/cre 2. The target material consisted of polished Si bulk material coated

with 0.2 gin to 2.5 gm Al. The x-ray yield was measured with x-ray positive-

intrinsic-negative (PIN) diodes filtered with 6 gm Al or 250 gln Be. The PIN

diodes filtered with Al are ';ensitive to photon energies in the range of 0.9 keV
to 1.56 keV and 2.5 keV to 15 keV, the PIN diodes filtered with Be to photon

energies in the range of 2.5 keV to 15 keV. The PIN diodes were mounted at

0° to 20° with respect to the target normal, lt was crucial to shield the PIN diodes

with magnetic fields; otherwise, hot electrons would contribute substantially to

the PIN-diode signal. The x-ray spectra were recorded with a von Hamos crystal

spectrograph, 13which used a cylindrical pentaerythritol (PET) crystal with a

2-in. radius of curvature. The spectrograph collected the x-ray emission of the

plasma at an angle of 40° with respect to the target normal. The calibration of the
PET crystal and the Kodak double exposure fihn (DEF) was taken from

published data. 14'15The signal of the PIN diodes agreed withir! 20% with the
calibration of the spectrograph, provided that (consistent with an aged crystal)

a Bragg reflection integral close to the Darwin zero extinction limit 14 was

assumed. About 30 shots were accumulated to obtain a single spectrum.

The duration of the x-ray emission was measured with an x-ray streak carnera,

which had acathode made of a 2000-,_ parylene layer coated with 500 _ Au and

1200 ,_ Csl. X-ray filters, i.e., 1.5 gm Mylar, 6 lunaAI, and 25 gm Be, were

mounted in l'ront of the streak-camera slit to get three channels with different

spectral sensitivity. The Mylar channel detected soft x rays with photon energies

exceeding 0. I keV, the Be channel harder x rays above 1keV, and the Al channel

x rays from 0.9 keV to 1.56 keV and above 2.5 keV, respectively. Since no

experimental value for the temporal resolution is currently available and an

accurate calculation of the streak-camera response to short x-ray pulses is

beyond the scope of this work, a somewhat simplified model, which assumes that

the various broadening mechanisms are independent of each other and that the

pulse shapes and secondary electron-energy distributions are Gaussian, 16was

adapted. The finite slit width and the secondary-electron energy distribution of
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, Csl t7 are predicted to limit the temporal resolution of the streak camera to-7 ps.

Space charge effects, especially for high current densities at the cathode, will

further increase this value. Better resolution would require a higher extraction

field, a higher sweep speed, and a cathode material with a smaller secondary-

electron energy distribution, for example, KBr. 1

The source size of the x-ray emission was obtained from x-ray shadowgraphy,

using a knife-edge technique.la A razor blade was placed between the plasma

and a DEF film filtered with 25 gin Be. The fihn was uniformly exposed, except

for the region where the x-ray source was partially or completely covered by the

razor blade. The derivative of the intensity distribution yielded the spatial-

intensity profile of the x-ray source. An advantage of this setup is thai for a fairly

good signal-to-noise ratio a high spatial resolution can be achieved. In the

experiment, the resolution was around 2 gm and was mostly limited by the

smoothing oi'the raw data, which was performed iii the numerical analysis oi'the

x-ray shadowgraph.

Results and Discussion

1. X-Ray Yield

In the case of an Si target coated with 0.2 gm Al and a high-intensity-contrast

laser pulse, i.e., a prepuise irradiance below 1()I° W/chi 2, resonance line

emission (I-tecz), as well as strong K¢xemission from both target materials, is
present (Fig. 54.13). TheAI Ka line ftore low ionization states of AI (Al i+ - Ai 4+)

is at 8.34 _, and the "shifted" Al Kczlines from AIS+-AIl°+ are seen between

7.85/_ and 8.32 ,_. The He a line from He-like Ai (AI I I+) is at 7.76 A. In the range

6.64 & to 7.13/_, similar to Al lines, are the Si Ka lines (shifted and unshifted)

and the Si Hecc line. The Al Hecz line is enfitted from the hot plasma

(k,,[_, ~ 300 eV) on the target surface. The Si and AI Kc_emissions originate
from colder material inside the target.

- _ --r.--..T ..... *- -I -: '-- ' q -I _ 7 "-_ --'r"-- w-- T--+'v--'r----_ ....... r......
Si Ku Al Her,

2.0

_, _ ! Shifted _ Shifted

•-= Si HeR fl Al Ka

i1
f..................... i.................. J...................... _............................J

6.5 7.0 7.5 8.0 8.5

E6527 Wavelength lA.)

Fig. 54.13

Spectrum fromanSi target coated with 0.2 larrlAI, taken with a high-intensity-contrast
laser pulse.
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The Ku emission accounts for 55% of the emission into me spectral range

from 6.5/_ to 8.5/_. The total x-ray conversio, efficiency into this range is

2 × 10-_%/sr. The Si Kr*ernission contributes., × 10-4%/sr. The conversion

efficiency for the AI Her, line of 8 × 10-4%/sr is somew'lat lower than the value

of8 x 10-3%/sr recently measured for a laser system with an ASE intensity below
i0 I° W/cruZ. 5 We believe that this ma,,' be caused by the shorter wavelength

(0.248 I,tm) of this laser system, i.e., higher critical density, which may enha,,ce

collisional absorption of laser light, and a higher irradiance "{1017W/cre2),-"
/

which may result in a higher temperature and thus a higher fracticm of He-like
AI ions in the plasma.

The Pl N diode filtered with 6 pnl A1is nmstly sensiti ve to AI Kczemission and

2.5-keV to 15-keV continuum emission since the AI Her* line and the Si Kr*
emission are strongly absorbed in the filter. Figure 54.14 shows the signal oi'tiffs

diode as a function of angle of incidence and polarization of laser light fora laser
energy of i3 mJ and an Si target coated with 2.5 _JmAI. The contribution of thz

2.5-keV to 15-keV continuum emission to the detected x-ray signal was

measured with a PIN diode filtered with 250 lain Be and was found to be 30%.

Nn.;,qof the x-ray signal is therefore caused by AI Kr*emission; in Fig. 54.14 one

unit of the v axis corresponds approximately to 3 × 106keV/sr oi'Ai K¢_emission.

200 .......... _ ............. ! .........

._2j._ I()() , p-polarizali_ rx_. e', O

, _ 0 s-polarization

' () ',@ ii i m • I lh,,

Fig.54.14
Signal of aPIN diode fihered ',alth 6 Dm AIas a ......... : ......... _......... _.........

functitmof ;.ingleof incidence and pi)larizaticm () 20 40 60 80
ltir high-illiensixy-conxrasx.13-mJ laser pulses

Angle of incidence (<')and an Si targel coaxed with 2.5 _in AI. One E_52x,
uniton the vaxis corresponds appro×imately to
3 × lO_'_keV/sr iii'AI K+,radiation.

