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1. Introduction 
 
In this note we consider space-charge effects in the photoluminescence cell [1] 

which will be used for non-destructive measurements of the total energy of X-ray pulses 
on the LCLS facility [2]. These effects have been briefly discussed in our earlier reports 
[3, 4]. Here we provide a more detailed analysis.  

We use the term “pulse energy” and symbol “Q” to designate the total energy 
content of one X-ray pulse. To designate the energy of X-ray quanta, we use the symbol 
“EX” and the term “X-ray energy”. 

 
 
 
 
 
 
 
 
 

 
A schematic of the photoluminescence cell is shown in Fig. 1. The cell is a 

cylinder filled with nitrogen gas of an adjustable pressure. At the end walls there are two 
orifices that open to the differential pumping system. The orifice radius is a=0.15 cm, the 
cell length is L=30 cm [1]. The gas inlet is not shown. The X-ray beam enters and exits 
the cell through the orifices; on its way through the gas it creates, predominantly by the 
photoionization, the “primary” electrons which have initial kinetic energy comparable to 
the X-ray energy. These primary electrons then spend their energy to produce excitations 
and secondary ionizations; the secondary electrons are much more numerous but have a 
much lower energy ~ a few electron-volt. Significant fraction of excited states decays 
radiatively, producing UV and optical radiation that can be detected, e.g., by a 
photomultiplier tube situated outside the cell. To prevent the primary electrons from 
hitting the side walls, a weak axial magnetic field will be imposed (see [1]).  

We show that, for the lower end of the X-ray energies, between 0.8 and 2.5 keV, 
space charge may lead to confinement of the ”primary” photoelectrons within the beam 
radius. The secondary electrons and excited atomic particles are then also generated 
mostly in this very narrow zone, irrespectively to the presence of the guiding magnetic 
field. This space-charge confinement of the primary electrons takes place even at the 
pulse energies well below the design value of 2 mJ, down to ~ 100 µJ.  

At higher X-ray energies, between 2.5 and 8 keV, the electrostatic confinement of 
the “primary” photoelectrons is weak, and they produce ionization and excitation in a 
much broader zone. However, space-charge effects play a substantial role in the 
dynamics of the secondary electrons. Unless the pulse energy is very small, below 1 µJ, 
the density of the secondary electrons and neutralizing ions is such that they can be 
considered as a quasineutral plasma. This conclusion affects estimates of the particle 
diffusion to the walls and the recombination time. We find that, under typical conditions, 
the decay time of this plasma is longer than the time interval between two successive X-
ray pulses. Therefore, this plasma is continuously present in the cell, generating a steady-

L 

R 

Optical filter 

X-ray beam 

Fig.1 Schematic of the 
photoluminescence cell. The 
visible and UV light created in 
the cell passes through the 
optical filter and hits a detector 
(not shown). At a given fill 
pressure and X-ray energy EX  
the detector signal is the 
measure of the pulse energy Q.  
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state low-intensity radiation, which, in principle, can be used for the independent 
evaluation of the average pulse energy. The overall time-dependence of the radiation 
from the detector is qualitatively shown in Fig. 2, where short bursts of radiation are 
followed by a low-intensity afterglow. It should be noted that the cool quasineutral 
plasma is formed also in the aforementioned case of electrostatic confinement of primary 
electrons. 

 
 
 
 
 
 
 
 
 
 
 
 
 
In what follows, we are not attempting to produce “exact” results, but rather to 

provide a quick order-of-magnitude scoping study. In Sec. 2, we derive conditions under 
which electrostatic confinement of the primary electrons is present. In Sec. 3, we consider 
characteristic time-scales describing the primary electrons. In Sec. 4 we find the number 
of “secondary” charged particles produced by the impact ionization of the molecules by 
the primary electrons and show that space-charge effects are very strong at this stage. In 
Sec. 5, we evaluate the volume density of the secondary electrons and conclude that the 
ionization degree, by the time of arrival of the next X-ray pulse, is small, so that the 
interaction of every successive X-ray pulse with the gas is not affected by the 
perturbations created by the previous pulse. In Secs. 6-8 we consider the physics of the 
“afterglow” plasma that is present in the cell between the X-ray pulses. The role of this 
cold recombining plasma in generating quasi-steady, low intensity “afterglow” is 
discussed. Finally, in Sec. 9 we discuss our results in terms of possible modes of 
operation of the gas detector.  

