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A physical-mathematical model is proposed for the interaction of a soft-x-ray pulse with the
mixture of gases N,:H,. The following processes are taken into account: dissociation of molecules
by electron impact, ionization of molecules and atoms by electron impact, photoionization with
branching into fragments, dissociative recombination, charge exchange of molecular and atomic
ions on hydrogen molecules and atoms, conversion of ions into more complicated ions, and
excitation of radiating states of this mixture. The heating of the gas mixture by elastic collisions of
electrons with molecules and atoms is taken into account. The model agrees satisfactorily with

experiment.

INTRODUCTION

One method for measuring x-ray fluxes is to record the
optical fluorescence of gases.' Investigations performed
with the Angara-5 setup showed that when wire and gas
liners are compressed by ponderomotive forces a pulse of
soft x-rays (SXR) with total energy ~100 kJ and width
~30 ns is produced.*® Energy fluxes in soft-x-ray pulses
can be measured with the help of the optical fluorescence of
the gases ionized by the incident radiation. To describe the
mechanisms of fluorescence of gases under such conditions,
we propose in this paper a physical-mathematical model of
the kinetics of ionization and excitation of the radiative
states of N,:H, mixtures by an external source of x-rays. The
computed intensities of optical fluorescence of the gas mix-
ture agree satisfactorily with the experimental results. Our
method is sensitive to the composition of the gas mixture and
can be employed to record the energy and spectral composi-
tion of x-rays.

1.MODEL OF IONIZATION KINETICS

In solving the ion kinetic equations the following pro-
cesses were taken into account: photoionization with
branching into fragments, ionization and dissociation of
molecules by electron impact, dissociative recombination,
charge exchange of atomic and molecular ions on hydrogen
molecules and atoms, and conversion of hydrogen and nitro-
gen ions into more complicated ion types of (NH™,
N,H™* ). We shall examine all these processes in greater de-
tail.

Photoionization. Photoionization of the 1s shell of an
ion (atom) with the spectroscopic symbol Z gives rise to the
formation of an excited state 1s2s?2p™ . This state is regarded
as an intermediate state which leads to the formation of ions
Z + 1 (the state 15*252p™ ~ ') as a result of spontaneous
emission and ions Z+2 (the states 1s%25%2p™ 2,
15?252p™ ~ ', and 1s*2p™) as a result of the Auger process. It
is also assumed that the excited states 15°2s2p™ ' and
152p™ decay instantaneously radiatively to the ground state
15*25°2p™ ~ 2. The autoionization probability w, and spon-
taneous-emission 4, probability were calculated with the
help of Cowan’s program.’” The branching ratio, determin-
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ing the relative rate of formation of the ions Z + 2 as a result
of ionization of the 1s shell of the ions Z, is equal to

w,

%= A Fw,

(1.1)

The corresponding relative rate of formation of ions Z + 1 is
equal to

16_ z ]2
= . (.)

w.=w.'tw.+w.’,

where w!, w?, and w? are the probabilities of autoionization
with formation of the states 15?2s?2p™ ~ 2, 15*252p™ ~ !, and
1s22p™.

We note that the exact values of 4, and w, are not im-
portant for the ionization kinetics. It is important that
A, €w,. In this case photoionization of the 1s shell of the ion
Z results in formation of an ion Z + 2. Ions Z + 1 are
formed primarily by electron-impact ionization of the outer
shell of theion Z; decay 4, does not play a large role in their
formation.

The rate of photoionization from the n/ shell of the ion
Z by radiation is equal to

K K w0 (w)
Rnl == .\, ————w dw.

wni

(1.3)

Here J,, is the spectral intensity of the incident radiation.
The frequency of the incident radiation is connected with the
energy mv®/2 of the photoelectron by the relation
w = mv*/2 + wk;, where w¥, is the threshold energy of ioni-
zation of an electron from the state characterized by the
quantum numbers 7, / of a particle of type k. The photoioni-
zation cross section as a function of the photon energy was
calculated with the help of the ATOM program.® The fol-
lowing approximations were employed for the photoioniza-
tion of the N, molecule and the moélecular ions N,* and
N,F +:
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R(N:)=2R(N), R(N.*)=R(N)+R(N*),