The x-ray emission is seen to be maximum for p-polarizod light at arigle of
incidence of around 50°. For s-polarize,., light, maximun] x-ray emission is

observed at perpendicular incidence. Nevertheless, the yield for s-polarization
is more than one order of magnitude lower that. the inaximurn yield observed for

p-polarization. The strong polarization dependence at 50° is consistent with

absorption measurements, which showed that 50% of p-polarized and 20% of
s-polarized light "rrc absorbed, respectively. 7

The spectrum and the PIN diode filtered with 25 !am Be indicate that

approximately 10_ keV/sr of x rays with photon energies above the binding

energy of an Si K-shell electron are emitted. From this we estimate that the
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radiation-induced Si Ks yield is at most 10% of the measured value. Therelbre,

hot electrons appear to be the dominant source fl)r the Kt, "emission. A Monte

Carlo code was adapted to predict the Kct yield per electron as a function of

angular distribution and energy distribution of the hot electrons, the thickness of

the AI layer, and the Z number of the substrate material, lc) In the simulations,

backscattered electrons were recycled, i.e., they were made to reenter the target

lTom the front, consistent with the reflection of hot electrons in the plasma sheath.

It was further assumed that the target was a neutral solid. This limits, to some

extent, the applicability of the predictions to measured data since the shifted K_

emission indicates (especially in the case of AI) that the material is partially

ionized (Fig. 54.13). The hot-electron distribution may be characterized by

comparing the code pr,,-dictions to the observed dependence of the Si Kez yield

on the thickness of the Ai laym, In a previous experiment we found thai a

beamlike monoenergetic electron source as well as a plane-isotropic electron

source with a Maxwellian energy distribution results in a good fit lo the

experimental data. II) Nevertheless, in the lbllowing analysis we will mostly

concentrate on a Maxwellian energy distribution. This is reasonable since our
measurements of the fast-ion blowoff of the ,asma indicated Maxwellian-

dislributed electrons with a temperature scaling like /,t_Th ~ 1.77 x i 0 -5 10.35

with kltT h in keV and the irradiance / in W/cre2. 8 A similar scaling law is

predicted in particle-in-cell (PIC) simulations for resonantly heated electrons

and L/A ~ 0.1, where L is the density scale length and _ is the laser wavelength. 2°

A pro_,ess like resonance absorption may a/so explain the strong dependence of

the Al K_zemission on angle of incidence and polarization of laser light observed

in our experiment (Fig. 54.14). Recently, a similar dependence of/he x-ray yield,

integrated over a much wider spectral range, has been observed and attributed to

a process with the characteristics of resonance absorption. 2

For an estimate of the hot-electron temperature kBT h we will use the scaling
law obtained l'ram our fast-ion measurements _and PIC simulations 2° rath_.'r than

the value recently measured from tile slope ol the Si Kcz yield versus Al

thickness 1° since the latter experiment was done with slightly different

experimental parameters. For an irradiance o1"4 x 1015 W/cre 2 we calculate

kl/Iis -5 keV. By matching tile predicted Si K_s yield per ele,:tron to the

measured yield, we estimate thal Ik_relectrons with a temperature o15 keV, 25_7c

of the laser energy is deposited into the target. For 10-keV electrons 159_ is
calculated. On the other hand, measurements oithe ion blowoff also showed thal

less than 5c_ oithe laser energy appeared in the fas! ions. This indicates that most

of the hot-electron energy is deposited into the target.

For substrates with a higher Z number the K_, enfission shifts toward shorter

wavelength. Figure 54.15 shows the x-ray conversion efficiency predicted by

Monte Carlo simulations for various Z-substrates coated with 0.2 _m AI as a

function of Ku. wavelength. In the simulation, 5-keV electrons carrying 255{, of

the laser energy were assumed for ali target configurations since the characteristics

oithe hot electrons are predominantly determined by the interaction of the laser

pulse with the AI layer, lt can be see_, thai al 1.5 A. i.e., for Cu K_. emission, the

x-ray conversion efficiency is still above 2 x I1)-4 c,_/sr and thus comparable to

the value for the Si K_, emission.
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substrate materials are coated wilh 0.2 him Al.

25</<of the laser energy is absorbed by hot
electrons with a temperature ot'5 keV.

The spectrum taken for a low-intensity-contrast laser pulse, i.e., a prepulse
irradiance of-4 × I() I2 W/cre 2, shows mostly Al t-le_,emission but hardly any

Ai and Si Ku.emission (Fig. 54.16). The ltg, line is approximately 10<7,higher

limn in the case of a high-intensity-contrast laser pulse (Fig. 54.13), but the total

x-ray emission into the spectral range o16.5 ,_ to 8.5 A is 6()9_lower. Since a low-

intensity contrast will result ina preformed plasma, the scale length oithe plasma
interacting with the main pulse is longer than for a high-intensity-contrast laser

pulse. In long-scale-length plasma resonance absorption is expected to be less

efficient at the relatively large angle of incidence chosen in this experiment. 21In

addition, _ther absorption mechanisms, like inverse bremsstrahlung absorption

thal does nol generate significant :'umbers of tl_ltelectrons, may he dominant.

Therefore the Ku.production shows a strong dependence on the level ofprepulse.

2.0 AI lieu..
._ -.

e.... ,.

'-- _ I.C)

__ AI tte[_ AI Ku.1

6. i 7.0 7.5 8.C) 8.5

Wavelength (A )1"_5_l)
Fig 54.16
Spcclrun/ lroull an Si target c_atcd _Qth C).2 }.lnll

AI, taken v. ilh a h_v.-intensJt 5-c_mtrast laser pulse.
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2. Temporal Evolution of X-Ray Emission and X-Ray Source Size

The streak-camera recordings of the x-ray emission from an SiO2 target

coated with 0.6 I.tmAl are shown in Fig. 54.17 for ahigh-intensity-contrast laser

pulse. From the PIN-diode measurements and the spectral sensitivity ofCs122 we

estimate that -80% of the signal of the Al channel is caused by Al Ktxemission,

and ~50% of the signal of the Be channel is caused by Al Heo¢emission. The

streak-camera measurements indicate a duration of' 10 ps (FWHM) tbr the Be

channel and 8 ps tbr the Al channel. The actual duration of emission may well

be shorter than 10 ps and 8 ps, respectively, since a temporal resolution of the

streak camera of around 7 ps will broaden the detected signal. The Mylar channel
indicates that the soft x-ray emission lasted around 20 ps. In the case of a low-

intensity-contrast laser pulse both the Be channel and the Mylar channel show
a longer duration ofemission, i.e., 13 ps and 70 ps, respectively.The Al channel

detected no signal, consistent with the low levels orAl Kcternission observed in
the spectrum for a low-intensity-contrast laser pulse (Fig. 54.16).

t _.'_-Mylar channel !

