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Accounting for the instrument function of crystal spectrometers
operating in many reflection orders in the diagnostics of laser plasma

from its continuum spectrum

M.A. Alkhimova, I.Yu. Skobelev, A.Ya. Faenov, D.A. Arich, T.A. Pikuz, S.A. Pikuz

Abstract. By the example of an X-ray spectrometer with a spheri-
cally bent mica crystal we consider the diagnostic errors entailed
when the observed bremsstrahlung spectrum is attributed to a single
spectrum of reflection. As an illustration we choose the X-ray emis-
sion spectrum of the plasma produced at the surface of a steel foil
by femtosecond laser pulses of relativistic intensity. It is shown
that obtaining adequate results in the case of a high-temperature
plasma calls for the consistent inclusion of all orders of reflection
or diffraction with a dispersing device.

Keywords: high-temperature plasma, X-ray spectroscopic diagnostics,
crystal spectrometer, instrumental function.

1. Introduction

A high-temperature plasma with an electron temperature
T. ~ 100 eV is a bright source of X-ray radiation. Since the
characteristics of this radiation depend on plasma parameters,
it would be natural to measure the emission spectra for
diagnosing the plasma parameters. This line of investigation
emerged back in the past century and is referred to as X-ray
spectroscopic diagnostics of the plasma. Its importance was
initially due to astrophysical requirements. Somewhat later
the X-ray spectroscopic plasma diagnostics demonstrated
its potentialities in the controlled thermonuclear fusion pro-
grammes, both magnetic- and inertial-confinement fusion,
to become an integral part of these investigations (see, for
instance, Refs [1-10]).

X-ray plasma radiation may be divided into line spec-
trum, which arises from bound-bound radiative transitions
between the bound states of plasma ions, and continuous
radiation, which arises either from the free—free transitions
between the states of free plasma electrons (the bremsstrah-
lung) or from the free—bound transitions, i.e. the capture of
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free electrons to bound states (recombination radiation). The
most abundant source of information about the plasma and
the processes occurring in it is undoubtedly its X-ray line
spectrum (see, for instance, Ref. [3]). However, in some cases
the use of continuous emission spectra may be quite benefi-
cial, which is stipulated by at least two reasons. First, the
line spectrum may simply be absent in the case of the high-
temperature plasma of light chemical elements, so that the
continuous spectrum will be the only source of information.
Second, extracting information from line spectra, as a rule,
calls for rather complicated kinetic calculations, which cannot
be sufficiently precise for all ions. By contrast, continuous
spectra may be quite accurately described by simple universal
formulas, so that the use a diagnostic technique reliant on the
measurement of spectral characteristics is seemingly free from
complications.

However, in reality some complications arise in this case,
too. The point is that the crystals employed as dispersive
elements of spectrometers (like diffraction gratings, though)
quite frequently exhibit a high reflectivity in several order
of reflection. For instance, the commonly used mica crystals
exhibit a high reflectivity in the 1st, 2nd, 3rd, 5th, 8th, and
10th orders. As a result, recorded in experiment is the sum of
emission spectra each of which corresponds to a certain order
of reflection and consequently, to its own spectral range.
When the line spectrum is recorded, the superposition of the
orders is usually insignificant, because in most cases it is easily
possible to ascribe a spectral line to one or other reflection
order. The difficulty of ascribing to a certain order of reflec-
tion may arise, for instance, in the investigation of betatron
plasma radiation [11]. When a continuous spectrum is recorded,
as a rule it is the sum of the spectra of different orders, and it
is impossible, strictly speaking, to separate out some single-
order spectrum.

However, when use is made of the well-known method of
determining plasma temperature from the shape of the brems-
strahlung or photorecombination spectrum, the observed
spectrum is ascribed, as a rule, to only one order of reflection,
neglecting the necessity of accounting for order summation.
This approach is justifiable with the use of the photorecombi-
nation continuum when the recording range covers the domain
near the ionisation potential of the corresponding ion whose
position in the spectrum permits an unambiguous determina-
tion of the reflection order of the dispersing element that makes
the main contribution to the spectrum under observation.