R(N,**)=R(N)+R(N**). (1.4)

The following channels were assumed to be equally probable
for the fractions of fragmentation of molecular ions by pho-
toionization:

N*+++N++2e,

N+++4+N+2e,
( N+*++N+++2e,
N++++N++2e,
N*t++++N+2e.
The probability that an N* ion is formed in the process of
fragmentation of an N, molecule is equal to 0.481:°
N*++N*+2e,

N+ V+2e,

N.*+ho —’{

N.**+ho —

N.+ho — {

Ionization by electron impact. The cross sections adopt-
ed in this work for ionization by electron impact for N,, N,
N*,N*+* ,/N***+ H,andHaregivenin Refs. 10, 11,
and 12. Lotz’s formula'' was employed for the cross section
of the ionization process

N+ttt N*+++42¢,

There are no data on the rates of impact ionization of molec-
ular ions, so that in this work the following approximations
were employed:

Nyt e~ Nyt 42e,  Giom(N2™) ®0ion (N) +00n (N¥),
No**+e—>No* "7 +2e,  Gion(N2™) T0ion (N) +0:00n (NFH),
H."+e—2H*+2e, 0in(H,")=0i0n (H),
Hy*+e—~H,"+H*+2e, 0in(Hy") =00n(H,).

Dissociation. The cross section for the dissociation of N,
molecules by electron impact was taken from Ref. 13, and
the cross section for the same process in the case of H, mole-
cules was taken from Ref. 14. The following approximation
was employed for the rates of dissociation of H," and H;"
ions by electron impact:

Oais (Ho?) =04 (Hy %) =oui:(H.).
Dissociative recombination. The following processes
were taken into account:
N,*+e—2N
with the cross section from Ref. 15;

H,*+e—2H,
H,*+e—3H.

with the cross sections from Ref. 16, and

N,H*+e—N,+H,
NH*+e—N+H.

with the cross sections from Ref. 17.
Conversion. The following processes were studied:

H,"+H.—~H,"—H.
with the rate constant ~2-10~° cm?/s;'®
N*+H,—~NH*+H,.

with the rate constant ~7-10~'°© cm3/s;'” and,
N,*+H,—N.,H*+H,
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with the rate constant ~1.41-10~° cm3/s."”

Charge exchange. Charge exchange of atomic and mo-
lecular ions with hydrogen atoms and molecules can appre-
ciably reduce the rate of ionization. To take this process into
account correctly it is necessary to know the charge-ex-
change cross sections at low temperature (=1 eV). How-
ever, the overwhelming majority of experimental informa-
tion refers to energies > 100 eV. The reactions considered
are presented below together with the rate constants, which
are taken from Ref. 17 and were estimated for an hydrogen-
atom energy 1 eV:

N*+H--N+H". k=510"" cm/s,

N+*+H—~N*+H*. k=3-10"" cm?/s,

N *+H-~N""+H-. k=3.5-10"* cm’/s,

N-c+H-N"""tH*. k=4-10"" cm’/s,

2.BOLTZMANN’S EQUATION

Together with the system of kinetic equations for the
ions we solved the nonstationary Boltzmann equation for a
spherically symmetric electron-velocity distribution func-
tion f(v,t) taking into account electron-electron collisions
St,, , electron-impact ionization of the particles St,,,, inelas-
tic collisions St,, [the important channels are energy losses
due to excitation of vibrational levels of H,, dissociation of
H, and N, etc. (Ref. 17) ], elastic collisions St , recombina-
tion S?,.., and electron production due to photoionization
and Auger processes St,. Boltzmann’s equation is written in
the form'%-2°

af

—a—t=St,e+St,vo,.+St,~,,+Ste,+St,,,+5t,. (2.1)

In Eq. (2.1) the distribution function is normalized to the
electron density

N._,=4njf(v,t)v2 dv, (2.2)

and the fourth-order moment is the energy of the system:

E.=2nm j.f(v, t)v* dv.
1]