"_ i / _ , 5!!ps , }
tA ' '

4

, Ii\ J

l 1
r 1

Fig. 54.17 I .......................................................

Streak-camera trace from an SiO2 target coated Time
with 0.6 IJm AI, taken with a high-intensity- E6531

contrast laser pulse. The temporal evolution of

the Mylar, Be, and AI channels is shown.

Even for a high-intensity contrast the duration oi'the Heo¢line is longer than

the laser-pulse duration itself; it depends on recombination processes and the

cooling or the plasma. On the other hand, the duration or the Kct emission is

determined by time scales of processes, such as hol-electron production, energy

deposition, and lifetime of excited ioas. In the case of hot electrons generated by

wavebreaking, an upper limit for the time elapsed between the end of the laser

pulse and the end ot'hot-elecmm production may be estimated from the damping

time or the plasma wave. For collisional damping, the damping rate roughly

equals the electron-ion collision frequency, es which is around 10la s-I at critical

density for a 300-eV temperature. Hot electrons are thus probably generated only

during the interaction of the laser pulse with the plasma. For hot electrons

penetrating the target, the time scale of the energy deposition may be estimated

in the nonrelativistic case from the stopping time in the target. 24Electrons with

a temperature of 5 kev are predicted to have an average stopping time of 0.2 ps.

The excited states involved in the Ko¢emission process have a short lifetime

(femtosecond range). 25Therefore, the duration of the Kt, emission is probably
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dominated by the time scale of the hot-electron generation and should be below

a few picoseconds, consistent with the dr'ration of the measured signal in theAi

channel. Nevertheless, the effect of self-generated magnetic fields, especially at

higher irradiance, on the x-ray pulse duration may require further investigations

to explain the duration of Al Kc_emission recently observed inother experiments. 26

The x-ray shadowgraph indicated that the plasma region emitting x rays

above -1 keV is approximately equal to the focal spot of the laser. No direct

evidence for substantial Ka emission from a much larger area, as would be

expected for lateral transport, could be found.

Conclusions

We have observed strong K_zemission in high-intensity-contrast, picosecond,

p-polarized laser-plasma interactions. The Ku emission was found to be induced

by hot electrons. The strong dependence of the Kc_emission on angle of incidence

and polarization of laser light is consistent with hot electrons gm3erated by

resonance absorption. With a duration of emission of -<8 ps, a source area of

1.6 x 10-6cm 2, and an x-ray yield al 7. I ,&of 1.5 x I08 photon/sr, a radiance of

->3 x 109 W/cm 2 sr is calculated. This value is three orders of magnitude lower
than the radiance of the Ai Lc_line recently reported for a 0.3-Lure,290-fs laser

'3

system at a much higher irradiance of 5 x l0 I_ W/cre-. -7 Nevertheless, K,_

emission has the potential to generate shorter x-ray pulses than, for example,

resonance line emission because its duration of elnission depends on processes

such as hot-electron production and energy deposition rather than on recombination

and cooling processes in the plasma.

The Krz emission is a promising candidate to obtain an efficient, ultrashort
x-ray source at short wavelength. The analysis suggested that, for example,

, C u K¢_.eml ssion (X.~ 1.5 _) may be obtai ned at an irradiance of 4 x !()15W/c m2.

By choosing the appropriate fluor material and laser intensity, the x-ray conversion
efficiency as well as the Ku.wavelength may be further opa_,i,Lcu."-: ....
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2.E Angular Distributions of High-Order Harmonies
from Low-Density Gas Targets

High-order harmonics have been observed during laser-atom interactions at a
number of different laser wavelengths with short-pulse, high-intensity laser

systems. Harmonics with frequencies in excess of 100 times the laser frequency

have been reported. 1-3

Most high-order, harmonic-generation experiments to date have used gas

target pressures in excess of 10 Torr. These high pressures have been used to
enhance the harmonic signal, which increases quadratically with the pressure.

The phase-mismatch factors (caused by both neutral and ionized media) increase

with the pressure as does the effect of refraction of the incident laser when the
medium becomes ionized. Very few measurements of the angular distributions

of the high-order harmonics have been reported. 3 The far-field pattern can

provide additional insight into the laser propagation, phase matching, and the

atomic response.

Phase-matching effects have been extensively studied by L'Huillier and

co-workers. 1,4-7They have made many detailed comparisons of their calculations

with their experiments and have found excellent agreement. Their studies have
included the effect of the intensity, pressure, and focusing characteristics (both

confocal parameter and ,jet position relative to the focus) on the spatially and

temporally integrated harmonic output. Faldon et al. _ have been able to explain

the temporal history of the harmonic emission by considering the effects of

ionization and phase matching.

In this article, observations of the angular (far-field) distribution of high-order

harmonic generation with a low-density gas target with gas pressures ot'the order

of 0.5 Torr are presented. With theft70 focal system and 1-mm-thick target, the

phase-mismatch factors from neutral gas, free electrons, and geometric effects
are ali less than _, Thus, in these experiments, the high-order harmonics are

generated under conditions where the effects of phase mismatch on the harmonic
generation should be minimized. The goal of this work is to sepaJ ate the atomic

response from the effects of phase matching. In the experiments presented in this
article, the far-field distribution of the 1I th to 2 !st harmonics of the incident laser

radiation has been observed. The attic le is organized as follows: The laser system

and the detector are described first, tbllowed by the onset of refraction, which

constrains the experimental conditions. Next, the angular distributions of the

high-order harmonics are presented, followed by a comparison of the

measurements with the predictions of lowest-order perturbation theory. Finally,

the conclusions are presented. (The gas target is described in Sec. 2.F.)

Experimental Conditions
The high-order harmonics are observed by focusing a l-lam, i.5-ps laser into

a moderate-density gas target (p -0.5 Torr, thickness - 1 mm) and then detecting

the harmonics with a transmission grating coupled to an MCP-phosphor image

intensifier. A schema'dc of the experiment is shown in Fig. 54.18. The various
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Fig. 54.18 components of the experim,mtal setup are discussed in this section, as is the effect
of refraction on the operaling conditions.Schematic of theexperimenlal setup, including

the gas target and lhc angularly resolved
specmm_eter. The I-lain, 1.5-ps laser pulses used to generate the harmonics are generated

with an Nd:glass, chirped-pulse-amplification laser syslem, 9,II}which hatsbeen

described in delail elsewhere. II We have recenlly upgraded the energy capability

and focusing quality of the system.