In our work we consider, by the example of an X-ray spec-
trometer with a spherically bent mica crystal [12—14], what
diagnostic errors may be entailed when the observed brems-
strahlung spectrum is ascribed to a single reflection order.
By way of illustration we take advantage of the previously
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obtained [15] X-ray emission spectra of the plasma produced
by femtosecond laser pulses of relativistic intensity on the
surface of a steel foil.

2. Relation between the recorded and emission
spectra

Let a source radiate the spectrum E(1) and the detector record
the spectrum F(A). If we use the wavelength scale correspond-
ing to the mth reflection order for the spectrum F(4) observed
on the detector and S(A) is the instrumental spectrometer
function, we can write

Full) = 3 S( 20 ) p( "), (M)

n

where the sum in the right-hand side is taken over all signi-
ficant reflection orders 7.

Let us consider a continuous plasma emission spectrum.
The functional wavelength dependences of the photorecombi-
nation [E™(1)] and bremsstrahlung [EY(1)] radiations are
the same throughout the spectrum with the exception of the
region near the ionisation threshold. So, when the photons
with such near-threshold energies do not find their way to the
recorded portion of the spectrum, it may be assumed that
the intensity of the continuum is defined by the expression

<HM=EWM+EWM=AMJWN—%$» )

where the constant 4, characterises the total intensity of the
continuum. Substitution of expression (2) in formula (1)
permits calculating the continuous spectrum recorded from
the plasma with a temperature 7, and selecting the tempera-
ture and the normalisation constant A4, that best describe the
spectrum observed.

Since the observed spectrum is obtained from the emis-
sion one by multiplying it by the instrumental function and
summing over the orders of reflection, these spectra, generally
speaking, will have different shapes. The inclusion of instru-
mental function is a standard well-known procedure when the
observed spectrum is due to only one order of reflection. In
this case it is possible either to divide the observed spectrum
by the instrumental function of known order and thereby
recover the emission spectrum to subsequently compare it
with the model one, or to multiply the model spectrum by the
instrumental function and compare it with the observed one.
When the dispersing element operates by several orders of
reflection (or diffraction), the former approach cannot be
applied. In this case, the model spectrum has to be multiplied
by the instrumental function of the corresponding order of
reflection, the results should be summed for all orders, and
the resultant spectrum should be compared with the observed
spectrum.

In the general case, the instrumental function S(1) of
a spectrometer may be split into the factors describing the
dispersing element efficiency (the reflection coefficient) R(1),
the transmittance 7(A1) of the filters in use, and the detector
efficiency D(A):

S(2) = R(A)T(A)D(A). 3)

Since the further consideration calls for concretisation of the
spectrometer instrumental function, we perform it without

loss of generality by the example of a spectrometer with a
spherically bent mica crystal, which was employed in our
investigation [15] of the emission spectra of the laser-pro-
duced plasma of thin steel foils. Figure 1 shows the X-ray
spectroscopic complex used in this experiment. It comprises
a focusing spectrometer with spatial resolution (FSSR)
equipped with a spherically bent mica crystal (radius of cur-
vature: 150 mm; interplanar spacing 2d = 19.94 A), an Andor
DX-434 CCD camera (detector pixel size: 13.5 um) for an
X-ray detector, as well as a set of filters used to protect the
detector from illumination by optical radiation and prevent
the dispersing element from being coated.

Figure 1. X-ray spectroscopic complex employed in Ref. [15]: (1) Mylar
filter; (2) spherically bent crystal; (3) filters in front of the CCD detector
matrix; (4) Andor CCD detector.

To reduce the contribution of the noise signal caused by
the high-energy electrons from the plasma, placed in front of
the X-ray spectroscopic complex were permanent magnets
(NeFeB) with B ~ 0.5 T, which formed a diagnostic window
15 mm in diameter. The X-ray radiation transmitted through
the diagnostic window was attenuated with a Mylar filter
(filter f1 in what follows) placed in front of the crystal to
protect the reflecting surface from being coated. The filter
thickness was selected depending on the experimental con-
ditions: used most often was a thin (2 = 10 um) or thick (& =
100 wm) Mylar filter. The matrix of the X-ray CCD camera
was shielded from visible light by two 1-um thick polypropylene
film layers coated with aluminium of thickness 0.2 um (filter
2). It is noteworthy that the transmittance of the aluminium
layer, as shown in Ref. [16], is significantly changed when the
filter is irradiated by high-power laser radiation, which should
undoubtedly be taken into account.

