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Abstract. Experimental Stark-broadening studies of the NT multiplet (D)3s 2D — (*D)3p *P° are reported.
Line shape measurements were performed using a wall-stabilized arc operated at atmospheric pressure in
helium with small amounts of nitrogen and hydrogen. The radiation of the plasma emitted from nearly
homogeneous plasma layers in end-on direction was measured using a grating spectrometer equipped with
a charge-coupled device (CCD) detector. The arc current was varied from 35 to 50 A in order to obtain
different plasma conditions (electron densities and temperatures). The so-called j(z) profiles of Griem,
convoluted with the corresponding Doppler and apparatus profiles were fitted to the experimental data

sets. In this way the Stark broadening parameters: the electron impact shifts (

d.) and widths (w.) as well

as ion-broadening asymmetry (A) for the investigated NI multiplet have been determined.

PACS. 32.70.Jz Line shapes, widths, and shifts — 52.70.Kz Optical (ultraviolet, visible, infrared)

measurements

1 Introduction

Measurements of Stark-broadening and shift parameters
of spectral lines provide very useful information applicable
for plasma diagnostics. According to the Stark-broadening
theory e.g. [1-5], the shapes and shifts of isolated lines of
non-hydrogenic neutral atoms are mainly determined by
impacts of electrons with radiating atoms, and — to a
much smaller extent — by the electric microfields gener-
ated by plasma ions. Electron collisions produce a sym-
metrical and shifted profile of the Lorentzian type, while
the ions cause asymmetries as well as contribute somewhat
to the width and shift of the profile.

Shapes of spectral lines yield e.g. information on im-
portant plasma parameters as the electron density, the
heavy particle (gas) temperatures and the radiation trans-
port in stellar atmospheres as well as in technical plasmas.
As a consequence of the linear Stark effect, the broadening
of spectral lines of hydrogen and hydrogen-like ions play
an outstanding role in plasma diagnostics. The widths of
hydrogen Balmer lines (especially the Hg line) in the vis-
ible part of spectrum are widely used for determination
of electron densities in low temperature plasmas. In the
case of plasmas where hydrogen is not present or unde-
sirable, non-hydrogenic lines are often applied for diag-
nostics purposes. In the visible and UV wavelength range
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the widths of non-hydrogenic lines are usually significantly
smaller in comparison to the widths of lines of the Balmer
series. On the other hand the widths of non-hydrogenic
transitions depend nearly linearly on electron density, i.e.
stronger than the widths of hydrogen transitions. However
some particular non-hydrogenic lines exhibit an anoma-
lous strong Stark-broadening and therefore may be very
useful in plasma studies. Nitrogen atoms deserve substan-
tial interest in this context, because some NI lines (their
widths) may be easily applied as a measure of electron
density. Nevertheless broadening, shift and asymmetry
data for NI transitions are rather scarce. Therefore in this
work we report such investigations for the NI multiplet 3s’
2D — 3p’ 2P°. This transition, appearing in the red part
of the spectrum and exhibiting large spectral intensity,
occurs at excited atomic core leading to the parent term
2522p?(1D). The anomalous strong broadening of this mul-
tiplet has been demonstrated in [6] and the width of one of
the fine structure component has been recently calibrated
for No.—determination [7]. This well isolated multiplet, con-
sists of three fine structure components due to transitions
between levels (J;— 5K2 3/2,3/2—3/2,and 3/2—1/2,
at wavelengths 7898 98 7899.28 A and 7915.42 A, re-
spectively. The corresponding transition probablhtles are
2.82 x 107 571, 3.28 x 10° s7! and 3.13 x 107 s~! [8].
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Fig. 1. The scheme of the experimental set-up. 1 & 2 — arc
and radiometric standard sources; 3 & 4 — concave mirrors;
5 — turnable flat mirror; 6 — spectrometer; 7 — OMA detector;
8 — computer; 9 — spectral filter.

