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Possibilities of X-ray spectral diagnostics of the collision region

of laser-plasma flows with astrophysical similarity
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It is shown that spatially resolved registration of spectral lines of the resonance series of He-like ions can be used

both for diagnostics of plasma parameters in the collision region of plasma flows generated by heating solid targets

with laser radiation and for the determination of the spatial position of this region. The presented calculation results

obtained in the quasi-stationary approximation for aluminum plasma can be used to determine the electron density

and temperature in the range of 1018 − 1021 cm−3 . Using a hydrodynamic code, simple estimates of the increase

in plasma density in the region of collision of laser-plasma jets are made.
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Introduction

The use of colliding plasma flows (CPFs), including laser

ones, is a current trend in laser-plasma experiments. This

is attributable to the fact that data on the dependences

of collision process parameters on experimental conditions

may find various uses in applied and fundamental research.

For example, the application of CPFs as a source of soft X-

ray and ultraviolet radiation was discussed in [1]. The issue

of reduction of efficiency of experimental thermonuclear

reactors is associated with CPFs near the vacuum chamber

walls [2,3]. A deeper understanding of processes proceeding

in the region of plasma flow collisions should contribute

to an improvement in the accuracy of laser-induced spark

emission spectrometry [4,5]. Naturally, experiments with

colliding flows may be used in fundamental research into the

origin of hydrodynamic plasma instabilities, the propagation

of shock waves in low-temperature plasma, and other hydro-

dynamic phenomena. CPFs are of particular interest in the

context of experiments on modeling of astrophysical jets [6]
with laser-induced plasma flows. This modeling is based

on the principles of similarity of magnetohydrodynamic

systems outlined in [7].

The life cycle of a jet may be divided into two stages:

formation and propagation. Each of them poses its own

questions to researchers. Some of them are associated with

one of the key features of jets, namely a high degree of

collimation (i.e., the ratio between length L of a jet and its

diameter D, which may reach L/D ≫ 10). The current

understanding is that a jet is collimated directly at the

formation stage in the immediate vicinity of its origin object

(e.g., a forming star). The theory behind the mechanism of

this process is still under development, although there is a

consensus that it is driven by magnetic fields. For example,

it was demonstrated in a series of studies [8–10] that laser

plasma is drawn into a jet with ratio L/D ≥ 10 under the

influence of a uniform field with its lines of force being

perpendicular to the surface of the target.

The issue of maintaining a high degree of collimation at

significant distances from the source of a jet, which may

extend over tens and even hundreds of parsecs [6,11], is

no less important. This effect may be associated with the

interaction of jet matter with interstellar gas [12]. To test this

theory in a laboratory experiment, one needs to establish

such conditions under which the influence of the mechanism

collimating a jet at the stage of its formation is suppressed at

the propagation stage. Basically, there are two different ways

to achieve this: one should either ensure that the collimated

flow exits the region of existence of an external magnetic

field [13] or should not use it for collimation at all. The

latter scenario leads to the idea of colliding plasma flows.

For example, it was demonstrated experimentally in [11,14]

that a collision of two laser plasma flows propagating at an

angle to each other results in the formation of a collimated

jet.

Radiography [15,16] (phase-contrast one included

[17,18]), laser interferometry [19,20], and spectrometry,

including X-ray techniques, are commonly used to identify

plasma parameters in the region of such a collision. The

present study is focused on an approach to such diagnostics

based on the analysis of line emission spectra that undergo

drastic changes in relative intensities of lines of the res-

onance series of multicharged He-like ions in the collision

region. Detailed calculations are performed for an aluminum

target.
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Figure 1. Diagram of the experiment on collision of plasma

flows produced by irradiating a V -shaped target. Two flat targets

with a thickness of several tens of micrometers are positioned at

angle θ (the cases of 2θ = 180◦ and 2θ = 90◦ are examined here)
to the central axis. These two foils are exposed to laser radiation

simultaneously. Plasma plumes produced as a result of irradiation

collide and form a collimated flow that propagates along the axis

of symmetry of the target.

