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Laser-plasma electron-density measurement using x-ray interferometry
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In this paper, the propagation of x-rays in laser-produced plasma is studied both analytically and numeri-
cally. The coupling relation between phase and amplitude of x-rays is derived, the solutions with higher-order
corrections are given where the higher-order electron-density gradients have been taken into account. An
important parameten was introduced, which is related to the errors of the electron-density measurement using
x-ray interferometry. It is justified that so long 8s<1, the x-ray interferometry can be used for the measure-
ment of electron density and for greater valuerothigher-order modifications are needed.
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The characterization of the electron-density profile pro-paper, we intend to study the propagation of x-rays in plasma
duced when an intense laser beam impinges on the surface afid try to derive modified solutions of phase and amplitude
a solid material is of fundamental interest in fields such agvith higher precisions. Also, we will introduce a parameger
inertial confinement fusion, x-ray lasers, and high-intensityto reexamine the validity scope of x-ray interferometry used
laser-matter interactions. The plasma electron-density profilto measure the laser-plasma electron density.
affects not only the radiation field, but also laser energy The propagation equation for a linearly polarized x-ray
deposition and hot electron production from parametric infrobe in laser plasma can be derived from Maxwell’s equa-
stabilities such as stimulated Raman scattering, stimulatetions. In this paper, a one-dimensional transversal case for
Brillouin scattering, and filamentatigin—3]. Hence the mea- the sake of simplicityf 13] was considered,
surement of the laser-plasma electron density plays an im-
portant role in the diagnostics of laser-produced plasma, and Py Y ng )
the method of the refractive index of the plasma medium ﬁ*’z'kﬁ_n_ck $=0, @
[2,4-9 is one of the ways used extensively. To effectively

probe this high-density region of the profile, the probe wavey,pere  is the slowly varying envelope representation of the

length must be sufficiently short so as to minimize refractivex_ray probe, and=2/\ is the wave number of x-ray field
effects[2,3,10. Early works used visible or uv light as a . free spac;e. Assume

probe, but more recently the soft-x-ray source came to be
popular since its short wavelength leads to higher critical P(x,2)=Ax,2)exdie(X,2)], 2
density of the plasma, smaller diffraction effect, higher reso-
lution, and reduction of high absorption near the critical surwhere both the amplitud&(x,z) and the phase(x,z) are

face [5-9,11,12 Furthermore, the narrow-bandwidth real functions. Substituting E@2) into Eq. (1) yields
multilayer optics can be used so that the detector can avoid

being swamped by the spontaneous emission of pla8rah dg ap\2 PA ng
Conventionally, the measurement of laser-plasma electron 2kA—+A(—) - —+ —k?A=0 3
density using x-ray interferometry is based on the relation of Iz x ox* M
y g y y
phase differenced ¢ can be derived under WKBJ approxi-
mation[2,3], where the electron-density gradient is ignored.a
In our previous work{13], a modified relation between
A¢ andn, was derived and the effect &f n, was consid- ok 42T AT T @)
ered to reduce the errors. However, there are still several Jz IX X IX?
problems left to be explored. First, the effect of the ampli-
tude of the x-ray probe on the measurement and the relatioh is difficult to solve Eqgs.(3) and (4) analytically, so we
between phase and amplitude of the x-rays propagating inonsider using approximation. First, we intend to obtain the
plasma was not studied quantitively; second, the region omagnitude relations for each terms of E(®.and(4). Then
ne/n.<1 was not exactly identified and as a matter of fact,the approximate solutions foh(x,z) and ¢(x,z) will be
when the value ofi./n; increases whether x-ray interferom- derived.
etry and our modified relation is also valid to measure the Denote the distribution width of the electron density as
electron density is still unclear; and lastly, whether a higherw,, and L the route range through which the x-ray light
order modification relation betweéexy andn, is needed for passes when measuring the electron density of the laser-
more precise measurement is still left to be answered. In thiproduced plasma, normallyL/wy>1. Then one has
[N/ aX| ~|INe! 9Z| ~ NemaWo, NErENMax dENotes the maxi-
mum of the electron density of the laser-produced plasma.
*Author to whom correspondence should be addressed. FAXBY making use of WKBJ solutions, one has the magnitude
+86-20-8521-1603. Email address: hguo@scnu.edu.cn relations for phase, i.e., |de/dx|~(KL/2Wg)(Nemax!