2 Experiment
2.1 Plasma source and experimental procedure

Our experimental set-up is described in details e.g.
in [9,10] therefore we restrict the following discussion to
only a few essential remarks being relevant to the present
investigation. A wall-stabilized arc with the channel di-
ameter of 4 mm and the length of 70 mm was applied
as the excitation source for atomic nitrogen. The arc was
operated at atmospheric pressure and at various currents
between 35 and 50 amperes. The central part of the arc
column was operated in a mixture of helium, nitrogen and
hydrogen (93%, 5%, 2% by volume respectively). The re-
gions close to both electrodes were supplied with very
small amount of argon in order to improve the stability
of the discharge. The arc plasma reveals cylindrical sym-
metry with rather weak radial electron density and tem-
perature gradients close to the arc axis.

Figure 1 shows the scheme of our experimental set-up.
The radiation emerging from the arc (1) was imaged onto
the 20 pm wide entrance slit of the grating spectrometer
PGS2 (6) using the concave mirror (4) with a large focal
length (f = 730 mm). In order to restrict the collection
angle of the light emitted from the arc a diaphragm of the
diameter of ¢ = 12 mm was placed in front of the concave
mirror (4). This restriction ensures that only the radia-
tion emitted nearly parallel to the arc axis (homogeneous
plasma layers) is forming the arc image on the slit and thus
assuring the required resolution in the plane perpendicu-
lar to the arc axis. The whole optical imaging system pro-
vides conditions for observing radiation originating from
well-defined nearly homogeneous plasma layers of the arc
column. Measuring the ratio between the FWHM and the
peak separation of Hg line the homogeneity of individual
plasma layers was controlled. The radiation was detected
by using a two-dimensional optical multichannel analyzer
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OMAA4 (7) with regular pixel gaps of 0.019 mm. A reflec-
tion grating with 1300 grooves/mm blazed at 5500 A was
applied, yielding at the exit focal plane of the spectrom-
eter reciprocal dispersions of 0.060 and 0.067 A/ pixel for
the nitrogen multiplet and Hg line respectively. Suitable
filters (9) were placed in front of the entrance slit (see
Fig. 1) in order to block the radiation below A = 3250 A
and A = 6000 A for measurements of the Hg and NI mul-
tiplet respectively. In this way we avoid possible interfer-
ence of higher diffraction orders on the measured spectra
around the Hg and the studied NI spectrum.

The technique of self-absorption checks of the plasma
applied in this work is described in detail e.g. in our pre-
vious paper [10]. The radiation emerging from the plasma
column in the direction opposite to the spectrometer was
reflected back by the concave mirror (3) forming an arc
image in its own volume and thus almost doubling the
measured intensities — see Figure 1. Comparison of spec-
tra recorded with and without back-reflection confirms
that self-absorption of radiation was negligibly even for
the strongest lines of interest (spectral intensities reached
only 0.8% of the Planck function value at the plasma tem-
perature). The measured light outputs from the arc were
calibrated against corresponding signals measured from a
tungsten strip radiation standard (2). For each studied
plasma layer and arc current at least three independent
expositions of the OMA analyzer have been performed.
Then the corresponding spectra were averaged. In further
steps of the data reduction we have worked out these av-
eraged spectra.

At our plasma conditions the Stark effect is the dom-
inant broadening process, however other line-broadening
mechanisms must be also considered. In our case these are
the instrumental and the Doppler broadening. The appa-
ratus profile was determined applying a low-pressure dis-
charge in hydrogen of a Pliicker type. The shape of the ap-
paratus profile could be well approximated by a Gaussian
profile and its full width at half maximum was measured
to be 0.12 A. The Pliicker tube ran in krypton was used
also as standard source for wavelength calibration of the
measured spectra.

2.2 Plasma diagnostics

For determination of Stark-broadening parameters the
knowledge of the temperature and electron density is
necessary.

The electron temperature was determined by apply-
ing the Boltzmann plot method from intensity ratios of
two NI lines: one of the fine structure being studied at
7915.42 A and the NI spectral transition at 8680.28 A.
The excitation energy gap of these lines is 2.16 eV, which
is sufficient for evaluation of plasma temperatures of the
order of 1 eV. The atomic transition probability data of
Wiese et al. [8] were used for evaluation of the temper-
ature. In this way for different arc currents and various
selected plasma layers, temperatures from the range be-
tween 9200 and 13600 K have been determined. For this
temperature interval the corresponding Doppler widths
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(full-widths at half maximum) are of the order of 0.2 A
for the studied NI multiplet and 0.3 A for the Hp line. We
assumed that the gas temperature is nearly the same as
the electron (excitation) temperature. Such assumption is
justified for arc discharges at atmospheric pressure. The
uncertainty of our temperature determination we estimate
to be about £800 K.