(2.3)
The Coulomb collision integral has the form
Y o [ v o ]
Ste = — —| If+ —(I,+]_,)— (2.4)
v-_: f}U of 3( 2 )612 ’
where
4
=22 [pyeray (2.5)
v
4
J,=—:—J,‘Sfy‘”dy (2.6)
4 s
=" aA 2.7)

Here e and m are the electron charge and mass, respectively,
and In(A) is the Coulomb logarithm.
The ionization collision term was taken in the form
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Here N, is the density of particles of type k£ which are
ionized by electron impact, with a cross section o, (v); vy is
the threshold electron velocity; Q, (v,v’) is the ionization
differential cross section characterizing a process in which
the ionizing electron has a velocity v’ and the secondary elec-
tron has a velocity v.2' The electron with the lower energy is
the secondary electron, i.e., the spectrum of secondary elec-
trons extends from zero to (v'2 — v2)?/2.

The total ionization cross section X (v) can be ex-
pressed with the help of Q, (v,v") by the relation

(r2= 1y 2)/2)'?
\' Qx (v, V') dv

0

(2.9)

K
Oion (U') =

In this work we employed Opal’s formula.?? This for-
mula makes it possible to approximate the differential cross
section 0O, (vv') with the help of the total cross section

ok . (v') which is known from experiment and works satis-
factorily for N, and H, at all electron energies of interest to
us:
Qu(v, V)=

Gion (V) %

2.10
72 arctgl (v'*—v,2)/25%] [1+ (v*/7%)*] ° ( )

where 7 is a fit parameter which depends on the type of gas.

For inelastic collisions with particles of type k, having a
threshold AE, ,, and a cross section of™(v), the inelastic
collision integral has the form

Stin=— Zm{vo.‘:” W)f ()~ %cﬁ"‘ () f (") }

V' =(v*+2AE,, m/m)*. (2.11)

Electron losses in recombination processes are de-
scribed by the following collision integral:

Sto=— YN0 (0o (). (2.12)
k
Here N, is the density of the corresponding molecular ions
and 0¥ (v) is the cross section for the corresponding recombi-
nation process.
The elastic collision integral Sz, was taken in the
form?

Sto =2 [m ZN""“ ©) vy

4nv* Qv
N,.oez"(v) af(v) ]
+ s .
mT, Z‘ A v F

(2.13)

Here N, and M, are, respectively, the density and mass of a
molecule of type k; 0¥ (v) is the cross section for elastic scat-
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tering of an electron by a particle of type k; and T, is the
temperature of the gas.

The source of electrons due to photoionization by x-
rays has the form

9" (V) N, (v)N

St = —. (2.14)

4v2

The source of Auger electrons which arise in the pro-
cess of photoionization of the inner shells by the incident
radiation has the form

St;* ————Z N\R,* +A 8 (v—viisa). (2.15)
k

Here

_”Lu”iz_)___lu [, mDmes g (phymax (2.16)

41
2

w; is the probability of autoionization; 4, is the probability
of spontaneous emission accompanying the transition of an
electron from the L shell into the K shell; 7 ™ is the threshold
energy, whose values were taken from Refs. 24 and 25; and,
8(v — v%, . ,) is adelta function which determines the ener-
gy of the Auger electrons. Thus we obtain for the electron
source

St,=St,'+St,. (2.17)

In the ion kinetic equations the rates of the correspond-
ing processes were expressed in terms of the distribution
function as follows:

vy=4n jf(v)v’o,.(v)dv. (2.18)

3.HEATING OF THE GAS

It is easy to derive an equation for the temperature of
the gas if it is assumed that all of the energy lost by electrons
in elastic collisions goes into heating the gas. Then, in our
notation,

. 2; Iy
ar,_ 1 [ZJ- NG ©) g
dt ZC-N,- - M,

J

3 T,Z,c,.djv,-/dz
k .
+mT, 25 Nioo*(v) ( 9f(v) dv]— J
M, ov y
R0 N,

A
J

3.1)

Here T, is the temperature ofthe gasineVand N, and c; are,
respectlvely, the density and heat capacity of heavy partlcles
of type j.