 
2. Electrostatic confinement of the primary electrons  

 
Consider an electric potential created by a bare ion cylinder of a radius r situated 

inside a conducting grounded cylinder of a radius R. This simple model allows us to get 
some insights into the possible significance of space-charge effects: if the resulting 
potential well (for the electrons) is much deeper than their characteristic energy, this 
would mean that the electrons will be bound to the ion core, and we will actually deal 
with a quasineutral plasma. The potential on the axis of a charged cylinder of a radius r is 

 

! 

" = q(1+ 2ln
R

r
) ,      (1) 

 

Fig. 2 A qualitative picture of the time-
dependence of the radiation intensity I, 
arbitrary units. There is a continuous 
background radiation with short spikes 
superimposed on it. The total energy 
radiated between two pulses 
(predominantly recombination radiation) 
can be comparable with the total energy 
radiated in each pulse.  

t 

1/120 s 

~ 50-100 ns 

I 
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where q is the charge per unit length. For the ions formed initially within the radius of the 
X-ray beam, r should be identified with the beam radius. The potential difference 
between the axis and the distance ~ 2r from the axis is  
 

! 

"# = q(1+ 2ln2) $ 2.4q .     (2) 
 

The primary electrons will be confined within the radius ~ 2r  if their energy is less than 
eΔϕ. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The number of the primary ions produced by the X-ray beam per unit length is:  
 

! 

˜ N i
( p )

= n
0
" phNX ,      (3) 

 
where n0 is the neutral gas particle density, σph is the photoionization cross-section for the 
incident X-ray beam, NX is the number of x-ray photons in one pulse, the superscript “p” 
stands for the word “primary”, and we use the “tilde” sign to designate the quantities 
related to a unit length, in particular, 

! 

˜ N i
( p ). So, the potential well for the primary electrons 

will be roughly 
 

! 

U = e"# $ 2e2n
0
% phNx      (4) 

 
(we rounded the numerical coefficient 2.4 in Eq. (2) to 2, to emphasize the qualitative 
nature of our analysis). For reference purposes, the plot of the photo-ionization cross-
section (Ref. 5) is shown in Fig. 3 (right-hand scale). 
 The coefficient n0σph is approximately equal to ε/L, where ε is a fraction of the 
energy lost by the X-ray pulse in the cell, and L is the length of the cell: 
 
   

! 

" #$ phn0L.       (5) 
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Fig. 3 The photoionization cross-section 
σphoto (green curve) and effective cross-
section for the slowing-down of the 
primary photo-electrons in the gas σeff 

(red curve). The initial energy of the 
photoelectrons is assumed to be EX-ΔE.   
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Not to interfere with the downstream experiments with the X-ray beam, the allowed loss 
of X-ray photons in the detector is set at the level of 5 %, maximum [1]. For the 30-cm 
long cell accepted in the current design [1], the condition ε=0.05 corresponds to the dash-
dotted line in Fig. 4. For EX exceeding, roughly, 2 keV, this curve lies above 2 torr, which 
pressure is adopted as the maximum allowable pressure in the detector (not to overburden 
the differential pumping system). The horizontal dashed line near the top of Fig. 4 
corresponds to p= 2 torr.  So, the operational domain of the detector in the (EX, p) plane is 
determined by the condition ε<0.05 at  EX<2 keV, and by the condition p<2 torr at EX>2 
keV [1].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The number of X-ray quanta per pulse is  
 

! 