The electron density (N,) was obtained by determining
the Stark widths of the hydrogen Hg line. The contribu-
tions originating from Doppler and instrumental broaden-
ing have been subtracted from directly measured FWHM
of this line. For IV, evaluations the theoretical broadening
data of Gigosos and Cardenioso [11] were applied. In this
manner electron densities for different arc currents and se-
lected plasma layers from 1.2x 106 to 2.1x10'® cm™3 have
been determined. This standard spectroscopic method of
electron density determination yields results for which the
typical uncertainty limits do not exceed 10 percent.

3 Analysis of the spectra and data reduction

The aim of this paper was to provide experimental data
on Stark-broadening of the NI 3s’ 2D — 3p’ 2P° multi-
plet. As an example, in Figure 2a we present the studied
NI spectrum in the wavelength range 7880-7940 A, to-
gether with the corresponding reference signal from the
standard source. From both measured light outputs only
the dark currents have been subtracted. Two of the NI
fine structure components are very close in wavelength
(the distance between them is only 0.3 A) and thus they
appear as a single spectral feature. As can be seen, the
studied multiplet shape and the standard source spectrum
are superimposed by a significant and regular interference
pattern with amplitude proportional to the light intensity.
In order to release the spectrum from this interference pat-
tern, the directly recorded spectra were filtered applying
the Fourier transform technique. The details of the pro-
cedure are described in [9]. The resulting smoothed spec-
trum is shown in Figure 2b. After applying the smooth-
ing procedure the measured arc signals were calibrated
against the corresponding light outputs of the standard
source.

In Figure 2c the spectrum taken after closing the ni-
trogen supply into the discharge volume is shown. The
recordings shown in Figures 2a and 2c are presented in the
same intensity scale. In Figure 2c¢ the nitrogen multiplet
appears only as a very weak feature due to remnants of
nitrogen in the arc. Besides the weak NI lines, two narrow
argon transitions at wavelengths 7891.077 and 7935.8 A
appear in the spectrum, due to traces of argon in the arc
regions close to both electrodes. The line at 7935.8 A orig-
inates definitely from argon — the line has been detected
also in our Pliicker tube ran in argon atmosphere. However
this line is not listed in any argon wavelength tables avail-
able to us. Close to the classified Arl line (A = 7891.077 A)
an unidentified transition at A\ = 7886.2 A appears. The
comparison of spectra measured with and without nitro-
gen supply clearly shows that the wavelength positions

267

]
T

Counts /10*
i

NI 5/2-3/2
NI 3/2-3/2

NI 3/2-1/2
Counts of standard source / 10*

b)
2
T et -
S5
£
(]
~ 4+ 4
P
‘@
C
[0
2 2 ]
012+ 5 ) g
c) £ N i
5 S == - 5
5 010F 8 3 89 S < A
-~ < N o < @
-~ 2 - o w ©
[2) = < RR > @
5 I zz c R
oo o = .
o 3 ‘
©
0.06 - q
7880 7890 7900 7910 7920 7930 7940
Wavelength / A

Fig. 2. An example of our spectral recordings for studies of the
NI multiplet, illustrating the reduction of experimental data:
(a) directly measured signals from the arc discharge and from
the radiometric standard source (upper trace). The fractions
listed below the two broaden peaks are the corresponding to-
tal momentum quantum numbers J; — J,, characterizing the
individual fine structure components. (b) The NI spectrum cal-
ibrated against the standard source signal and after applying
the smoothing procedure (Fourier transform technique). The
dashed line represents the continuum level. (¢) The spectrum
in the same wavelength range recorded after blocking the ni-
trogen gas supply into the arc (displayed in the same intensity
units as in part a). Except the declining NI transitions three
weak disturbing lines appear — two Arl lines and one uniden-
tified transition. For details see the text.

of the NI lines differ significantly. This observation indi-
cates that the main contribution to the electron density
originates from ionization of nitrogen atoms in the he-
lium plasma environment. The shifts of nitrogen transi-
tions (also of the impurity lines) are usually of the order
of the half-widths of the lines. At higher electron density
conditions these impurity lines are expected to be much
broader and thus — though very weak in comparison to
the nitrogen multiplet — they may cause an enhancement
of the blue wing of the studied NI multiplet.