We also assume that under the conditions of dissocia-
tive recombination the heavy particles appear in the ground
state and all energy released in the reaction is transferred to
the heavy particles as kinetic energy. Then an additional
term of the form

Z_\F N
ZCiN;

4

(3.2)
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appears in the temperature equation (3.1). Here
AE™ = [ _ E'™ where 1" and E ™ are the ionization
potential and binding energy of a molecular ion of type i, and
v** and N, are, respectively, the rate of recombination and
the density of a molecular ion of type i. For the dissociative
recombination reactions which are taken into account the
ionization potential 7i°" and the binding energy E ™ were
taken from Ref. 26.

We note that as the energy flux density of the radiation
increases the gas temperature increases and can reach a level
when thermal dissociation of hydrogen

H,+M=2H+M (3.3)

becomes appreciable. For this reason we took this possibility
into account with the help of rate constants for the direct and
inverse reactions (M = H,) from Ref. 27.

4. FLUORESCENCE MODEL

In the proposed method the fluorescence of the gas mix-
ture in the region 300-550 nm was recorded. Emission of the
second positive system of nitrogen N, and the first negative
system of the N," ion falls within this spectral interval. The
following processes were included in the kinetic equation for
electronically excited molecular nitrogen N,(C°II, ):

1) electron-impact excitation of nitrogen from the
ground state with the cross section from Ref. 28;

2) electron-impact ionization with the cross section
from Ref. 29;

3) dissociation on neutral atoms, with the dissociation
cross section for N, (C*II, ) assumed equal to the dissocia-
tion cross section of unexcited nitrogen with its own thresh-
old (E g4 = 1.1eV);

4) photoionization with cross section equal to that of
the unexcited molecule;

5) spontaneous transition of duration 41 ns to the lower
state B *I1, with emission of the second positive system.*

The following processes were included in the kinetic
equation for the electronically excited nitrogen ion
N," (B2 F):

1) electron-impact excitation of the nitrogen ion in the
process of ionization from the ground state of the N, mole-
cule with the cross section from Ref. 31;

2) electron-impact ionization with the cross section
equal to that of the unexcited ion;

3) photoionization with the cross section equal to that
of the unexcited ion;

4) dissociative recombination with the cross section
equal to that of the unexcited ion; and,

5) spontaneous transition of duration 63.1 ns to the
ground state X *Z." with emission of the first negative sys-
tem of N," (Ref. 30).

We note that many high-lying states of the hydrogen
molecule which are excited by electron impact also emit
photons in the indicated range of radiative decay. To deter-
mine this contribution to the fluorescence it must be com-
pared with the contribution of electronically excited nitro-
gen to the fluorescence. ,

The maximum cross section for electron-impact excita-
tion of the state C°Il, of the N, molecule is equal to
0.4-10~'¢ cm?. The excitation energy for H, singlet states,
which can be detected in the process of radiative decay, is
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E..>13.7 €V (110480 cm~'). This is the state (25)°Z,"
(E.,. =99157.3 cm ~ ') with maximum cross section for ex-
citation by electron impact 0™ = 1.66-10 ~ ' cm?.>? Since
the cross section for the excitation of higher levels decreases,
it is natural to expect that it will be even smaller for the levels
of interest to us. In particular, the cross sections for a num-
ber of transitions of interest to us are presented in Ref. 33,
and the maximum cross section does not exceed 4-10~%°
cm?.

The maximum cross section for the excitation of the
lowest triplet state of interest d°I1,(3p) is equal to
42-107'® cm? at E = 15.6 eV.**** Since the threshold for
the excitation of the d *I1,, state of hydrogen is more than 2.5
eV higher than for the C°I1, state of nitrogen, there is hope
that the emission of this state of H, will not be more signifi-
cant than radiative decay of the C I, level. We have no data
on the excitation cross sections for states lying above d *II,,.
We can only conjecture that in the case of triplets the excita-
tion cross section for the corresponding configurations will
not exceed the cross sections for singlets.

5.NUMERICAL MODEL

The nonlinear system of kinetic equations for the ions
can be formally written in the form

dN

dt
where N is the vector of concentrations of the components of
the gas mixture.