For these experiments, zt long Rayleigh range is desired to minimize the

geometric phase-matching effects on the high-order harmonics. To increase the
fnumber of the focusing system, ztsmaller-than-usual, 1.l-cre-radius beam is

produced by the laser system. Under lhese conditions, lhc laser energy is limited

lo less than 300 mJ lo avoid B-integral effects and to operate significantly below
the compression-grating damage threshold. This beam is focused with a 153-crn

lens to produce anl-number of 70. While the use of the long-focal-length lens
sacrifices peak field intensity, the sysiem is still able to achieve 3 x 1()15W/cre2

wilh relatively large focal volumes and low field gradients. The experiments

are currently limited to much lower energies because of plasma formation in

the spectrometer.

The focal spot diameter is 1.2times diffraction limited. The focal characteristics

of the laser were measured by direcl imaging, with 4X magnification, onto a
CCD camera. The focal-spot radius as a funclion of the ax ial distance along the

focus is shown in Fig. 54.19, as is the calculaled radius for a diffraclion-limiled

,I'/71)beam.

The spectrometer used in these experiments consists of a slit with approximate

dimensions of 500 gm x 2.5 cm followed by a bare gold wire transmission

grating, consisting of ().5-1mn-diam gold wires, separated by I t,un (center to

center). The slit is aligned parallel to the grating wires. Following the grating is
a microchannel-plate (MCP), image-intensiI'ied phosphor screen (Galileo model

8081 ).The nlicrochannel-plale intensifier is not UV enhanced so ilcannol delecl

harmonics lower than the ninth. The light incident on the slit and grating is

dispersed by the grating alld produces spectral lines t ,tthe phosphor screen. The
different harrnonic orders are separated in the direction perpendicular to the

grating lines, and their angulardistributions are observed parallel lo lhc slit. Thus

information about the far-field pattern as well as the spectral conlelll of the

harmonics is oblained simultaneously. At this time, the speclrolneter is llOI

I1)1
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Plot of the measured laser-beam waist as a Position (mm)
function of axial position along the focus, E6554

showing that the beam is 1.2 limes diffraction
limited wilh./770 optics.

absolutely calibrated si) only relative levels of harmonic ernission are presented.

In ali cases, the same relative units are used. The relatively large slit allows a

larger photon flux to reach the detector at the cost of reduced spectral resolution.

In the configuration used for the experiments presented in this article, the

harmonic lines begin tooverlap with the 23rd harmonic.

The gas target is designed to create well-characterized, narrow gas distributions

at low densities ( i-2 Torr or less with backing pressures up to 5-10 Torr). 12This

low-density regime is desirable to reduce the phase-matching effects during the

harmonic generation 5 and the effects of refraction of the focused laser beam.

Als{), the low backing pressure has the advantage of reducing the possibility of

dimer formation in gases such as Xe. 13

The target and its calibration are described in more detail in the next article

in this volume. The gas target is 1 mrn thick and typically operated at presstires

of 1Torr or less. One irnportant goal of the experiments is to operate in a regime

where the laser propagation through the target is unaffected by the rnedium. This

makes the interpretation of the experimental results easier. A laser propagating

through an ionized medium may undergo refractiorl or self-focusing. The laser

was focused through the gas target and imaged onto a CCD carnera with various

xenon gas pressures in the target and with various peak laser intensities. The

resulls are shown in Fig. 54.20. Figures 54.2()(a)-54.20(c) show the change in

effective focal spot with increasing laser intensity at 0.6-Torr pressure. At the

highest intensity xenon is fully ionized within the focal volurne. 14 At this low

pressure, the focal spot is identical to that observed in the vacuurn. When the

pressure is increased to 2 Torr as in Figs. 54.20(d)-54.20(f), an apparent decrease
in the focal volume is observed. This is caused by refraction, which decreases the

./'number of the laser as itleaves the gas target. Preliminary calculations of the
refraction under these conditions are consistent with the observed results.
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Fig.54.20
Imagesof the laser focus asa function of laser intensity and gas target pressure. Figures54.20(a)-54.20(c) show
increasing laser intensity at 0.6 Torr of xenon pressure, and Figs. 54.20(d)-54.20(f) show the same tbr 2 Torr
of xenon.

Harmonic Far-Field Distributions

The experimental conditions previously described have been chosen to

minimize the phase-mismatch factors. 5The combination off/70 focusing and a

thin gas target (1 mm) means that the target thickness is much less than the 12-

mm confocal parameter. In addition, the low gas pressures of ~0.5 Torr mean that ,,

the phase mismatch from neutral Xe and free electrons is minimal. Table 54.I

shows that the phase-mismatch factors for various harmonic orders are less than
or of the order of 1 rad.

>.: Table 54.I: Phase-mismatch factor:_ AkL (radians). _!i!il)!!i)'!

.. "71 Harmonic order 9 13 17 21 ;:;:[:i?)::il
,, .7%1
[ .

Neutral Xe 0.08 -0.05 -0.08 -0.08

:: Free electrons 0.50 0.70 0.90 1.10
• ": C %_,

-,,i. E6543 55{)_.._i[

103



I.I.E RI_VII'.'W,Volume 54

Fqgure 54.21 shows the far-field (angular) distribution of the i lth to 21st

harmonics of the laser at an intensity o1"9× 1()13W/cre 2 and a gas target peak

pressure of 0.3 Torr xenon. These results are typical of the harmonic profiles

under these conditions. Most of the high-order harmonics have it very narrow

angular structure. Forxenon under these conditions, large-scale shoulder structures

appear on the 13th harmonic. The shoulders are also observed on the 15rh

harmonic in krypton and the 17th in argon. While the strongest shoulders are

observed on the 13th harmonic in xenon, recent, more sensitive experiments
have shown shoulders on other haroIonics as weil.

Xe: 1= 9 x 1013W/cre2; 0.3 Torr

4 I ' ' ' ' _ ' :t
13th !5th

3 /_ l.aser

m

_, O- ''_- l , I , j i : j , _ , .__L__ - _ , J
.1,

¢.-

_ 17rh 21st
'_ 3

--I() () I0 - I() () I() - I0 0 10

1:'(_477 mrad

Fig. 54.21
The relative energy in the different harmonics isdetermined by integrating the

Typical far-field distribution of the I lth to 21sl
harmonic emission radially, taking the circularly symmetric nature of theharmonic observed for 0.3 Torr of xenon at

9 × 1013W/cre2. emission into accotlnt:

The emission is symmetric around the peak signal level. Figure 54.22 shows

rh,..relative energy in the !i th to 23d harmonics in xenon at a gas pressure of

, 0.5 Torr for three different intensities. The development of a plateau in the

harmonic emission with increasing intensity is evident.
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Under perfect phase-rnatching conditions, the integrated llarmonic intensity
should scale as N 2, where Nis the number ofatonls in the Iocal volume tbra fixed

intensity. Figure 54.23 shows the integrated energy for the 11th to 21 st harmonic

in xenon at 9 × 1013 W/crn 2 at four different gas pressures. The overall shape of

the harmonic-energy spectrum is maintained, and the energy of each harmonic

scales quadratically with pressure as expected,

100 _ -. i , . ]

]

<xA---A.