The dispersing element of the spectrometer was oriented so
as to observe the spectrum in the wavelength range 1.6-2.1 A
in the 8th reflection order. This range contains the spectral
lines of iron ions arising from transitions to the K shell (from
the Ly, line of hydrogen-like Fe XXVI ions to the K, line of
neutral iron). Some lines of chromium ions also fall into this
range. Since mica crystals possess a rather high reflectivity in
the orders specified above [11], the radiation from all spectral
regions indicated in Table 1 found its way to the spectrum
observed. The contribution from each reflection order to the
overall observed spectrum is defined by its weight factor S(1),
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Table 1. Recorded spectral ranges.

Reflection Wavelength Reflection Wavelength

order range/A order range/A

1 13.2-16.4 5 2.64-3.28
6.6-8.2 8 1.65-2.05

3 4.4-5.46 10 1.35-1.64

which is the instrumental function in a given reflection order
calculated by formula (3). We note that the reflection order
which contains the line spectra is convenient to adopt for a
‘reference’ order m used to construct the wavelength scale.
Below we therefore assume that m = §.

The factors defining the instrumental function of our
X-ray spectroscopic complex in different orders of reflection
are plotted as functions of the wavelength 4,, in Fig. 2. The
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Figure 2. (a) Filter transmittances 7, (b) mica reflection coefficients R,
and (c) detector efficiency D in relation to the wavelength Ag for different
orders of reflection. The data plotted in Fig. 2a were obtained for an
f1 filter thickness of 10 (solid and dashed lines) and 100 um (dotted and
dash-dotted lines).

transmittances of different filters were calculated by an open
access program [17].

Note that the reflection properties of mica have not been
studied experimentally in sufficient detail, because each crys-
tal should by studied separately due to its complex mosaic
structure and the lattice deformation due to its bending. The
data on reflectivity curve measurements for spherically bent
mica crystals are outlined in Refs [18—21], but these data are
insufficient for considering the efficiency of reflection by the
crystal for a large number of reflection orders. That is why
the reflectivity of the mica crystal in each of the orders under
consideration was obtained with the use of the data of Ref. [22]
in the framework of general diffraction theory for a plane
mica crystal.

The CCD detector efficiency D(4) depends on the quantum
efficiency Q(4,,) of its matrix [23] specified, as a rule, in the
device certificate and on the incident photon energy: D(A) ~
hw,,0(4,) ~ O(4,)/A,,. Although the quantum efficiency for
shorter-wavelength photons is not very high (~10%-15%),
these photons most efficiently produce electron—hole pairs.
As a result, the recording efficiency for the radiation corre-
sponding to the 3rd, 5th, and 8th reflection orders turns out
by be appreciably higher than for the Ist, 2nd, and 10th orders
(see Fig. 2¢).

In our experiments use was made of filter f1, which was
a 10- or 100-um thick Mylar film, and so Fig. 3 shows the
resultant instrumental functions for these two cases.

As is clear from Fig. 3, the efficiency of recording the spec-
tral ranges corresponding to the 1st and 2nd orders of reflec-
tion is very low, while the values of the instrumental function
in the 3rd—10th orders are quite comparable. Knowing the
instrumental function, it is easy to determine the contribution
of different orders of reflection to the recorded spectrum. For
instance, plotted in Fig. 4 for the bremsstrahlung emission
spectra E(1) described by formula (2) at temperatures of 100,
500, 1000, and 2000 eV are their corresponding observed
spectra Fg(Ag) calculated with and without the inclusion of
summation over reflection orders. Also shown here are the
contributions of the reflection orders for different filter thick-
nesses for the X-ray spectroscopic complex under considera-
tion.