nd
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Ne),| Pl x|~ (KLI2W3) (Nemax/N), ~ and | del dz|~ (k/2) (5a):(5d):(5b):(6a):(6c):(6b):(5¢c)
X (Nemax/Ne), respectively. The magnitude of the derivatives

-1
of the amplitude is supposed to satigfyA/dx|~|dAldz] :1:1:L2EL ( _2> EL EL 1
~ A/W, whereW is the characteristic length of the amplitude Wo 42 Wy 2] 2wy 4w
variation when propagating through plasma. Thus the mag- “1q | -2
nitude of each terms in Eq3) can be obtained — 2) = ,752( 1— 2) ] (8)
2 16 w 2
2kA e ~Akl, (58  According to the above equation, wher<1, Eq.(50) is the
9z oL smallest among all terms in Eg&) and (4), so it has little
effect on the change ok and ¢ and can be ignored in the
(aqo)z 1 .., following discussions. Sinc&+# 0, Eq.(3) can be rewritten
Al —| ~=Ak"p*, (5b)
X 4 as
de [dp\% ne
PAl 1, 7%, 2k—+ 5) +n—k2=0, 9
P 16Ak (1 2) o°n°, (50 c
which implies that the evolution af is only dependent on
Ne 7 n. and is decoupled frorA. Therefore, Eq(9) governs the
—k2A~AkI. (5d) evolution of phase of the x-ray probe in laser-produced
C

plasma, and Eg4) indicates that the evolution of amplitude
o of x-rays is only dependent on the transverse variatiog.of
Similarly, for Eq.(4), one has It is also found from Eq(8) that all terms of Eq(3) except

the third one arep(1— 5/2)/(26) greater than those of Eq.

2kﬁ‘~EAk2(1— 2)15 63 (4) by making using of Eq(8). Hence, generally, we only
az| 2 2 K consider the change @f and ignore the change éfwhen»
is small enough. Furthermore, it can be found that the change
oA dg| 1 R of amplitude is much less than that of phase after the x-rays
— |~ —Akz( 1- —) 572, (6b) propagate through the laser-produced plasma. In the follow-
ax ox| 4 2 ing we will derive a series of high-order approximate solu-
tions of ¢ and A for different range ofy and discuss the
P ) feasibility of extending the validity scope of x-ray interfer-
A E "’EAk 577, (6C) ometry.

When#7<1, we can ignore Ed4) and the second term of

. - Eqg. (9). Then we obtain the solutions that coincide with the
where §=1/kwy=N27wWy<1, and it can be verified that V\?KI(SJ) solutions,

W=4wy(1— 5/2)/5. In the above relations, we have intro-
duced a parametey, AQ(x,2)=A,,
(10

L Nemax z

= — k ! !
"W ng @) 00(x,2)= o~ 2_me Ne(x,2')dz’,

The importance of7 will become more clear in the follow- \whereA, and ¢, is the initial value of the amplitude and the
ing discussions. Now we give some basic physical signifiphase of the probe light, respectively(is also the phase of
cance ofy. From the figures in Ref13], we found that the  the x-ray reference light Here the solutions are viewed as
error is smaller with smallet/wy's and nemay/Nc’s. Hence  the zeroth order approximate solutions. Whemgets a little

the parameten is related to the errors due to approximate pjt greater, modification should be made and the first-order
solutions ofe and can be used to evaluate the errors of theypproximate solution of the phase can be obtained if the

electron-density measurement. Further, we will prove by nusecond term of Eq(9) can be used as a perturbation. Substi-
merical simulation thaty takes the role as a criterion factor tuting the zeroth order solution of phase, i.e., EX), into

to judge the validity scope of x-ray interferometric techniquegq. (9) yields
in measuring the electron density.