__

"3" ,A 1.5 x 1014 W/tin 2

• 9.() x 10i3 W/crn 2

n 6.0 x 1013 W/cre ?

0.1
II 13 15 17 19 21 23

1{6552 Harmonic order

Fig. 54.22

RchLtive-hanuonic energy in the I lth to 2 i ,st hannonic in xenon at 0,5 Torr and three
different intensities.

J()()fO _--
I 1 IA,, 0_-_ 0

Prcssure

A- ,.o, \
i _, " x "A _1_- 1.00 Torr

._ _, I()i "-O. \
_- I .-'mm .. "A 0.75 Torr

= - , "n. o.5oTorn"x•
i'

'_ "" ().25 Torr
i I , i , I , _ , [] , i ,

II 13 15 17 19 21 23

1-6555 Harmonic order

Fig. 54.23

Integrated energy for the 1 lth through 21st harmonic lhr xenon at 9 x I() 13W/crn2 for

four different gas pressures,
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One of the features common to ali of the low-pressure, far-field distributions
is the development of significant shoulders, which appear most pronounced on

one particular harmonic first. This is evident in the 13th harmonic in xenon in Fig.

54.21. The far-field emission for Xe, Kr, andAr is shown in Fig. 54.24. For Kr

and Ar, the shoulders appear on tile 15th and 17th harmonics, respectively. In this

case, the intensity is approximately the barrier suppression ionization threshold
(BSI), 15and the gas target density has been scaled so that the level of emission

is similar in each case. At the BSI threshold, the ionization probability has been

observed to be approximately 1% for 1.5-ps, l-_m laser pulses. 14,15lt is

important to note the similarities among the far-field patterns of the different

harmonics. Each of the harmonics shows the same shapes. In fact, the angular

distributions are almost identical. The primary difference is the harmonic on

which the shoulders first appear. These results are summarized in Table 54.II.

The pronounced structure appears on the harmonic, which isone order (2mL) higher

than the first with energy greater than the field-free atomic ionization potential.

Comparisons with Lowest-Order Perturbation Theory

Fig. 54.24 With the exception of the harmonic, which shows the shoulder-like structure,
Comparison of the far-fieldemission forXe, Kr, the far-field patterns are quite narrow and seem to get narrower with increasing
and Ar with the intensity at the BSI threshold, harmonic order. We can compare the far-field widths with the predictions of

• • .:;7/: j•

Xe: thick solid, 9 × 1013W/cre 2, 0.5 Torr; Kr: thin solid, i.2 × 1014W/cm 2, 1.2 Torr; :iii_:!?!;ii'i:
' "_ Ar: dashed, 2. I x 1014W/cre2, 2 Torr :;;.,:_'i'• '.:

:. l ith ] gr:, 15th ::.i'.71

4

"_ 2

'-::., ._'-' _ lth'7 I th st -?::;:!!ii,
. I_

/:.i

. : :!":_ -10 0 10 -10 0 lO -10 0 10 ._i:,_,:'i¢.:3_:;'.
] g, g:7}7

" ,2:':

_?il :( ) '_12.!'.
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Table 54.11: Comparison of harmonic slructure in different target gases.

First Harmonic
Target Gas BSI Intensity 15 Experimental Intensity

Showing Structure
.....

Xenon 8.6 × 1013 W/cre 2 9 x 1013 W/cre 2 13....

Krypton 1.5 × 1014 W/cre 2 1.2 × 1014 W/cre 2 15

Argon . 2.5 × !!)14 W/cre 2 2.1 × 1014 W/cre 2 17

E6544

lowest-order perturbation theory (LOPT). The harmonic intensity is assumed to

vary as lq. The angular width of the harmonics is then expected to vary as

80, /\/q, where 150o is the anguhtr distribution of the laser. The observed

harmonic emission for Kr at 0.5 Torr and l() 14 W/cn12 is compared with the

LOPT predictions in Fig. 54.25. Good agreement with the far-field patterns of ali

the harmonics is observed, lt should be noted though, that the relative intensity

of each harrrionic does not scale with intensity as LOPT would predict.

_ , I .... , i i • , _ --'--"r ---_- , '' --1 lth . I.,thd

3

2 _ Laser _!0

I lh 19'rh 21st

" 3,-'

r":

- 2

- I 0 0 I () - I0 0 I(} - I () () I{)

E6,-180 nlrad

Fig, 54.25

Comparison of the far-field emission for Kr at 0.5 Torr and 1 x 1(114W/cre 2 with the

predictions of lowest-order perturbation theory.
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Conclusion

The far-field pattern of high-order harmonics has been observed under

conditions where the geometric and propagation phase-mismatch factors should

be negligible. Under these conditions, we find that the far-field pattern (though

not the ;,'t.ensity scaling) is consistent with lowest-order perturbation theory,
except for one harmonic (the 13th in xenon, the 15th in Kr, and the 17th in Ar). '

The harmonic emission scales quadratically with the pres ;ure and, even under

these low-pressure conditions, a plateau de', clops, as has be en observed in many
other experiments.
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2.F Novel Gas Target For Use
in Laser Harmonic Generation

Generation of high-order harmonics from laser-atom interactions iscomplicated
because it involves both _he single-atom response to the driving laser field and

the collective-atom ,.,lhancement or deterioration of the signal caused by the

phase matching of the emitted harmonic light. Much theoretical work has been

done toward understanding the single-atom, harmonic-generation reaction, and

phase-matching effects are understood in principle, t Experimental work in

this field has shown good agreernenl with theory; 23 however, a number of

unanswered questions remain. To interpret the experimental results, both the

laser and gas distribution must be well characterized. The gas-distribution

geometry strongly affects the production of the harmonic light. For physical

interest, the distribution of the gas ideally would be as narrow and as low density

as possible to reduce the role of phase matching so that the single-atom response

inharmon ic generation !,_more apparent. This is particu larly true if free electron s

are created by ionization during the interaction. In the case of free electrons, a

severe phase mismatching can occur ii the gas pressure is too high. i.e., I-him

light traveling i mm through free electrons at 1()Torr will undergo a phase shift

that is equal lo a phase shift of 7r_for the 21st harmonic.

High-order, harmonic-generation experiments traditionally have been carried

out by focusing a laser into agas jet. I 5The gas jet relies on the principles of fluid

flow to propel gas from its orifice in a thin stream where the laser can intersect
with the narrow distribution of gas. Lompr6 et al._'measured the characteristics

of such a gas jet. They were able to produce a 1-mm gas distribution with a peak

pressure of 25 Torr. A gas jet must operate at a sufficiently high pressure to
ensure a narrow stream of flow. Typically the backing pressure of the jet is

hundreds of torr while the usable region of the .jet is of the order of tens of torr.