268

7 — . . . . .
Ne=2.1x10"® cm™
6 / b
Ne=1.9x10" cm™
@ 5t N.=1.6x10"® cm E
5 <
g 4r 5 1
g 5
2z 3} 3R ]
£ 2+ \ \ i
1k
ok i
7880 7890 7900 7910 7920 7930 7940
Wavelength / A

Fig. 3. Measured profiles of the NI multiplet at three different
electron densities. Clearly seen are the trends of the broaden-
ing, shift and asymmetry of the studied spectrum. The two
arrows are marking the non-shifted positions of the two dis-
turbing lines on the blue wing of the studied multiplet.

As above mentioned our NI multiplet shape stud-
ies have been performed at different plasma conditions.
Three selected profiles recorded at different electron den-
sities and temperatures, after applying the smoothing
procedure, are compared in Figure 3. As can be seen
the observed line profiles are significantly broadened and
exhibit large shifts increasing with growing electron den-
sity. Very strong asymmetry, which decreases slightly with
increasing electron density, is also apparent. The non-
shifted positions of two lines on the blue wing of the
NI multiplet are marked with two arrows. The Stark-
broadening, shift and asymmetry parameters of the Arl
transition at wavelength 7891.077 A are listed in Griem’s
monograph [1]. For our experimental conditions the shifts
of this line are expected to be between 0.39 and 0.66 A,
while the FWHM are from 1.3 to 2.5 A for the lowest and
highest electron density respectively.

4 Description of theoretical background
and the fitting procedure

The line profiles are primarily broadened by collision with
fast moving electrons. These interactions lead to shifted
Lorentzian-like line shapes. Nevertheless, in the case of
non-hydrogenic isolated neutral atom lines, the broaden-
ing caused by interactions with ions is not negligible. Col-
lisions with ions lead to some additional broadening and
cause an asymmetry of the profile, enhancing the line wing
which complys with the shift direction. These asymmet-
rical profiles can be described by an asymmetric function
of the j(x) type, introduced by Griem et al. [12] for de-
scription of helium line shapes. Later this approach was
used by Griem [13] to calculate spectral line shapes for few
other elements. The j(x) function depends on the reduced
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wavelength unit (z) as:

j@l/“ W,(8)ds

: T Jo 1+ (x— AY3p2)2°
Here x is the reduced wavelength, and is given by:

A=A\ —d.
r=""""r
We

(2)

where A is the wavelength, ); is the wavelength of the
unperturbed fine structure component, d. is the electron
impact shift and w, is electron impact width (half-half
width). The ion broadening parameter (A) is defined e.g.
in [1], assuming that the splitting into sublevels with
different magnetic quantum numbers is negligibly small.
From this definition follows that A is proportional to N /4,
The function W, (5) is the probability density for the elec-
tric microfield of the plasma in reduced field strength
scale § = F/Fy, where Fy = eg/R2 is the Holtzmark
normal field strength and Ry is the distance defined by
the relationship (4/15)(27)%/2RE N, = 1, which is approx-
imately equal to the inter-ionic distance in the plasma.
The parameter p is defined as the ratio p = Ro/D =
61/3771/660N61/6(kT)’1/2, where D is electronic Debye ra-
dius. At our experimental conditions the density of ions
with a charge Q > +2e is negligibly small in comparison to
the density of singly ionized atoms. Therefore in our calcu-
lations we used the function W, () at a neutral point (in
the plasma) produced by singly charged perturbers and
for § in the range 0 < 8 < 51, evaluated by Halenka [15].