It is known that the light cannot propagate in plasma with L k [z 1 (z
ne>n, [2,3] and hence cannot be used as the probe light. In ~ ©(X,2)=¢o— EJ dz'ne(x,2") = 5 | dZ
the following discussions, this can be satisfied by simply c0 0
letting »<<1 (since normallyL/wy>1). Since Eqs(3) and
(4) are derived from Eq(1), we should consider the magni-
tudes for all terms in both equations together in analysis. The
ratio for these terms is (12

dpo(X,2' K [270n4(x,2" 2
« po(x,2") K fz7dng( )dz"}.
X 2n¢Jo IX
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FIG. 1. Comparison of the relative errors of amplitude and phase between the exact and the approximate solutiogsismien
Gaussian profile and=100.0L/wy=5, in which(a) and(b) denote the errors of the amplitude and the phase, respectiveb), lcurves
a(dashed lingand b(solid line) denote the dependence () and A (x 10), respectively, versus the normalized transverse coordinate
x/Wy. In (b), curves adashed lingand b(solid line) denote the dependence & and oM (x 20), respectively, versus the normalized
transverse coordinatew,. Here, 7=0.05, SAQ, ~3.7%, A%, ~0.2%, 609, ~1.3%, andseH,~0.045%.

It is evident that the above solution coincides with the modi-respectively. It is evident that so long ag<1, then
fied solution given in Ref[13] if ¢o=const. In this condi- Iimn%}n“=0, and the powers of can be used to derive the
tion the amplitude may also be modified. Whermgets much
greater and is close to unifput »<<1 is still valid), higher-
order solutionsg(™ (n>1), should be derived by substitut-
ing lower-order solutionse™™Y) (n>1), into Eq.(9) itera-
tively to approach the exact value. Meanwhile, H¢g)

magnitude relations shown in Eg8). Therefore, at least in
principle, so long asp<1, a more precise relation for
electron-density measurement is achievable, provided that
the order of the iterative substituting solutioms,shown in

should be taken into account since the change of amplitude gqs.(lz) _and(13) can be as large as one waUMw) and
sufficiently efficient and has affected the measurement.N® solutions can approach the exact solutions, where the
Analogous to the higher-order solutions of phase, the highe,eﬁects of higher-order gradients of .the electron density, i.e.,
order solutions of amplitude can also be derived by usingdNe/dx)"(n=1), have been taken into account.
iterative substituting method since the orders of the second A numerical simulation will be made to give the higher-
and the third terms of Eq4) are much less than that of the order solutions ofe™ and A(™, while the effects of the
first term, and so both terms can be used as perturbationparametery will be demonstrated and verified. Also, the
Then the higher-order solutions of phase and amplitude yieltiumerical solutions of Eql), ¢s andAg, will be given by
making use of the split-step Fourier metHddl] and will be

1 (" Y(x,z")]? applied as exact solutions for further analysis. Next one de-
M(x,2) =@~ | | —— "L dZ (12 g : !
¢ £ =@ 2k Jo X fines several variables to denote the relative errors for phase
and amplitude, i.e.,8¢"=|os— 0|/ @g|max, AV =]Ag
and —ADJ/|A |, where(i) is the order of the approximative so-
lutions, s stands for the direct simulation result from Edg)).
1 (20A0D(x,2') 9o D(x,2') For the sake of simplicity, it is chosen in simulation such that
AM=A exg — Ej dz' N=n¢/Ngmax» Ag=1, andey=0. Assume the electron den-
0 IX IX sity of the laser-produced plasma takes the Gaussian profile,
1 f2eDx 2" i.e., Ne(x,2)=nexp(—r’wi)/N, wherer>=x?+z? and let
% ex __f M—(X’Z)dzf (13) AN=15.5 nm (experimentally the soft-x-ray wavelength
2Kk Jo ax? range is 35-350 A).
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FIG. 2. Comparison of the relative errors of amplitude and phase between the exact and the approximate solutiogsisminen
Gaussian profile antl=100.0L/wy=3, in which (a) and(b) denote the errors of the amplitude and the phase, respectivel), lcurves
a(dashed lingand b(solid line) denote the dependence () and SA™) (x 20), respectively, versus the normalized transverse coordinate
x/Wo. In (b), curves adashed lingand b(solid line) denote the dependence & and ¢! (x 20), respectively, versus the normalized
transverse coordinatew,. Here, 7=0.03, SAQ ~2.3%, 6A(Y) ~0.075%, 6¢'%. ~0.74%, andse (L) =0.015%.
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FIG. 3. Comparison of the relative errors of amplitude and phase between the exact and the approximate solutiopsismen
Gaussian profile antl=50.0,L/wy=5, in which (a) and(b) denote the errors of the amplitude and the phase, respectively, lourves
a(dashed lingand b(solid line) denote the dependence & and SA™) (X 5), respectively, versus the normalized transverse coordinate
x/wpg. In (b), curves adashed lingand b(solid line) denote the dependence &(®) and o1 (X 10), respectively, versus the normalized
transverse coordinatew,. Here, 7=0.1, 5A9 ~7.1%, A} ~0.86%, 509, ~2.6%, andse'H,=0.13%.