Emission spectra of plasma in the region
of collision of laser-plasma flows

Let us consider the collision of two plasma flows formed

by heating solid aluminum targets with high-intensity laser

pulses of a comparatively long (nanosecond or subnanosec-

ond) duration (Fig. 1). It should be stressed that such laser

irradiation parameters are typical of current experiments in

laboratory astrophysics.

The interaction of each laser pulse with a flat solid target

leads to the formation of a laser-plasma plume with high

temperature (hundreds of electron volts) and density (on
the order of the critical one corresponding to the laser

wavelength used) values near the target that decrease with

distance from it. The state of plasma is ionizing (the degree

of ionization is lower than the steady-state value at a given

temperature) near the target, but becomes recombining (the
degree of ionization is higher than the steady-state value at

the local temperature) as one moves away from it.

Plasma plumes collide at a certain distance from the

target. The plasma density and the electron temperature

should naturally increase sharply in this region, affecting

the emission spectrum of plasma. If the recorded emission

spectrum is spatially resolved, the variations of its shape

and intensity with spatial coordinate provide an opportunity

to identify both the position of the collision region and the

parameters of plasma in it. To do this, one needs to per-

form the corresponding calculations of radiation-collisional

kinetics that determine the type of emission spectra. This

problem has traditionally been solved for laser plasma in

either steady or ionizing states that are characteristic of

plasma regions close to the target surface [21]. In the

examined case, the state of plasma in each of the plasma

flows ahead of the collision region and in the collision region

itself is recombining. This implies that kinetic calculations

should be carried out within a quasi-stationary model [22].
The iPRAX [23] radiation-collisional code was used for this

purpose in the present study.

It should be emphasized that the diagnostic capabilities

of X-ray spectral methods applied to the region of jet

collisions naturally depend on the intensity of variation of

the plasma parameters in this region. The density and

temperature jumps in the collision region may be estimated

via hydrodynamic modeling. This was done here using

modular code PLUTO [24].

Estimation of the density difference in the
region of collision of plasma flows

The HD module from the standard set was the one

actually used for modeling. The following system of

equations was solved numerically in it in a two-dimensional

Cartesian coordinate system:

∂ρ

∂t
+ ∇(ρv) = 0,

∂mx

∂t
+ ∇(mxv) +

∂ pt

∂x
= 0,

∂my

∂t
+ ∇(myv) +

∂ pt

∂y
= 0,

∂

∂t
Et + ∇[(Et + pt)v] = 0,

where ρ is the mass density, (mx , my) are the components

of volume momentum density vector m = ρv , v is the flow

velocity, pt is the pressure in the medium, and Et is the total

energy density defined as

Et = ρe +
m2

2ρ
.

Here, ρe is the internal energy density. The freeware

PLUTO code distribution package is intended for mod-

eling an ideal gas; i.e., the thermal equation of state

is pt = n(ρ)kBT , where n is the particle concentration,

kB is the Boltzmann constant, and T is temperature, while

the caloric equation is ρe = pt

γ−1
, where γ = 5/3 is the

adiabatic index. The second-order Lax–Friedrichs (tvdl f )
and Runge–Kutta (RK2) schemes were used to solve the

system (to determine the time evolution). The code

operates on dimensionless quantities defined as qCGS/q,

where qCGS is the CGS value of a quantity and q is the

scale factor for this quantity. The scale factors for density,

length, and velocity must be specified by the user. The
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Figure 2. General diagram of the calculation field for hydrody-

namic modeling.

factors for other quantities are recalculated based on the

entered values. The following scale factors were used for

calculations: ρ = 1 g/cm3 for density, l = 1 cm for length,

and v = 105 cm/s for velocity.