Under our experimental conditions the contributions
from the instrumental and Doppler broadening to the re-
sulting line widths are not negligible. The instrumental
and Doppler corrections are typical of the order of 2.5%
of the measured FWHM for the higher, and 6% for the
lower electron density conditions. As already mentioned
the instrumental profile could be well approximated with a
Gaussian profile, with the FWHM A\ /2 As well-known,

the Doppler broadening is also described by a Gaussian
profile with the Doppler width of A\p = (N\;/c)\/2kT /m
(all symbols are conventional). In this case the convolu-
tion of instrumental and Doppler broadening leads also to
a Gaussian shape, which in the reduced wavelength scale x
is given by:

oo P(—((wez + de) /AN, (3)

where

Ao = /(AN ,/2VIn2)? + (Ap)? (4)

is the half width of the profile P(z) on the hight 1/e of its
maximum.

In order to determine the Stark-parameters (broad-
ening, shift and asymmetry) characterizing the shape of
the individual fine structure component, we have assumed
that the electron broadening (w.), the electron impact-
shift (d.) as well as the asymmetry parameters (A) are
the same for all three components. The non-shifted wave-
lengths in equation (2) (A\; = 7898.98 A, \, = 7899.28 A,
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and A3 = 7915.42 A) and the intensity fractions of the
individual fine structure components (I; = 0.5991, I> =
0.0691y, Is = 0.332Iy), with Iy being the multiplet in-
tensity factor, have been taken from [8]. The intensity of
the continuum has been approximated by a linear func-
tion I. = ax + b. At the above assumptions, the measured
intensity was approximated by the following function:

term

J(@)=1Io Y Lji(x') Pz — ') + az + . (5)
l

Each experimental spectrum (for fixed N, and T') has been
fitted by the above described function. The free fitting
parameters were:

— the Stark shape characteristics we, de, A;

— two parameters for the description of the continuum a
and b;

— the multiplet intensity factor I,.

5 Results and discussion

In Figure 4, we present the results of our fitting procedure
for one selected plasma condition N, = 2.0 x 10'¢ cm =3,
T = 13000 K. In the upper part (a) of this figure the exper-
imental data (solid line) are compared with the resulting
theoretical profile of the whole multiplet (short-dash line).
The dashed line on the bottom represents the continuum
level. Similarly as in Figure 3, the non-shifted wavelength
positions of the two disturbing lines appearing on the blue
wing of the NI transition are shown. As above mentioned
the expected shift of the Arl transition at this particular
plasma condition is about 0.7 A, i.e. significantly less than
the shift of the studied NI multiplet. The FWHM of the
Arl line is expected to be about 2 A. The disagreement
between the fitted profile and the experimental results on
the blue wing may be, at least partly, caused by the con-
tribution originating from these two broad transitions. In
Figure 4b the profiles of the three individual fine structure
components, after subtraction of the background contin-
uum, are shown.

According to the Stark-broadening theory the elec-
tron broadening parameter (w.) and the electron-impact
shift (d.) are linear functions of the electron density of
the plasma. In Figure 5, we plot these two fitting param-
eters obtained from the analysis of all our experimental
data. The rather weak scatter of the measuring points
seems to confirm the correctness of our fitting procedure.
The determined electron impact widths are in the range
from about 1.4 to 2.9, i.e. correspond satisfactorily with
the electron density range (1.2 x 10'6 + 2.1 x 10'® cm—3)
obtained from our diagnostic procedure based on mea-
surements of the FWHM of the Hg transition. The ratios
between the respective boundary values are 2.07 and 1.75.
This disagreement is not surprising since the electron im-
pact width increases somewhat with raising temperature.
In the case of our plasma source higher temperature con-
ditions correspond to higher N,-values. On the other hand
the electron-impact shifts are in the range form 0.8 to 2.7,
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Fig. 4. Comparison of measured and fitted NI profiles at
the following plasma conditions: N. = 2 x 10'® em™® and
T = 13000 K: (a) comparison of the measured (solid line)
and the fitted profile (short-dash line). The dashed line rep-
resents the continuum level, while the arrows are showing the
non-shifted positions of the disturbing lines, (b) the fitted pro-
file decomposed into the three fine structure components, after
subtracting the continuum background.
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Fig. 5. The plot of two fitting parameters — the electron
impact-shift (de) versus the electron impact-width (w.), indi-