The comparison of the relative errors of amplitude andz. In other words, wher is greater, higher-order modifica-
phase between the exact and the approximative solutiortions are needed. _ - o
whenn, is the Gaussian profile with different or L/w, are In summary, the evolution equation of phase is given,
shown in Figs. 1, 2, and 3, in whict®) and (b) denote the which is independent of the change of the amplitude. Also,
change of the relative errors of amplitude and phase, respef1€ coupling relation between phase and amplitude is derived
tively. It can be found thati) 6A©> AWM, and 5o© where the influence of amplitude on phase has been taken

. . . . in nt. Then ri f modifi lutions for ph
> 6¢M) i.e., higher-order solutions of amplitude and phase to account. Then a series of modified solutions for phase

o i and amplitude can be derived. Numerically, the higher-order
are more close to the exact solutidii) at the same time, the | tions can be derived using an iterative algorithm and it
errors due to lower-order solutions are replenished by higherzpproaches the exact solutions rapidly. We found an impor-

order solutions for both amplitude and phase change whegant parameter; from magnitude analysis, which can be
x-rays propagate through laser-produced plasma. The changeged to evaluate the measurement errors. At the same time,
of the amplitude is much less than that of the phase at the, together with6= (kwp) ~*, can be applied to analyze the
same conditions during numerical simulation, e.g., the maximagnitude relations among the terms of the propagating
mum change of the amplitude is about 0.037 than the initiaequation of x-ray probe. Moreover, it is justified that so long
value, but for phase that is about 2026.8 whéh as <1, the modified solutions with higher-order correc-
=100L/wy=5. It is one of the main reasons that the x-ray tions apply, and further, the x-ray interferometry is valid in
interferometry technique can be used to measure the electréReasuring the electron density of plasma.

density. , . .

Comparing Fig. 1 with Fig. 2, one finds that the relative theTrll:zt;,(\;ﬂgT V&?;ﬁ;”ggé;gg pggtfﬁdgﬁggeor%/h!;&{::tt of
errors for amplitude and phase become smaller with smalleg, 69789801, the Team Project of the Natural Science
L/wq for the same order approximation solutions whirs  Foyndation of Guangdong Provin¢&rant No. 20003061
fixed andL/wg is varying. Similarly comparing Fig. 1 with  the Foundation of National Hi-Tech Inertial Confinement Fu-
Fig. 3, the errors become smaller with smalefor the same  sjon Committee, the Fok Yin Tung High Education Founda-
order wheréd./wy is fixed. Comparingy=(L/wo)/N inthree  tion (No. 71058 and the Foundation for the Key Young
figures, one finds that for the same order solutions, greatefeachers of the Ministry of Education of China. Dr. H. Pu is
7’s give more errors. Further, it can be found that the ratiosalso acknowledged for his careful reading of and some sug-
AL 16A%). and 50, /8¢ become greater with smaller gestions on the revised manuscript.
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