The general diagram of the calculation field is shown in

Fig. 2. The calculations were carried out on a uniform

(cell size d = 0.0025 cm) grid 0.5× 0.5 cm (200 × 200)
in size. To form a plasma inflow into the simulation

field, the following fixed boundary conditions for density,

pressure, and velocity were set in sections D = 0.35mm

with their centers separated spatially by l‖(l⊥) = {0.08 cm,

0.1 cm}: ρ = 4 · 10−6 g/cm3, pt = 107 dyne/cm2 (1MPa).
The method for specifying velocity components (vx , vy)
within regions D varied depending on the task. In the case

of parallel expansion in coordinate system (X1,Y1),

vx (x) = v0 sin[2α(x ± dx)/D],

vy(x) = v0 cos[2α(x ± dx)/D],

where dx = l‖/2 and
”
−“ and

”
+“ are set for regions

”
1“

and
”
2,“ respectively. In the case of a single flow, dx = 0.

Region
”
2“ with perpendicular expansion in coordinate

system (X2, Y2) has

vx (x) = v0 sin[2α(x − dx)/D],

vy(x) = v0 cos[2α(x − dx)/D],

while region
”
3“ has

vx(y) = v0 cos[2α(y − dx)/D],

vy (y) = v0 sin[2α(y − dx)/D],

where dx = l⊥/
√
2. The opening of the plasma expansion

cone is 2α = 80◦ in all cases, and v0 = 2 · 107 cm/s is

the absolute value of the plasma flow velocity vector. Its

direction varies from 0 to α in proportion to the value of

coordinate x relative to the flow axis, x ∈ [0, D/2]. The

indicated values of physical quantities are characteristic of

flows of laboratory laser plasma generated by nanosecond

laser pulses with an intensity of ∼ 1E13W/cm2 [13]. The

value of pA = 1.3 dyne/cm2 (10−5 Torr), which is typical

for laser-plasma experiments and corresponds to density

ρA ≈ 5.3 · 10−11 g/cm3 at temperature T = 300K, was set

as the residual medium pressure. Open boundary conditions

were set along the entire perimeter of the simulation field

(except for regions D); i.e., condition ∂q

∂n
= 0, where n is

the coordinate axis perpendicular to a given boundary, was

satisfied for all quantities q.

The simulated concentration maps corresponding to time

point t = 28 ns and three different inflow cases are shown

in Figs. 3, a−c. For ease of comparison, the calibration

scale is the same in all panels. The time point was

chosen so as to enable direct comparison of simulated data

with the experimental free-expansion interferometer patterns

presented in Fig. 2, a in [13]. Both Fig. 3, b and Fig. 3, c

show clearly the regions of increased density forming when

flows collide. However, these regions have significantly

different morphologies. In the case of perpendicular flows,

the forming single plasma flow has an expansion angle that

is considerably smaller (2β ∼ 34◦) than the original ones;

i.e., plasma flows are actually collimated, which is confirmed

by experimental data [11]. The pattern found in the case of

coaxial expansion is different. A low-density
”
cavity“ is seen

in the center of the collision region. However, it follows

from Fig. 3, d that the density in the
”
cavity“ exceed the

values for free expansion at distances up to distances 0.5 cm.

The maximum excess in parallel expansion is achieved at

a distance of ∼ 0.05 cm, where k‖ = N‖/N f = 2.3. In

the case of perpendicular expansion, the maximum values

are k⊥(0.044) = 5.3 and k⊥(0.039) = 5.9 at l = 1mm and

l = 0.8mm, respectively.

Thus, at typical parameters of experiments on lab-

oratory modeling of astrophysical jets with irradia-

tion of solid targets with laser pulses (τlas ∼ 1− 10 ns,

1012 ≤ I las ≤ 1014 W/cm2, D ∼ 0.01− 0.05 cm), a ∼ 6-

fold jump in plasma density is to be expected in the region

of collision of the resulting plasma flows. Assuming the

process is adiabatic, this may also lead to a certain (less
than 2-fold) increase in electron temperature. However, it

cannot alter the nature of ionization state of plasma, which

remains recombining in the collision region.