NX = 6.4 "10
12 Q(mJ)

EX (keV )
.     (6) 

 
The number density of the nitrogen molecules is related to the fill pressure p: 
 
   

! 

n0(cm
"3
) = 3.5 #10

16
p(torr),     (7) 

 
The primary electrons have the energy that is smaller than the X-ray energy by some 
amount ΔE (on average); following Ref. 1, we assume that ΔE = 0.4 keV, roughly 
corresponding to the K-shell energy. In other words, the initial energy of the primary 
electrons is EX - ΔE, and condition for the electrostatic confinement of the primary 
electrons can be represented as U > EX - ΔE. In “practical” units this condition reads as 
(see Eqs. (4), (6), (7)):  

   

! 

p(torr) >
7.5 "10

#21
EX (keV )[EX (keV ) # 0.4]

$ ph (cm
2
)

.  (8) 
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0.2 mJ 

2 mJ 

10 µJ 

p= 2 torr 

Primary electrons are 
electrostatically 
confined above the 
solid curves  

The absorbed fraction 
of X-ray pulse is less 
than 5% below the 
dash-dotted line  

Fig. 4 On the role of the electrostatic 
confinement of the primary electrons. 
The dash-dotted line corresponds to the 
absorption of 5 % of the initial X-ray 
pulse energy. Three solid lines 
correspond to the onset of electrostatic 
confinement for three pulse energies:  
2 mJ (red curve), 0.2 mJ (blue curve), 
and 0.01 mJ (green curve). 
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It is illustrated in Fig. 4.  Note that confining potential Δϕ isolates the primary electrons 
not only from the side walls but also from the end walls (provided they have the same 
potential as the side wall). Figure 4 shows that, for the pulse energy of 2 mJ and the 
pressure determined by the ε=0.05 constraint, the electrostatic confinement of the 
primary electrons occurs for the X-ray energy below, roughly, 2.5 keV. For the 10-times 
smaller pulse energy, the confinement is present for EX<1 keV.  
 Within the time during which the primary electrons produce impact ionization and 
lose their energy (a few nanoseconds under typical conditions, see Sec. 3), the ions are 
not displaced by any significant distance. Therefore, the secondary electrons are also 
confined to the narrow channel.  
 

3. Characteristic spatial and temporal scales for the primary electrons 
 
 The primary electrons, after having been born near the axis of the cell, lose their 
energy on the ionization and excitation. In the course of the energy loss, they also get 
scattered, so that their trajectory is not a straight line. This complex set of processes could 
be roughly characterized by the parameter Deff, the range, of the primary electrons, which 
is basically their 1D penetration depth into the half-space filled with the matter in 
question. For gases, the range is inversely proportional to the particle density n0; it is then 
convenient to introduce the parameter of the dimension of cross-section σeff related to the 
range as 

   

! 

" eff =
1

n
0
Deff

.       (9) 

 
We introduce also the quantity τeff of the dimension of time, which is defined as Deff/v0, 
 

   

! 

" eff =
Deff

v
0

,       (10) 

 
 where v0  is the initial velocity of the electron,  
 
   

! 

v
0

= 2(E
X
"#E) /m  .     (11) 

 
The plot of σeff based on Ref. 6 is shown in Fig. 3 (left-hand scale). Note that σeff is 
roughly 50 – 100 times higher than the photoabsorption cross-section.  
 With axial magnetic field imposed, primary electrons do not reach the side walls 
of the cylindrical cell. They may hit the end walls, if they are not electrostatically 
confined. Depending on the range Deff the smaller or larger fraction of the primary 
electrons leaves the volume before having lost their energy on excitation and ionization. 
When the range is large, the primary electrons are present in the middle section of the cell 
(where the optical detectors are situated), for the time ~L/2v0, where the factor “2” 
accounts for the presence of two ends. [We consider here the situation where the detector 
field of view in the direction along the cell is much smaller than the cell length L.] As the 
primary photo-electrons are born with a relatively small parallel velocity, we suggest to 
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use, as a characteristic axial loss velocity, not v0, but 

! 

v
0
/ 2. With that, we end up with 

the following estimate for the life-time with respect to un-inhibited parallel loss: 
 

   

! 

"
||

=
L

v
0
2

.       (12) 

 
The life-time τ of the primary photoelectrons τ can then be evaluated by means of the 
equation 
 

   

! 