In a strongly nonequilibrium plasma the electron veloc-
ity distribution differs strongly from Maxwellian. This in
turn affects the determination of the rates of reactions, in-
cluded in Eq. (5.1), in which electrons participate. There-
fore the system (5.1) must be solved simultaneously with the
nonstationary Boltzmann equation for the spherically sym-
metric electron velocity distribution function (2.1) and the
equation for the gas temperature (3.1).

The complete system of equations cannot be solved si-
multaneously without a computer. We note, however, that
the system of equations (5.1) and (2.1) separates into two
subsystems, which are different from the standpoint of nu-
merical implementation. This is a system of ordinary differ-
ential equations (ODE) (3.1) and (5.1) and a partial differ-
ential equation for the electron velocity distribution
function (2.1). In this work we made an attempt to obtain a
unified numerical solution of the entire problem (2.1),
(3.1), and (5.1). For this, the partial differential equation
(2.1) was reduced by discretization in velocity space (while
the time variable remains continuous) to a system of ordi-
nary differential equations. The discretization is performed
by the method of finite differences. It is well known that the
system of ordinary differential equations obtained in this
manner is a so-called “stiff”” problem.?>> However, in the sys-
tem of ordinary differential equations for the ion kinetics the
rate constants of the processes often differ substantially (by
several orders of magnitude), and this makes this system
“stiff”’ also. For this reason the entire system obtained is
“stiff”” and powerful computational algorithms, like Geer’s
method,*® can be used to solve it.

Geer’s method is a linear multistep method. It is easy to
show that such methods are conservative with respect to the
particle number VN, and the energy of the system E, if the

=F(N), (5.1)
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right-hand side of Eq. (2.1) obtained after discretization
conserves these quantities. Therefore it is desirable to pre-
servein the spatial difference approximation a number of the
properties of Eq. (2.1). For example, if only the electron-
electron collision integral St,, is retained on the right-hand
side of Eq. (2.1), then it can be shown that in such a system
both the particle number ¥, and the energy of the system £
are conserved. If, however, only the inelastic collision inte-
gral St;, or only the elastic collision integral St,, is retained
on the right-hand side of Eq. (2.1), then such a system con-
serves the particle number A,. The following property is as-
sociated with the ionization term St,, in Eq. (2.1):

o

4nj 028t (v)dv =Z ViolV,. (5.2)
0 k

Here v, is the rate of ionization of the corresponding com-
ponent of the gas mixture, determined by the formula
(2.18), and N, is the concentration of this component. It
should be noted that the ionization rate vX, appears as a
coefficient in the system of kinetic equations for the ions. For
this reason, special attention must be devoted to matching
the difference approximation of the ionization term St,,
and the difference approximation of the ionization rate v£ .
If such matching is not achieved, it is possible to have a
situation when the electron density N { found from Egs.
(5.1) for the ion kinetics will differ strongly from the elec-
tron density N 5 determined from Eq. (2.2). Since it is often
impossible to determine beforehand which process can be
neglected when solving a specific physical problem, it is im-
portant to take into account the conservation laws in the
difference approximation of the corresponding terms. The
question of constructing some conservative schemes for Eq.
(2.1) was discussed in greater detail in Refs. 37 and 38. A
modified LSODE program for solving ordinary differential
equations was used for the numerical implementation of the
proposed algorithm.® This program makes it possible to
perform the integration with both variable step and variable
order.

6. EXPERIMENTAL SETUP AND RESULTS

Experiments on recording the optical fluorescence of
gases were performed on the Angara-5-1 setup. The soft-x-
ray source was a dense hot plasma produced by implosion of
an eight-wire aluminum liner with a linear mass 150 ug/cm
and a diameter 20 mm. The total radiation energy was re-
corded with integral calorimeters and was equal to ~ 100 kJ.
The time dependence and spectral characteristic of the soft x
rays were measured with the help of x-ray vacuum diodes
(XVD) behind different filters. The width of the soft-x-ray
pulse was ~40 ns, and the temporal resolution of the mea-
suring channel was not worse than 5 ns.