Radiation-collisional kinetics calculations

One first needs to determine which spectral lines are

the most promising for diagnostics of the plasma object

under consideration. Since its ionization state is expected

to be recombining and the electron temperature is quite

low, the intensities of dielectronic satellites of resonance

lines commonly used for diagnostics are too low to be

applicable in this case. Suitable lines are those induced
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Figure 3. Concentration maps (ions per cm−3) at time point t = 28 ns predicted by hydrodynamic modeling for (a) a single flow and

two flows identical to (a) with (b) parallel (l‖ = 1mm) and (c) perpendicular (l⊥ = 0.1 cm) expansion axes. (d) Profiles of variation

of concentration 1, 2, and 3 along the yellow dashed lines in panels (a), (b), and (c), respectively. Profile 4 is similar to 3, but with

l⊥ = 0.08 cm.

by transitions between excited states of ions with the main

K shell (H- and He-like) or between excited and ground

states. In the present study, we examine only the latter lines,

namely the resonance series of a He-like ion. They were

chosen for the reliability and accuracy of detection, which

is attributable to their relatively simple structure and the

availability of well-established X-ray spectral measurement

instruments (e.g., spectrometers based on spherically curved

crystals [25]). It should be noted that the wavelengths of

transitions between excited levels for ions with Z ∼ ZAl

should lie in the ultraviolet region, and the spectrometers

discussed in [25] are inapplicable to their detection.

Kinetic calculations were performed for aluminum ions

using the iPRAX radiation-collisional code. The atomic

model included states of fully ionized aluminum, states of

H-like Al XIII with principal quantum numbers up to 9,

states of He-like Al XII with principal quantum numbers up

to 7, states of Li-like Al X with principal quantum numbers

up to 7, and the ground state of a Be-like ion. A total of 860

states were factored in. The calculation results are shown

in Fig. 4.

Figure 4, a shows the dependences of the intensity ratio

of intercombination and resonance Al XII Heα lines on

plasma density at different temperatures. It is evident that

this ratio is virtually independent of plasma temperature,

but is sensitive to its density within a wide range of

1012 − 1023 cm−3. This makes it convenient for diagnostics

of this plasma parameter. Figure 4, b presents similar

dependences for the intensity ratio of lines Heβ and Heα .

It can be seen that their range of density sensitivity is

significantly narrower and starts from ∼ 1018 cm−3. Line

Heβ is a more convenient comparison object for the spectral

lines induced by transitions from levels with n > 3. The

dependences for the Heγ (n = 4)/Heβ and Heδ(n = 5)/Heβ
ratios are shown as an example in Figs. 4, c, d. With the

exception of Heint./Heα , all the presented ratios depend both

on density and on electron temperature. Thus, one may

determine the values of both plasma parameters using any

two of these ratios.

The presented dependences provide an opportunity to

estimate changes in the plasma emission spectrum in the

region of collision of plasma flows. For example, the

Heγ /Heβ intensity ratio increases from 0.8 to 1.4 as the

Optics and Spectroscopy, 2025, Vol. 133, No. 4
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Figure 4. Dependences of the ratio of intensities of spectral lines emitted by recombining plasma during transitions in a He-like Al ion

on electron density Ne at different values of electron temperature Te . All spectral lines correspond to the transition to ground state 1S0 1s2

from an excited state: (a) 1s2p 1P1 for Heα , 1s2p 3P1 for Heint; (b) 1s3p 1P1 for Heβ ; (c) 1s4p 1P1 for Heγ ; and (d) 1s5p 1P1 for Heδ .

density changes by a factor of 6 (e.g., from 1018 to

6 · 1018 cm−3). This change is sufficient for its reliable

experimental detection. Therefore, the proposed X-ray

spectral diagnostic technique should allow one to distinguish

with certainty between the regions of free expansion of

plasma jets and the regions of their collision.

Conclusion

It follows from the presented figures that the considered

relative intensities of spectral lines of the Al XII ion are

sensitive to the electron density of plasma within the range

of 1018 − 1021 cm−3. If a region of collision of jets with

lower or higher densities needs to be examined, one may

used targets of lighter or heavier ions, respectively.

Dependences similar to those presented in Fig. 4 (except
for panel (a)) may be obtained for other He-like ions

without performing additional calculations. Since the

probabilities of allowed atomic transitions in He-like ions

at Z ∼ 10 should scale along the isoelectronic sequence

according to the same laws as for H-like ions, the bound-

aries of ranges of sensitivity of the relative intensities to

temperature and plasma density should shift in proportion

to ∼ Z2 and ∼ Z7 [26].