1

"
=
1

"
||

+
1

" eff
       (13) 

 
that accounts for the both loss channels.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The plots of τ||, τeff  and τ are presented in Fig. 5. By its definition, the parallel 
loss time (12) (black dotted line in Fig. 5) does not depend on the gas pressure. The red 
curves for τeff  and τ correspond to the pressure that is determined by Eq. (5) for EX<2 
keV, and p=2 torr for EX>2 keV. The pulse energy for these curves is assumed to be 2 mJ. 
This determines the X-ray energy range for which the electrostatic confinement is 
present. As discussed in Sec. 2, the electrostatic confinement exists (for the assumptions 
regarding the gas pressure that we made) for EX<2.5 keV. In this energy range, the axial 
losses are absent, and τ|| in Eq. (13) should be replaced by infinity. This is why the lower-
energy branch of the τ(EX) curve overlaps with the τeff(EX) curve.  For reference purpose, 
we present also the same set of curves (blue lines) for a significantly smaller pulse 
energy, Q=50 µJ, where there is no electrostatic confinement at any energy. Also, for 
reference purpose, we present curves (green lines) for the case where the pulse energy is 
2 mJ, but the pressure is small, 0.1 torr, over the whole range of X-ray energies. 

The primary electron population in the location of the detector decays with a 
characteristic time τ. As this time is generally quite short, the spatial distribution of the 

Fig. 5 Characteristic times for the primary 
electrons. The black dotted line is the time of the 
(uninhibited) parallel losses τ||. Dashed and solid 
lines depict τeff(EX) and τ(EX), respectively. Red 
(blue) lines correspond to the pulse energy Q=2 mJ 
(Q= 50 µJ) and the pressure determined by 
condition ε=0.05 (Eq. (5)) for EX<2 keV and p=2 
torr for EX>2 keV.  The curves for τeff for the cases 
of Q=2 mJ and Q=50 µJ are the same, and only 
one of them is shown.  Green lines correspond to 
Q=2 mJ and a low pressure of 0.1 torr over the 
whole range of X-ray energies. The low-energy 
peak on green solid line is caused by the effect of 
the electrostatic confinement. Note the change of 
scale for the right part of the dashed green line. 
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ions does not change significantly during this time. In other words, the radial size of the 
ionized column by the time when the primary electrons already gets “communalized” 
with the much denser population of secondary electrons (which initially would have an 
average energy ~ a few electron-volt), would be entirely determined by the spatial 
distribution of the ionizing (primary) electrons, on the background of the resting ions. 
Much later in time, the ion spatial distribution starts to evolve due to diffusion and 
recombination (see below). 
 

4. Space-charge effects for the secondary electrons 
 
 As we have shown in the previous section, the primary electrons exist in the 
detector location within the characteristic time ~10 ns for any realistic choice of the input 
parameters. Beyond this time, we deal with much colder electron population, with a 
characteristic energy E(s) of a few electron-volt (i.e., below the excitation threshold). The 
superscript “s” here and below refers to the secondary particles. For these low-energy 
electrons space-charge effects are quite strong, so that they, together with the ions, form a 
quasineutral plasma.  
 The quasineutrality condition can be formulated based on Eq. (2) and reads as: 
 
   

! 

2e
2 ˜ N 

i

(s)
> E

(s),       (14) 
 
where 

! 

˜ N 
i

(s)is the number of secondary ions produced per unit length of the cell. We use 
the “hat” symbol to designate the quantities related to a unit length. In “practical” units 
this condition becomes: 
 
   

! 

˜ N 
i

(s)
(cm

"1
) > 3.5 #10

6
E

(s)
(eV ) .    (15)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 To estimate 

! 

˜ N 
i

(s) we note that the energy cost of producing one pair by the 
primary electron is Epair~ 50 eV, i.e., higher than the ionization potential for nitrogen, 
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Eq. (14), with 
E(s)=3 eV   
 

Fig. 6 The number of secondary 
ions per unit length of the cell, for 
Q=2 mJ (red curve, left scale) and 
Q=0.01 mJ (blue curve, right 
scale). In both cases, at EX< 2 keV 
a constraint of ε=0.05 is imposed; 
at EX> 2 keV the pressure is 2 torr.  
For the red curve, electrostatic 
confinement of primary electrons 
is important, whereas for the blue 
curve it is absent. Dashed line 
corresponds to the right scale and 
represents condition (14) for E(s)=3 
eV.  
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because the primary electrons lose their energy not only on the ionization but also on the 
excitation of the neutral gas. The fraction of the primary electrons that lose their energy 
in the gas before hitting the walls is 

! 