Several conclusions may be drawn from the curves plotted
in Fig. 4. First of all, it is evident that the observed continuous
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Figure 3. Instrumental function S(4) of the X-ray spectroscopic complex
in relation to the wavelength Ag when use is made of (a) 10- or (b) 100-pum
thick Mylar film as the f1 filter.
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Figure 4. Observed Fg(Ag) spectra calculated for bremsstrahlung E(A) spectra with temperatures of (a, b) 100, (c, d) 500, (e, f) 100, and (g, h) 2000 eV
with the inclusion of summation over reflection orders for 10- (at the left) and 100-um (at the right) thick filters. The dashed curves show the con-
tribution of the 8th order of reflection normalised to the total spectrum at the point with a wavelength of 2.08 A (shown in parentheses is the scaling
factor for a given plot).
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spectrum is due to one order of reflection only at low plasma
temperatures. With increasing temperature to ~500 eV the
higher-order contributions may no longer be neglected, espe-
cially when use is made of additional filters. We emphasise:
when the observed spectrum is ascribed to a single reflection
order, quite incorrect inferences may be drawn about the
plasma temperature. As shown in Fig. 4 with dashed lines,
ascribing the spectrum, for instance, to the 8th order results
in a quite incorrect description of the observed spectrum.
Another important conclusion is that the inclusion of
several orders of reflection lowers the sensitivity of the shape
of the observed spectrum to the temperature (the spectrum
becomes flatter), which naturally limits the diagnostic poten-
tiality of the method, especially in the high-temperature
domain. An evident way of broadening the diagnostic interval
towards higher temperatures involves the use of additional
filters to radically suppress the low-order recording efficiency.

3. Comparison with experiment

The experiments to investigate the X-ray emission from steel
foils were carried out on the J-KAREN-P laser facility (Kansai
Photon Science Institute, Japan) in Ref. [15]. A laser pulse
with a duration 7 ~ 40 fs (FWHM) and a wavelength 4 =
0.8 um was focused on the surface of a thin steel foil at an
angle of 45° to the target surface to a spot with diameter d ~
2 um. The laser pulse energy Ej; at the target amounted to ~10 J
and the peak intensity J;, ranged up to ~3.2x10>' W cm2.
For a target use was made of a stainless steel tape (AISI304:
72% Fe, 18% Cr, 10% Ni) of thickness # = 5 um. The FSSR
X-ray spectrometer with a resolving power A/AA ~ 3000
was positioned for observing the spectra from the front foil
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Figure 5. Emission spectrum of the steel plasma recorded with the 10-um
thick Mylar filter in Ref. [15]. Shown are the approximations of the
spectrum with the inclusion of a single order of reflection, and their
corresponding plasma temperatures are given.

surface at an angle of about 8° to the normal to the target
surface.

Figure 5 shows the spectrum recorded with the use of the
thin Mylar filter. With the inclusion of all orders of reflection,
the continuous component of the spectrum is nicely described
by a temperature of 200 eV. Simulations suggest in this case
that the 3rd order of reflection makes the main contribution
to the observed continuous spectrum, although the line com-
ponent corresponds to the 8th order. If this spectrum is
ascribed to another order of reflection, it can be nearly equally
well described by model curves, though at quite incorrect
temperature values equal to 330 eV (for the 5th order), 620 eV
(for the 8th order), and 960 eV (for the 10th order).

4. Conclusions

In this work we analysed how the inclusion of different reflec-
tion orders of the dispersing device affects the plasma diag-
nostics from the shape of continuous radiation. It was shown
that the inclusion of several reflection orders, generally speak-
ing, lowers the sensitivity of the observed spectrum to the
temperature, thereby limiting the diagnostic potentialities of
the method. This effect is most pronounced at a high plasma
temperature. An efficient way of broadening the diagnostic
interval towards higher temperatures involves the use of addi-
tional filters that reduce the low-order recording efficiency.
As shown in our work, in the heating of a thin steel foil by
femtosecond laser pulses of relativistic intensity the spectrum
recorded with a mica crystal spectrometer corresponds to an
electron temperature of 200 eV, while the inclusion of only
one reflection order in the interpretation of the spectrum
permits obtaining practically any temperature value in the
200-960 eV range. Our results allow a conclusion to be made
that the high-temperature plasma diagnostics from the shape
of continuous spectrum calls for the consistent inclusion of all
orders of reflection or diffraction with a dispersing device.
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