A lower pressure causes a more diffuse gas distribution in the plume, making the

phase matching in the experiment more difficult. I In any case, the density of the

gas expelled flom a jet varies as a function of distance l'mm the orifice, the
distribution becoming broader as the distance increases. This can make the

systematic alignment of the intersection between the laser and the gas jet a
somewhat difficult and tedious task.

Details of a ga.,, target designed to create well-characterized, n-_rrow gas

distributions at low densities (1-2 Torr or less with backing pressures up to

5-1{) Torr)are presented. This low-density regime is desirable to reduce the

phase-matching eft'ect, during the harmonic generation.1 Also, the low backing

pressure has the advantage of reducing the possibility of dimer formation in

gases such asXe. 6 High-order, harmonic-generation results using this target arc

described in the previous article in this x'olume.

The gas target is a small cylindrical hole through which the focused laser

passes and inside of which gas enters from the middle. Because the laser beam

,, goes through the target, the alignment of the device is comparatively simple. The

gas target operates on the principle of molecular llow instead of the principle of

IO9
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fluid flow, as does the gas jet. Since the flow rate is relatively low, the target can

be operated in a continuous rather than a pulsed mode. "['he density of the gas

within the hole remains relatively high while the gas outside the hole disperses

quickly (inverse square of the distance from the hole edge). The target operation

is limited I0 low densities just as the gas jet is limited lc) high densities. It"the

gas in the target hole is at too high a pressure, plumes may develop out its ends

that would lie on top of the incoming and outgoing laser beam. The jet and the

target are thus complernentary in the sense that they operate in opposite ranges

of pressure,

The gas distribution in the target ischaracterized experimentally, lt isperhaps
more difficult tc)characterize than the jet since the gas densities are much lower,

and the off-axis line of sight to the interaction region is obstructed by the target

itself. However, the gas-density profile can be measured in the region just inside
the target open mg and outward. There isgood agreement between the measurement

and a calculation of the gas distribution using a Monte Carlo computer simula-

tion of free molecular flow. The same calculation also predicts the gas-flow rate

from the target. The flow rate has been measured for two gas-target designs.

In both cases, there is good agreement between the predicted and the measured

gas-llow rates.

Gas-Target l)esign

The gas target consists of two identically machined, cylindrical aluminum

pieces glued together with a thin layer of vacuum epoxy. Aluminum is chosen

because of its ease of machining. Figure 54.26(a) shows a cut-away portion of

the two pieces (upper and lower) already attached around the outer rim. Figure

54.261b) shows the inside of a single piece so that the cylindrical symmetry is

observable. Gas flows from the outer ring-shaped pocket into the gap between

the thinly spaced plates and t_ward the hole tit the center. The gas then escapes

out both ends of:he hole. When gluing the pieces together, the drill bit that made

the holes is inserted through both pieces to ensure alignment. As shown in Fig.

54.26,, is the separation of the plates, ("is the thickness of the plates, d is the hole

diameter, and L is lhc length from the hole center to the inside edge of the outer

gas pocket. Typical values li_r these are a = 0.2 mm. c'= 0.4 mm, d = 0.5 mm, and
!. : 4 Mill.

Molecular-Flow Range

A gas that flows within a boundary such as a pipe or some other confining

shape is in the molecular-flow range if the collisional mean free path of the

particles is longer than the characteristic dimension of the boundary, such as a

pipe diameter. Knudsen's number (Kn) is the ratio ol'a gas particle'scollisional
mean free path to a typical dimension of the boundary. Pure molecular flow

begins when Kn > I. This regime of gas flmv is the best understood. The tlow of

Gas in this range is completely determined by the geometry of the walls and can

be calculated numerically using a Monte Carlo averaging technique. 7._]'he

standard assumption is thai a gas particle travels in a straight path until

encountering a wall, where it is rc-emitted at some new angle. Because of the

molecular coarseness oi'almost any surlace_ the new direction oithe particle has
virtually no correlation with the incident direction. Therefore, when the particle

strikes a surface, it is as likely to go back toward where it came from as it is to

I10
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some new direction, and their trajectory paths are recorded. Each particle

propagates until it either exits the target opening or relurns to the ring-shaped

gas pocket.

The various straight segments of a particle's trajectory are represented by

equations oi'straight lines. The more natural coordinate system for straight lines

is Cartesian, wherein the equations for a straight line in three dimensions can be

written as x = lnxz + bx and v = mvZ + bv. The azimuthal symmetry of the target

also requires the use of cylindrical coordinates, which are obtained with the. -% -%-
transformauons ,-= _..i- + 3" and _ = tan-l(y/x), where _ _ c_+ rt ifx < 0.
The z axis is chosen to lie along the target axis of symmetry, and the origin is taken

to be the target center. When the particle encounters the planar surface of the

interior of one of the thinly spaced plates, the position of impact is found from

z' = +a / 2. The standard assumption at this point is that the particle leaves the

surface with a Lambertian distribution.8 This is the same distribution as produced

by an ideal gas escaping from a small hole in a thin-walled container. Under the

diffuse-rebound assumption, the slopes for the new line emerging from the point

on the planar surface are given by

P P

m.v = tanoccos13 and my = tanc_sin 13, (1)

where f_and 13are given by o_= sin-t(Rnd I)and 13= 2rt(Rl,d 2). Rl,d I and R,,d 2
indicate two independent random numbers that have values between 0 and l.The

new z-plane intercepts are calculated by

b'_.=b x+ mx-m_. : and bv=h v+ my-my : (2)

This completes the cycle, and the equations tbr the new particlc flight path are

defined. These are then used to find the next point of impact with the target wall.

A collision of the particle with the interior of the target's cylindrical hole is

more complicated. The z-value at the point of impact is given by

( ..................

' /,,J2/-)
P- = • ,_

WJ

171.'£+ m v

recall that d is the hole diameter. The azimuthal coordinate of the point of

impact is

mvZ" + by
0=tan -1 " , where 0---_0+rt ii" mxz +bx<0. (4)

m xz' + bx

The slopes for the new line emerging from this point under the diffusive rebound

assumption is calculated by

, sin 0tanacos13- cos0 , cos0tan acos_ + sin 0
m v = and m v = - , (5)

tan o¢sin 13 tan _ sin D
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where ¢_.and [:1are given the same as before, following Eq. I 1I. Again, the new

:,-l_lane intercepts are calculated by f';q. (2), and the cycle is complete. The

trajectory for the particle leaving tile point of impact is defined, and the process

can be repeated.