" /" eff = " || /(" || + " eff ). Therefore, the initial number 
of secondary ions (and electrons) per unit length can be evaluated as 
 

   

! 

˜ N i
(s)

~
n0" ph# ||

# || + # eff

$
EX %&E

E pair

NX .    (16) 

 
 The plot of 

! 

˜ N 
i

(s) vs  EX is shown in Fig. 6 for the following set of numerical 
parameters: Epair=50 eV, and ΔE=0.4 keV. In a broad range of input parameters the 
condition (2) is satisfied, i.e., the initial ionized state is that of a quasineutral plasma. The 
quasineutrality constraint is violated only at a very low pulse energy and high X-raqy 
energy, and/or at a very low gas pressure. 
 Excited states formed during the time τ (a few nanoseconds) decay within the 
time ~50-100 ns [7] and produce UV and visible radiation, i.e., the useful signal. Within 
this radiation decay time no significant spatial redistribution of the excited molecules and 
atoms can take place. In other words, the spatial distribution of this 50-100 ns long 
radiation pulse mimics the initial energy deposition profile by the primary electrons. As 
we will see shortly, this 50-100 ns long pulse is followed by a long afterglow, which is 
caused by a slow recombination of the ionized component.  
 

5. The ion density 
 
 In addition to the linear density of the primary and secondary ions, it is important 
to know also their volumetric densities, ni

(p) and ni
(s). To find the first, we have to divide 

! 

˜ N i
( p ) (Eq. (3)) by the cross-section of the X-ray beam, 

! 

"a
X

2  where aX is the beam radius, 

! 

ni

( p )
= ˜ N i

( p )
/"aX

2 . With respect to the beam radius, we will use the following rough 
extrapolation: 

! 

a
X
(µm) =

460

E
X
(keV )

      (17) 

which approximates reasonably well the beam radius at both low and high energies. 
Collecting Eqs. (3), (6), and (17), we find:  
 

! 

ni
(p )

n0
=1.1"10

15# ph (cm
2
)Q(mJ)    (18) 

 
The significance of this ratio is related to the fact that the rear part of the X-ray pulse 
propagates already through the partially ionized gas, with the ionization degree 
determined by Eq. (18). The absorption coefficient for the rear part is somewhat different 
from that of the front part, which difference, if it was large enough, might affect our 
conclusions. However, as one sees from Eq. (18) and Fig. 3, even at the pulse energy of 2 
mJ and the highest photoabsorption cross-section (corresponding to the X-ray energy of 
0.826 keV), the ratio is in the range of  10-3 and, therefore, negligible.  
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 We now proceed to the evaluation of the density of the secondary plasma. Here 
one has to distinguish between the case of a strong electrostatic confinement of the 
primary electrons (the zone above the red curve in Fig. 4) and the case where there is no 
electrostatic confinement. In the first case, the ionized zone occupies the radius that is 
only by a factor of 2 larger than the X-ray beam radius, a(s)=2aX. Using Eqs. (6), (16), 
and (17), we find that in the first case 
 

! 

ni
(s)
(cm

"3
) = 2.8 #10

14 $

L(cm)

EX "%E

Epair

Q(mJ)    (19) 

 
where ε is defined by Eq. (5). As was explained in Sec. 5, the regime of a strong 
electrostatic confinement corresponds to τ||=∞ in Eq. (16), and we have taken this limit 
when deriving Eq. (19). The plot of ni

(s) is shown in Fig. 7 by red line for ε=0.05, Q=2 
mJ, and for the energy domain EX< 2.5 keV, where, according to Sec. 2, the electrostatic 
confinement is strong. As before, the parameter Epair is taken to be 0.05 keV.  One can 
check that the ionization degree remains smaller than 1 % in all cases.  