The radiation source was the 1-3 cm high pinch with
diameter <4 mm (depending on the conditions of the experi-
ment) formed on the axis of the system. Measurements per-
formed before the appearance of the intense soft x rays
showed that the electrons in the system emit hard brems-
strahlung, which arises as a result of electron leakage in the
course of establishing magnetic confinement in the output
system. Experiments on the implosion of multiwire liners
and the characteristics of their soft-x-ray emission are de-
scribed in greater detail in Refs. 4 and 5.
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FIG. 1. Layout of the experimental setup. S is the source, / is the input
window with a filter, 2 are optical traps, 3 is a SDF-7 photocell, 4 is a lead
screen, and J is a system of diaphragms.

The gas studied was located in the chamber shown in
Fig. 1. The chamber had an attachment for evacuation and
injection of the gas mixture and for checking the mixture
pressure. Spectrally pure gases were employed in the experi-
ment. The fluorescence was recorded with an SDF-7 photo-
cell, which recorded radiation with wavelengths of 300-600
nm. The observation axis of the photocell made an angle 90°
with the axis of the input window. To reduce the effect of
hard x-rays the photocell was surrounded with 6 mm thick
lead plates. A collection of diaphragms was used to isolate
for study a region of the gas mixture with a volume of 1-2
cm?®. The parasitic signal arising as a result of the scattering
of light and explosion of the surface of the chamber under

Spectrum (relative units)

L | 1 L

g a5 1 Ly 2 2,5 Jd
Energy (keV)

FIG. 2. Spectral intensity of the radiation from the liner (in arbitrary
units).
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FIG. 3. Spectral intensity of radiation after the filters (in arbitrary units).

the action of powerful radiation fluxes was reduced with the
help of a combination of the system of diaphragms and traps
for soft x rays and light.

The input window of the chamber was covered with
vacuum-tight filters made of 2-um thick Al-coated lavsan
polyester. During the experiments the radiation destroyed
the filters, so that they had to be replaced before each shot.
The input window of the chamber was located several centi-
meters from the source; this made it possible to obtain soft-x-
ray fluxes with photon energy Av>1 keV and an intensity of
1-2 J/cm?.

The spectral intensity of the radiation from the liner is
presented in Fig. 2, and the spectral intensity of the radiation
past the filters and acting directly on the gas is presented in
Fig. 3. In control shots conducted with no gas mixture in the
chamber a signal of amplitude 0.4-2 V was recorded from
the photocell during the main voltage pulse on the concen-
trator of the Angara-5-1 setup.

=09

- PRRTU (O S A U T 0 U0 0 W B By
=J0 aa 150
t,ns

FIG. 4. Oscillograms of fluorescence of the gas mixture 4.4%
N, + 95.6% H, with a pressure of 21 Torr (the maximum signal is ~1V)
(1), the signal from the x-ray vacuum diode recording soft x-rays from the
liner (2), and the voltage on the concentrator of the Angara-5-1 setup
(the maximum signal is ~10° V) (3). All curves are given in arbitrary
units.
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=50 Jo 150

FIG. 5. Same as Fig. 4 but with a gas pressure ~10~* Torr.

Two groups of control experiments were performed to
determine the nature of the signal. In the first group the light
channel was covered. In the second group the light channel
was open and the radiation from residual gas with a pressure
of 10~*-10~3 Torr could be observed. As a result, it was
established that the signal is not related with fluorescence in
the volume of the chamber and is caused by the hard x-rays
which are produced. This proposition is also supported by
the fact that it was observed only when a voltage was present
on the output unit of the setup. This signal is superposed on
the useful fluorescence signal from the gas. Figure 4 shows
oscillograms of the fluorescence of the mixture 4.4%
N, + 95.6% H, with a pressure of 21 Torr, the signal from
the x-ray vacuum diode (which records the soft x-rays from
the liner), and the voltage on the concentrator of the An-
gara-5-1 setup.