cating similar dependence on our main plasma conditions Ne
and T'.
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Fig. 6. The normalized (to the standard electron density value
of Ne = 10" ¢cm™?) electron impact widths (linear scale) as
a function of the plasma temperature (logarithmic scale). The
vertical error bars are obtained by taking into account the un-
certainties of electron density determination. A clear trend is
apparent — the normalized electron impact width increases
with increasing temperature.

i.e. exceeding significantly the range expected from the N,
interval, indicating that the electron impact-shift depends
strongly on temperature. Detailed analysis of the uncer-
tainty of our measurements and fitting procedure, per-
formed on the basis of individually recorded spectra at
the same plasma conditions, reveals that the scatter of
the parameters d. and A was systematically larger than
for the parameter w,. Standard deviations of individual
measurements were calculated. These standard deviations
averaged over the whole set of fitting results (Az; st/%i)n
are equal to 5%, 11% and 15% for the parameters we, d,
and A, respectively. Therefore our electron impact-shifts
and asymmetry results have to be regarded as being less
reliable as our data concerning the broadening parame-
ter. One possible reason of this larger uncertainty is that
the asymmetry parameter (A) contribute to the evaluated
line width as well as to the total line shift and thus the
statistical uncertainty of the determination of this param-
eter may influence the respective uncertainties of the we
and d. determination.

As above-mentioned the asymmetry parameter (A)

scales with the electron density of the plasma as Ng / 4,
while the other parameters — the electron impact
width (w,) and the electron impact-shift (d.) depend lin-
early on N.. In order to compare our experimental data,
determined at different electron densities, we have reduced
our results to the so-called normalized (standard) electron
density of 10'® cm™3. In Figure 6 the normalized electron
impact widths (w,.) are plotted (in semi-logarithmic scale)
against the temperature of the plasma. A clear tendency
is apparent — the width is increasing with the plasma
temperature. In Figure 7 the normalized d. and A fitting
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Fig. 7. The normalized (to the standard electron density

value of N. = 10'® cm™3) electron impact shifts (left-hand lin-
ear scale) and asymmetry parameters (right-hand linear scale),
both versus the plasma temperature (logarithmic scale). The
vertical error bars are obtained by taking into account the
uncertainties of electron density determination. With respect
to temperature dependence the two Stark-broadening parame-
ters d. and A clearly show opposite trends. The characteristic
scatter of the measuring points indicates that fittings of similar
quality may be obtained for different pairs of these two fitting
parameters.

parameters are shown as a function of the temperature of
the plasma, again in semi-logarithmic scale. The electron
impact-shift slightly increases, while the asymmetry pa-
rameter decreases with increasing N.. Both observations
are not surprising since such behavior is rather typical for
isolated NT transitions quoted in [1]. In the last two figures
(Figs. 6 and 7) typical error bars are shown for always two
measuring points. The uncertainty of normalized w,. val-
ues does not exceed 13%, but the uncertainties of the d,
and A parameters are larger reaching about 20%.

6 Conclusions

Stark-broadening parameters: electron impact widths
(we), electron impact shifts (d.) and asymmetry param-
eters (A) of fine structure components of the NI multi-
plet (1D)3s 2D — (1D)3p 2P° have been experimentally de-
termined. Measurements have been performed at electron
densities of the plasma varying from N, = 1.2x 10*® cm™3
to N. = 2.1 x 10'® ¢cm ™3, applying an arc discharge in a
helium-nitrogen mixture. The main plasma parameters,
crucial for the interpretation of the measured broaden-
ing data of the NI multiplet — the electron density and
temperature of the plasma, have been obtained apply-
ing standard spectroscopical techniques (Hg broadening,
Boltzmann plot method). The studied NI multiplet ex-
hibits anomalous strong broadening, shift and asymmetry
if compared to majority of NI transitions in the visible
and ultraviolet part of the spectrum.
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