If one wants to operate under conditions where there is no electrostatic 
confinement at EX<2.5 keV and Q= 2 mJ, one has to reduce the pressure by a factor of 2-
3 below the red curve in Fig. 4. One may want to do that to avoid non-linear effects in the 
optical/UV output (see Sec. 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

  
In the regimes with no electrostatic confinement of the primary electrons, the 

radius of the ionized column is determined by the gyro-radius of the primary electrons. 
As a representative value, we take simply a(s)= 2 cm. In this regime, one obtains from Eq. 
(16) that 
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Fig. 7 The density of the secondary 
plasma immediately after the end of 
the ionization process (i.e., after ~10 
ns). The red line (left scale) 
corresponds to the regime of 
electrostatic confinement  and 
ε=0.05. The blue lines (right scale) 
correspond to the regimes with no 
electrostatic confinement. Note that 
the left scale is linear, whereas the 
right one is logarithmic.  
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! 

ni
(s)
"
n0# ph$ ||

$ || + $ eff
%
EX &'E

Epair

NX

(a(s)2
    (20) 

 
Using Eqs. (6) and  (7), and substituting a(s)= 2 cm, Epair = 0.05 keV, one can transform 
this equation to 

! 

ni
(s)
(cm

"3
) = 3.57 #10

9
$ ph (10

"20
cm

2
)% ||

% || + % eff
#
EX (keV ) " 0.4

EX (keV )
Q(mJ)p(torr) (21) 

This result is illustrated in Fig. 7, for the domain EX>2.5 keV, by blue curves.  
The ion component of this plasma will consist of molecular ions, N2

+, and atomic 
ions N+; we neglect a small admixture of N2

++. The ratio of the densities of N2
+ and N+ is 

approximately 3 [8, 9]. The composition may be important in the evaluation of the 
recombination rate. The ion temperature stays close to the gas temperature during all the 
times of interest for us. 
 This cold plasma is formed, as we have already mentioned, within 5-10 ns after 
the X-ray pulse. Its decay is determined by two processes:  volumetric recombination and 
diffusion to the walls (where the surface recombination occurs). Some fraction of these 
recombinations gives rise to formation of excited molecular and atomic states, which then 
decay and produce radiation in the same wavelength range as the radiation emitted during 
the first burst. As we shall see, both recombination and diffusion processes take typically 
much longer time than 100 ns (except for the highest ion density case shown in Fig. 7), 
and produce a long afterglow after each X-ray pulse. In most cases, the time-scale for the 
decay of this afterglow is comparable to the pulse-to-pulse interval (1/120 s), so that a 
continuous glow is generated.  
 

6. Electron energy equilibration with the neutral gas 
 
 The collisions with the gas molecules will gradually cool the electrons down. This 
takes time of roughly 

! 

" cooling =
M

m

1

n
0
# e0vTe

 ,    (23) 

 
where m and M are the electron and the molecule mass, respectively, and σe0 is the 
electron-molecule elastic cross-section. Taking as a representative value for the latter   
10-15 cm2, we find that 

! 

" cool (s) ~
2.4 #10

$5

p(torr) Te (eV )
.    (23) 

 
For p ~ 1 torr, the cooling from Te ~ 3 eV to Te ~ 1 eV takes ~ 10-5 s, whereas cooling 
down from 1/20 eV to 1/40 eV (room temperature) takes ~ 10-4 s, i.e., the cooling down 
occurs well within the inter-pulse time interval.  
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7. Volumetric recombination 
 
 For the  molecular ions, the  recombination process will be dominated by the  
dissociative recombination. According to Refs. [10, 11, 12], this time can be roughly 
evaluated as   
 

! 

" 2(s) =
3#10

6

n
i

(s)
(cm

$3
)
.     (24) 

 
This time can become comparable to the radiative decay time at the highest ion densities 
– those corresponding to the case of electrostatic confinement. Indeed for the ion density 
of  3×1013 cm-3 (see Sec. 6), the dissociation recombination time becomes of order of 100 
ns.   Dissociative recombination may be accompanied by formation of excited atomic 
states, whose radiative decay would contribute to the UV-optical radiation signal. As our 
capability to make quantitative predictions of the processes involved is very limited, one 
may think that the regimes of a strong electrostatic confinement should be avoided, by 
reducing the gas pressure (see Sec. 2).  
 If one considers regimes where there is no electrostatic confinement, the 
recombination time becomes much longer. For example, for the density of 108 cm-3, this 
time is ~ 0.03 s and exceeds pulse-to-pulse interval. 