The rough estimates made above with the PLUTO code

demonstrate that an almost order-of-magnitude jump in

density is to be expected in the region of collision of plasma

flows. According to Fig. 4, this corresponds to at least

a several-fold change in relative intensities (that is, if the

density values fall within the optimum diagnostics range).
In actual fact, even much smaller density jumps (e.g., 2-

fold) will allow one to distinguish easily the spectra emitted

by the collision region from the spectra emitted in free

expansion of plasma.

Thus, observation of the resonance series lines of He-

like ions may be used for diagnostics of parameters of

recombining laser-plasma flows within fairly wide ranges

of their temperatures and densities. The limitations of this

Optics and Spectroscopy, 2025, Vol. 133, No. 4
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technique lie in the assumption regarding the recombining

nature of plasma and the sufficiently small optical thickness

in the spectral lines under consideration. The recombining

nature of plasma is established automatically as a jet

propagates over a sufficient distance from the region of

its generation. This implies that the region of collision

of jets should also lie far from the target, which may be

achieved by setting a sufficiently large distance between the

positions of focal spots of two laser beams. Within the range

of electron densities of interest to us (1016 − 1019 cm−3),
which corresponds to the results of hydrodynamic modeling,

and at a temperature of 144 eV, the optical thickness varies

within the interval of 10−2 − 10 with a characteristic plasma

size of 1mm. However, according to [21], self-absorption
effects do not affect the resonance line intensity if condition

A/(r + 1) > Ne < σv > (A is the probability of radiative

decay of state 1P1, Ne < σv > is the overall probability

of collisional decay of the resonance level, and r is the

optical thickness of plasma) is satisfied in the Biberman–
Holstein approximation for self-absorption that is used in

the iPRAX code. Note that this refers to the total spectral

line intensity (i.e., the total energy of all photons emitted in

a given radiative transition) and not to the spectral intensity

at the line center. Specifically, it follows from calculated

data that this condition is satisfied at r < 700 for plasma at

a temperature of 144 eV and a density of 1019 cm−3.

It should be noted that the use of the Biberman–
Holstein approximation implies a complete frequency re-

distribution in photon scattering, and coherent scattering

may be neglected. This imposes another restriction on

the optical thickness of plasma, which is derived from

the condition that the self-absorption line width should lie

within the Doppler core. Since Doppler core width �D

may be estimated as �D > 1ωD(ln(2π3/21ωD/γ))1/2 (1ωD

and γ are the Doppler and natural line widths, respec-

tively) [27], this condition actually comes down to restriction

r ≤ (1ωD/γ). The natural width of the broadest optical line

Heα of the examined Al XII ion is γ ∼ 2.8 · 1013 s−1, and

1ωD ∼ 2.8 · 1014 s−1 at the considered plasma parameters,

which yields condition r ≤ 10 that was fulfilled in the

considered experiment.

If the optical thickness starts to affect the intensity of

diagnostic lines under the actual experimental conditions, a

diagnostic element (e.g., Al discussed in the present study)
should be introduced into the target as an impurity in

an amount that ensures fulfillment of the above-discussed

condition of sufficient smallness of optical thickness.
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M. Borghesi, K. Burdonov, S.N. Chen, E. Filippov,

D. Khaghani, K. Naughton, H. Pépin, S. Pikuz, O. Portugall,

C. Riconda, R. Riquier, S.N. Ryazantsev, I.Yu. Skobelev,

A. Soloviev, M. Starodubtsev, T. Vinci, O. Willi, A. Ciardi,

J. Fuchs. High Energy Density Phys., 23, 48−59 (2017).
DOI: 10.1016/j.hedp.2017.02.003

[9] G. Revet, S.N. Chen, R. Bonito, B. Khiar, E. Filip-

pov, C. Argiroffi, D.P. Higginson, S. Orlando, J. Béard,
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