The signal from the SDF-7 photocell has two peaks.
The control experiments showed that the first peak is asso-
ciated with the x-rays and its width does not exceed that of
the voltage pulse. As one can see from Fig. 5, the voltage
becomes negligibly small by the time of the second peak.
This means that the contribution of hard x-rays to the signal
does not exceed several percent at the moment of the second
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st
2 1k
> L
=
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0 v AuuTTRene g bt
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FIG. 6. Fluorescence of the gas mixture 4.4%N, + 95.6% H, with a pres-
sure of 21 Torr. /—Experiment, 2—numerical calculation.
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FIG. 7. Electron energy distribution function at different times: t = 51.02
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FIG. 8. Density of the principal ions of the starting gas mixture at differ-
ent times: Electron density N, (1), H;" ion density (2), N,H™* ion den-
sity (3), and NH* ion density (4).
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FIG. 9. Computed maximum fluorescence of the starting gas mixture as a
function of the intensity soft-x-ray intensity.

minimum and later. Unfortunately, the available informa-
tion does not make it possible to determine the behavior of
the fluorescence signal from the leading edge of the pulse.
This can be done, in principle, with the help of a second
identical measurement channel, in which the light signal is
covered, or by increasing the thickness of the lead screen
surrounding the SDF-7 photocell.

The mathematical model described above agrees well
with experiment. Figure 6 shows as a function of time the
fluorescence recorded in the experiment (Fig. 1) and the
computed fluorescence intensity (Fig. 2). In the plot the
time is given in nanoseconds and the intensity in units of
W/ (cm?:sr). We note that the absolute values of the radi-
ation maxima in the experimental and theoretical curves are
virtually identical. The small discrepancy in the position of
the fluorescence maximum can be explained by the fact that
in the calculations the energy spectrum of the incident radi-
ation, taken in accordance with Fig. 3, is constant in time,
whereas in the experiment it could be time dependent.

TY YT YT T

Intensity, W/cm3.sr

TT T T T r I T rr

a Jo 90 150
t, ns

FIG. 10. Time dependence of the fluorescence intensity for different mix-
tures H, + N,:/) H,:N, = 10:1, P= 22 Torr; 2) H,:N, =20:1, P =21
Torr; and, 3) H,:N, = 40:1, P = 20.5 Torr.

Grabovskil et al. 475



: NN G N I I A i e |
a .50 100 150

t, ns

FIG. 11. Time dependence of the electron temperature for the same mix-
tures as in Fig. 10.

Figure 7 shows the electron energy distribution func-
tion at different times. It differs significantly from the equi-
librium distribution function. The high-energy tail of the
distribution function is determined mainly by the spectrum
of the incident x rays. The small maximum near ~0.4 keV is
associated with the presence of Auger electrons. The forms
of the curves are similar because the energy spectrum of the
incident radiation does not change with time.

Figure 8 shows the computed time dependences of the
ionic composition of the gas mixture and the electron den-
sity. In the plot time is given in nanoseconds and the electron
density in cm ~*. One can see that under the conditions of
the experiment the principal ions are H," ,N,H™, and
NH * , while the contribution of other ions is insignificant.

The good agreement between the experimental and
computed fluorescence curves shows that the proposed
mathematical model adequately describes the real processes
occurring in the gas mixture under the action of an x-ray
pulse. For the present mixture of gases we performed a series
of calculations showing that the fluorescence of the gas mix-
turein the converter is a linear function of the intensity of the
incident radiation in the flux interval 0-16 J/cm? (see Fig.
9). This gives hope that this experimental method of record-
ing and measuring the intensity of the incident x-rays will
find further applications.

Subsequent calculations showed that the intensity of .

the fluorescence of the gas mixture is sensitive to the nitro-
gen content in the mixture with the same.concentration of
buffer gas (hydrogen). Figure 10 shows the computed time
dependences of the fluorescence intensity in different gas
mixtures. Curve I corresponds to the fluorescence of a gas
mixture with a pressure of 22 Torr (H,:N, = 10:1). Curve 2
corresponds to fluorescence with a pressure of 21 Torr
(H,:N, = 20:1). Curve 3 corresponds to fluorescence with a
pressure of 20.5 Torr (H,;:N, =40:1). We note that the
change in the intensity of fluorescence is not directly propor-
tional to the change in the absolute nitrogen concentration in
the gas mixture. Figure 11 shows the time dependence of the
electron temperature for the mixtures described above. The
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maximum in the electron temperature is related with the
temporal shape of the incident x-ray pulse.
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