For the atomic ions there is, obviously, no dissociative recombination. The 
radiative recombination is slow [13]: 

 

    

! 

"
r
(s) =

3.7 #10
12

T
e
(eV )

n
e
(cm

$3
)

    (25) 

 
The 3-body recombination time at room temperature, (1/40) eV, with the 3rd body being 
another electron, is [13]: 
 

    

! 

"
3
(s) =

7 #10
18

[n
i
(cm

$3
)]
2

.     (26) 

 
For the ion density of 108 cm-3, this time is orders of magnitude longer then the distance 
between the pulses.  

The faster way for atomic ions to recombine may be multi-stage processes. In 
particular, one can expect a relatively high rate of the 3-particle process of the type 
N2+N++N2→N3

++N2, (see Eq. (172) in Ref. 14) with the subsequent dissociative 
recombination of the molecular ion. However, the kinetics of the processes involved is 
not known in sufficient detail and it is difficult at this point to make any reliable 
estimates. There are dozens of relevant processes with participation of ions, atoms, and 
molecules that may affect the state of the secondary plasma. Additional complexities to 
the “chemistry” of the secondary plasma may come from the formation of the negative 
nitrogen ions N2

-. Developing a complete picture of the processes occurring in the 
afterglow plasma would require significant efforts. 
 



 

13 

8. Ambipolar diffusion 
 
In the cases where volumetric recombination is slow, the ionized state will decay 

by the diffusion of the ions to the walls and the surface recombination. This diffusion will 
occur at a rate determined by the ion mean-free path λi with respect to elastic scattering 
on the neutrals and charge exchange process. As a representative value of this mean free 
path we take the following estimate: 

 

! 

"i(cm) ~
10

#2

p(torr)
     (22) 

 
The diffusion coefficient at room temperature will then be (for nitrogen) 
 

! 

D(cm
2
/s) ~

200

p(torr)
        (23) 

 
For a cylinder of a radius R, the diffusion time to the walls can be evaluated as 
 

! 

" diff ~
R
2

6D
      (24) 

 
or, in “practical” units, 
 

! 

" diff (s) ~ 10
#3
[R(cm)]

2
p(torr)    (25) 

 
For the expected range of pressures in the gas cell, the diffusion time is typically 
comparable with the distance between the successive pulses at 120 Hz rep rate. This 
means that there will be a continuous presence of the ionized component in the cell 
(unless the recombination is fast enough). The time of the gas replacement in the cell due 
to the continuous outflow through the 3-mm diameter end apertures for the assumed 
radius of the cell R=3 cm and L=30 cm is of the order of τflow~0.2 s, much longer than 
1/120 s separation between the pulses.  
 In the presence of the axial magnetic field, the gyroradius 

! 

"
e
 of the secondary 

electrons will be small: after they cool down to the room temperature, it will be ~ 30 µm 
for the magnetic field of 200 G. This is much less than the electron mean free path at the 
gas densities of interest in our problem. The electron cross-field diffusion coefficient De 
will then be of order of 

! 

"
e

2
v
Te
/#

e
 and may be significantly less than the ion diffusion 

coefficient (23), especially at lower gas densities. Then, due to the quasineutrality 
constraint, the radial diffusion may slow down. Regimes where the quasineutrality will be 
sustained due to parallel electron diffusion may become possible. We leave a more 
detailed analysis of these processes for the future work.  
 The interplay between the volumetric recombination and radial diffusion is 
important for the following reason. The charged particles that reach the wall, experience 
the surface recombination which, generally speaking, leads to formation of excited states 
of neutral particles; radiative decay of these states then leads to an additional contribution 
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to the quasi-steady-state radiation flux that would now come from the vicinity of  the 
walls. This radiation source has obviously a different (from volumetric recombination) 
spatial distribution and may have also different spectrum. So, the correct interpretation of 
the afterglow requires the knowledge of the relative contribution of these two radiation 
sources. The previous sections provide initial material needed for such an assessment. 
 In the situation where the time for the cell to be cleared of the ionization is much 
longer than the time between the x-ray pulses, the density of the afterglow plasma will be 
determined by the average (over many pulses) source term vs the decay term. In 
principle, this afterglow can be used to measure the average (over many pulses) energy of 
the pulses.  
 Of some concern may be chemical reactions with the wall material in the course 
of the surface recombination. This recombination may lead to formation of various 
chemical compounds made of the wall material and nitrogen. In the worst-case scenario, 
every ion impinging the wall would produce one molecule of such a compound (we will 
call these molecules “impurity molecules”). The number of ions produced per unit time 
per unit length is 

! 