The initial position for a parlicle's trajectory is al the inside edge of the ring-

shaped pocket al r= L, where the gas density is assumed to be known. The
direction of the initial path is distributed randomly over the half-sphere that

points toward the targel center. The slopes for this path are calculaled by Eq. 15)

but with ct,= cos I(Rnd I ). Because of azimuthal symmetry il is not essential to
randomly choose _, but for conceptual completeness we take _ = 2g.Rmls. The

starting :.-position isgiven by:.,,= .(Rnd4 - 1/ 2), and the :-plane intercepts are

determined by hx = Lcos 0-m_z,, and /q = Lsin0-mvz,,. Each particle
pr_pagates from the input position until it either goes out the target h_le or returns

to the ring-shaped gas pocket ;lt radius L. The flow rate of the particles can he

determir|ed from the ratio of the number of particles that successfully exit the

target m the total number of trial particles. The densily _d the gas as a fun:lion

_1 position is _btained by summing over the intersections of ali the particle
trajectories with each elemental volume ofthe target.

l:ig.54.27 Calculation of (;as Density within the (;as Target

(u_Tlle density oithe gas as afunction of::.(file The gas distribution in a target has been calculated using tile Monte Carlo

cylindricalaxis_Ii_rt)vediffererltradiiuniforndy c_mlputer simulation of free molecular flow described in lhc previous section,
spaced insidelhc target h_le. The origin ixat the The dimensions of the larger in the simulation were t_= 0.2 mm, c = 0.4 mm,
targelcenter.Thedensilv ixrelative to thedensity

d = 0.5 turn, and 1,= 4 mm (see Fig. 54.27 I.The number of particles propagated
_dgasbacking thedevice. _b lThe distribution _l"
g;_sparticles in the target as afun:mm _tradius through the system was such that I(),0()() successfully exited the hole. The
I: = Ill l'mm the mrgm center out m the inside throughput probability for an individual particle was 0.014. which later will be

edge of the gas pocket (r = 4 mm i, where the used to find the gas-llow rate. This small number indicates thai very few particles
density isassigncda valueof I .The l;trgethole's entering tile system actually exil the target opening before returning l_ lhc
cylindrical wall ixat r= (/.25 mm. starting point ( 1in 701. This can be understood in part by the relative sizes oithe

(al _Targel edge ¢h
0.4 ....................... I .()

>, (1.8 j
•_ ..7. s___-._- _

' _ {1.6

o.2

o.I _ (1.2,

0.0 ............................ ().(1
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entrance and exit areas (a factor-of-16 difference). Figure 54.27(a) shows the

density of the gas as a function of z (the cylindrical axis) tor five different radii

uniformly spaced inside the center hole. The density is normalized to the density

at the inside edge of the ring-shaped gas pocket (length L from the center), where

the backing pressure is known. As can be seen, the density is only weakly

dependent on radius. Along the z axis, the density falls off sharply al the edge of

the hole (located at 0.5 mm). The reason tbr this sharp drop is that the particles

within the hole tend to have a strong radial component to their velocity so that

when they exit the hole into the free vacuum, they quickly spread away from

the :.axis. Figure 54.27(b) shows the pmlicle density as a function of radius t'c)r

,-.= 0. Again the density is normalized to that in the ring-shaped pocket, so that
at a radius of 4 mm (the boundary with the pocket) the density is I. From there,

the density continually drops until inside the target opening (r< 0.25 mm), where

the density on average is -0.2.

(;as-Fl_w Rate

The flow rate of gas through the target can be derived from the throughput

probability calculated using the Monte Carlo technique previously described.

The number of particles that exit the nozzle per time is

Vm/]=

where p is the backing particle density, A is the entrance area al the edge of the

ring-shaped gas pocket (2_:aL), v,,!lis the mean-free velocity of the pattie les, and
],is the throughput probability, introduced here briefly tbrconceptual convenience,

8 is a small thickness that when multiplied onlo the entrance area creates an

element of w)iume. The factor of 4 in the denominator comes anmr since only

half the particles within the volume element are moving in a direction that will

take them into the plates, and their component of velocity normal to the entrance

is on average one-half the mean-free velocity. Replacing p by N/V, where V is

the fixed backing w_lume, and solving the differential equation yields

f AyV,!l.}
= t . (7)

N No exp 4V

Since pressure is proportional to the number of particles, Eq. (7) applies as well

to pressure. A useful term for comparison with experimental measurement is

the time it takes for the pressure to drop by a factor of 2. The half-life of the

pressure is

4ln2V
/half - -- (8)

7Av,,!f

This theoretical result can be compared with experimental measurements as a
check of the model.
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A gas target with the same dimensions as used ill the numerical simulations

has been tested. The half-lives of the backing pressure in our system predicted
by Eq. (8) for I-le,Ar, and Xe were 6 s, 19 s, and 35 s, respectively; we measured

9 s, 25 s, and 45 s. The measurements were taken at the pressures where lhc

molecular flow range was expected to begin for tile various gases. The backing

pressures were 1Torr, 0.5 Torr, and 0.3 Torr, respectively. Recall that die pressure

at the target center is a factor of 5 below the backing pressure (see Fig. 54.27).

For each gas, the flow rate approximately doubled when four times the backing

pressure was applied. Higher backing pressures produced tilster flow rates since
intraparticle collisions began to reduce the randomness to the direction in which

the particles drifted through the target. However, lhese pressures were still

very far below the viscous flow regime. At lower pressures, the gas flow

slowed because the walls and tubes in our backing system began to play a

significant role.

To further test the accuracy of the model, a differenl gas largel with !he

dimensions ofa = 0.12 mm, c= 0.17 nun, d = 0.35 mm, and L = 3.0 mm (see Fig.

54.26) was tested. The calculated throughput probability was 0.013, which for
our system predicted apressure hal f-life of43 s forAr; the measured half-life was

35 s. The good agreement between predicted and measured flow rates lends

confidence to the accuracy of the model.

Sensitivity of (;as Flow and Density to the Nature of the Surt'aees

The question arises--hew sensitive is the flow of gas in the target lo lhc

material nature of the walls. In other words, how good is the assumption that the

particles rebound fronl the walls oithe target with a Lambertian distribution. To

answer lhc question, the Monte Carlo simulation was modified to allow a

fraction of the particle-surface rebounds to be specular or mirror-like. For a

specular reflection with tile planar surface, tile new slopes, rather than those of

Eq. (1), are given simply by m; = -mx and m{. = -m v. For a specular reflection
off the interior surface of tile cylindrical hole, the new slopes, rather than thc_se

,, , ") , ,

of Eq. (5), are given as m,=(2s,n-0-1)m.,.-s,rl(ZO)mv and

,,, '{. sln" 0 . The Monte Carlo simulations wiih tlp to

Imlfthe interior particle-surface collisions treated as specular retlections showed

thal there is very little ellect on the gas distribution except for an increase in the

gas-flow rate (40c/_). The rnodel therefore seems only rnildly sensitive to the
nature of the surfaces.