˜ N i
(s)

f , where f=120 s-1 is the repetition rate of X-ray pulses. Therefore, 
in the worst-case scenario, the number density of the molecules constantly present in the 
volume will be 

! 

˜ N i
(s)

f" flow /#R
2. Taking 

! 

˜ N 
i

(s)
~ 10

11, one finds that the volume density of 
impurities will be ~ 1011 cm-3. This is significantly less than the density of the nitrogen 
molecules and would probably have no effect on the radiation processes.  
 Of some concern may be slow (within months of operation) erosion of the 
detector walls. Another concern is the presence of impurities in the exhaust system. Still, 
their amount is quite small and, in addition, one can control their composition by 
selecting the wall material.  
 

9. Discussion. 
 
 At high pulse energy, Q~2 mJ, and low X-ray energy, EX<2.5 keV, space-charge 
effects can confine primary electrons within the beam aperture. Then, the excited states 
are also formed in this narrow paraxial zone, thereby creating a very well defined 
radiation geometry. Another advantage of electron confinement is related to reduced 
electron end-loss (as the potential well is formed in the axial direction, too), Both these 
factors lead to increased detector signal. In extreme case of very high plasma density in 
the ionized channel, additional contribution to the useful signal may come from radiative 
decay of the excited states formed via recombination process.  

One can extend this confinement regime towards higher X-ray energies by 
operating the cell at fill pressures higher than 2 torr, provided the differential pumping 
system could operate at these higher pressures.  

A disadvantage of this mode is its possible non-linearity in the regimes where 
electrostatic confinement is marginal, in particular, at the higher X-ray energies 
approaching 2.5 keV. Here, the change of the pulse energy from, say, 2 mJ to 0.7 mJ, 
would lead to the loss of confinement of the primary electrons, large expansion of the 
radiation zone, and change of the optical collection efficiency. At highest plasma density, 
the non-linearity may also come from the contribution of the recombination process.  

Still, in the domain of EX<1.5 keV, the confinement is quite robust, and the 3-fold 
change of the pulse energy will not affect it. Also, in this regime, the density of the 
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secondary plasma is below 1.5×1013 cm-3, so that recombination during the optical pulse 
is less significant.  

In the regimes where the electrostatic confinement of the primary electrons is 
absent, the visible/UV output during the first 100 ns burst is a linear function of the pulse 
energy Q, at given values of X-ray energy EX and fill pressure p.   This conclusion is 
based on two observations: 1) In the absence of the electrostatic confinement of the 
primary electrons, the spatial distribution of excitation does not depend on the pulse 
energy; 2) The density of both primary and secondary plasmas in this regime is low 
enough not to create a nonlinear contribution to the radiation or to interfere with the 
processes occurring during subsequent pulses. The linearity of the output vs Q could be 
of a significant help in the calibration process of the photoluminescence cell.  

The afterglow signal, integrated over the distance between the pulses may be as 
large as the main pulse. It may contain contribution of the recombination radiation from 
the volume of the cell and from the walls. The ratio of the two is determined by the 
relative role of the ambipolar diffusion and volumetric recombination, as well as the 
chemical composition of the walls.  

In this report, we have not discussed the role of various unwanted contributions to 
the detected signal, in particular, the contribution of the scattered X-ray (the scattering 
occurs with a cross-section of the order of Thomson cross-section). This process is 
relatively inefficient at the lower energies of X rays (0.8 – 2.5 keV) but may become 
significant at the higher energies ~ 8 keV. In principle, at these higher energies it can be 
used as a main process for evaluating the pulse energy.  
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