Experimental Measurement of (;as Density

The gas distribution tbr a target with the same dimensions as previously
described (a = 0.2 mm, c= 0.4 nim, d = 0.5 mm, and L = 4 nam) was rneasured.

The distribution of gas from tile target opening out into the region in front is

characterized using a 45°.-off-axis imaging system that observes the reconlbination

light from laser-induced ionization of Xe. The imaging system employs a lens.

a slit, and a photornultiplier tube, which observes recombination light from a

-500-frn1 section of the laser beam. The gas target is positioned at various

distances away from the location. Figure 54.28 shows the experinlental setup for

the measurement. The laser beam was a ! -I.ma,1-ps pulse focused with./770 optics

to a peak intensity of 2 x 1()14W/cre 2. Figure 54.29 shows the effect of the spatial
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z-adjustment

Laser

"/_//_ Gas nozzle

..g
1"1 imaging

Fig. 54.28

The cxpcrinmntal setup for measuring tile gas density jt, st inside the target opening and

outward along till.'" axis.
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Fig. 54.29

The calculated density of the gas as a tunction of.. along the cylindrical axis [see

Fig. 54.27(a)1 compared with its conw_lution with the detector resolution.
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resolution of the detection scheme on the calculated density.

The figure shows the axial gas distribution taken fiorn Fig. 54.27(a) along with

its convolution with the experimental resolution. The measured gas density

rnust be compared to this convolved curve to assess agreernent with the

calculated density.

The experimental results agree well with the theoretical predictions, especially

at lower pressures. Figure 54.30 shows a comparison in absolute pressure

between the predicted and measured gas density for a backing pressure of

1.7 Torr. Again, it should be noted that the results are convolved by the

experimental resolution. As seen in Fig. 54.29, this causes the peak density to

appear a thctor of 2 below the actual value. The density was normalized by

comparing the results to the signal obtained when back-filling the vacuum

chamber (target removed) to a known pressure {0. I Torr). A low pressure had to

be used for calibration to avoid significant refraction of the laser before ii arrived

to the imaged position, lt was assumed that the gas density was proportional to

the square root of the instantaneous (time scale of the older oftens of nanoseconds}

recombination signal. 9

A

0.1 []

h-

A

" A

0.01 . A

A
A

Target edge A A ,[

().00 ! .................
{}.{) 0.5 I .{} 1.5 2.0 2.5

Fig. 54.3{}

A comparis{}n belween lhc predicted- and I%524 Targel posili{}n (mm)
measured-gas-density profiles for a backing

pressure of 1.7 Torr

Figure 54.31 shows the results obtained for a wide variety {}t backing

pressures. The gas density decreases rapidly outside the target hole al{ing the

laser axis even for pressures up to ten times the molecular-flow-range cutoff. In

the molecular-flow range (backing pressure {}f{}.5Torr}, the gas density fell by

more than a factor of 1{}at a distance of 1 mm from the target opening. With

backing pressures ot"3 Torr and !(} Torr applied to the target, the density dropped

by a factor {}f !{}and 5, rc._pectively, at 1 mm. These comparisons neglected the

c{mvoluti{}n effect of the experimental resoluti{}n. Inclusion of this effect
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Igy. 54.31 improves lhc ctmlnts! by abt>uta factor of 2. 'l'he experiment thus shows thai the
The inea_,Ul'CddcHsity otlhe _asas a function(fl gas target in capable oi'exceeding the molecular-flow regime toKn as low as ().I
-(lhc cylimh'ic'alaxis)I¢_rtun dilfercnl backing without seri¢lt|s di.xtortitm <ffthe gas distribution, lt was alstl f(itind thai over this

pre_,sutcs:().6,().8, 1.2, 1.7,2.5, 4, 6, X. 12,and rltnge til pressure lhc density in lhc target ht)lc scales nmghly with lhc backing

17 'l'urr. pre?,,xure,l:igure 54..+2 shew,,slhc measured density in lhc target ¢lpcning ph>tied

againstthe buckin_gpressure.( )n lhc hly-h)g phil, thepoints nhCmldfedImvashlpe
tilIforthen+Irlbehavelikepurenliilecuhuflow.The devi;lliiml'roillii slope<_I'

Ishowstlm!lhcgas-densitypnffilemay huveuslightpressuredependencewith

thelarge!t_peralingabovethe1|+t_lecular-fh)wrange.

Summary

A gas tm',uetl_ir usu in laser-litre++hi|rrntmic-_.enerittiotl cxperinlents has beet+

develt)pcd, li ctmxists til+a smitll, cylindrical, d_ml+le-cnded htde thrtmgll whicl-I

tl+ela.,,cr pas.',,es.(;;ts enters tl+ela_le ahmg the cenlel til"its cylimlrical wall and

cluickly disperses as it cruetge.', <mt either end _I' the h_ilu. The t;+trgctis able

tri pnldticu ;+tnarrow, low-der+sity glt.'-,di.,,.tribution that can be easily intersected

by +,tltlcused laser. The di.,,tributitm ix well ch;.tr;+tcterizcdbtlth tI+u<ireticully

and eXl_erin+¢tltally. Recently, the target has been Cml>h)yed successlully it+

higl_-harmtmic-gener;+ttion experiments. "l'hc hlw-clensity, narrow pnffile til the

gas ix aclvat+litgetms in reducing the nile oI phase matcl_ing and refr;.tctitm in

the experiment, t<_

"1"¢1date,harnlonic-generatitm expcrinientx htivc typically einploycd aptll.xcd

gas icr.The gas ici relies tm the pril+ciplust)l visctitl._flow it) propel gas [rtllll the
_wilico iii ;i thin .xlrelilll where a ]+lS¢l"can ii_tci'scclwill+ the iltirlliw distributilm

til' gas. In C(llltl'ast, lhc gas target i'elics till lhc' principles til lilolcculiir How til
tli.',pcr._ctheTa.',quickly tlllCe_mtsidcthecenlral h_flc.Both ._ysteins)irerc._lricted
i_l operating in lheir rc.xpeclivc fh)w i'c_i nles t¢lensui'e lhc i+iu'rllwc.xi-ptls._ible ga,x

tlistribuii_m. The tvv_)xyMelli._; _irt.' thus t.'t>lllrJiclllt'lllliry in lhc .sensethai they

operate in (ipp!iS)le l'll'O.x.,,ure l'iill_eX.
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pl()ttcd acuainst the backing prcs.stlre. The _,olid 'lhi_, work is _,upp_wlcd b) lhc Nati_mal St:icl+ce Fotmdati<m under contract I'ttY-921)()542.
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