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Abstract. For the UV OH band at 306.357 nm (transition A%, v = 0 — X2I1, v’ = 0) that
is frequently observed in hot gases containing oxygen and hydrogen (flames, arc plasmas), a
very sensitive variation of two groups of unresolved rotational lines as a function of the
temperature has been found. Using a numerical simulation, this variation has been calibrated
as a function of the temperature and of the optical apparatus function. This calibration allows
us to easily determine the rotational temperature without computing any line intensity.

1. Introduction

Molecular spectra [1] can successfully give information in
the temperature range 2000-8000 K where atomic spectra
are not strong enough to ensure a good sensitivity [2]. To
determine the rotational temperature of a diatomic gas, that
is generally close to its heavy species kinetic temperature, a
possible method is the well known Boltzmann plot, assuming
a rather high resolution optical device is available to resolve
rotational lines. On the other hand—and it is most frequently
the case with in situ industrial studies—molecular spectra
are recorded with a poor spectral resolution that does not
allow the observation of the resolved rotational lines. In
this case, it is useful to compare experimental data with a
computed synthetic spectrum that takes into account both
the temperature and the optical apparatus function effects
[3]. However, the comparison of experimental data with a
synthetic molecular spectrum is often difficult to perform
and previous published works do not give precise details of
the fitting procedure employed. In addition, to determine the
temperature, most authors deal with intensities of unresolved
groups of rotational lines supposing the definition of a given
spectral range. In this work, from a numerical simulation
of the UV OH spectrum and an original normalization of the
synthetic spectra, it has been possible to produce a calibration
of the maximum amplitude of two groups of unresolved
rotational lines, which are very sensitive, as a function of
the temperature.

2. The UV OH spectrum

2.1. Generalities

The intensity I,, of a spectral line corresponding to a
transition (n — m) between two levels is given by

L = NnAnthnm (1)
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where & is Planck’s constant, v,, the frequency of the
transition, A,,, the spontaneous transition probability and
N, the particle density in the initial state |n). A simple
thermodynamics model commonly employed, giving N, as
a function of the temperature 7, may be found, assuming
thermodynamics equilibrium and Boltzmann’s law

B Nogn _&
M= exp( kT) ®)

where k is the Boltzmann constant, N, the particle density,
Z(T) the partition function of the particle, g, and E, the
statistical weight and the energy of the state |n), respectively.
From equations (1) and (2), another expression of I,,, is

Kilm En
Inm = ex ——— 3
Z(T) p( kT )
where K,,, = NoAumgnhvu., is a constant for a given
transition (n — m).

In the case when 1, is known for a given temperature
Tret (Lym,, 1s taken for reference), we can write:

Z (Tt E, (Tt —T
b = T T exp (L0 2D )
2 Tl

At least, it is important to emphasize that the general
procedure of temperature measurements from molecular
band spectra does not need to consider absolute values of
light intensities. Since, most of the time, experimental data
are relative values, we can consider only theoretical relative
values, as given in equation (4).

2.2. The UV OH spectrum

The OH UV spectrum is frequently observed in many kinds
of flames and hot gases containing oxygen and hydrogen.
In addition, the rotational temperature of the OH radical
is close to the gas temperature [3], i.e. to the temperature

1697



C de Izarra

1000 -

800 -

600 -

400 —

(arbitrary unit)

ref

“ A (nm)

] H’
0 W ‘\
6 3

301 07

) L]

8

309 310 311

Figure 1. Plot of the rotational lines of OH spectrum represented as Dirac impulses for the reference temperature T;r = 3000 K. Reference

data are from the paper by Diecke and Crosswhite [4].
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Figure 2. Plot of the UV OH spectrum for the rotational temperature varying from 1000-8000 K, in 1000 K steps (A = 0.1 nm).

determined using an enthalpy balance. The OH band
(A%Z,v =0 — X?I1, v = 0) has been studied thoroughly
by Dieke and Crosswhite [4], and shows a red degradation
with four main band heads Ry, R,, Qq, Q, at 306.537 nm,
306.776 nm, 307.844 nm and 308.986 nm, respectively. The
paper by Diecke and Crosswhite [4] gives the wavelengths
of the different rotational lines of the different branches, the
energy of the upper level of each transition (in cm™'), and
the normalized intensity I, of each line for a reference
temperature 7. = 3000 K.

Figure 1 gives a plot of the rotational lines represented
as Dirac impulses for the reference temperature Ti.f =
3000 K. Rotational lines are presented in table 1, and the
corresponding data are used as input data in the simulation
program. We have to emphasize that some weak transitions
are given in [4] without being attributed to any coherent
transition of the OH spectrum. Consequently, these weak
transitions have been omitted in our procedure.

2.3. Optical apparatus function

In experimental spectroscopy, it is necessary to measure the
apparatus function either by employing a laser line (that may
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be considered as a Dirac impulse §(%p)) or by employing
sharp lines emitted by a spectral lamp (a low pressure mercury
lamp for example). In many experimental conditions, the
apparatus function (i.e. the impulse response of the optical
device) can be well fitted with a Gaussian profile as a function
of the wavelength A. In addition, lines emitted by hot gases
are broadened by different effects [3]. Consequently, the best
way to mathematically represent the apparatus function is to
consider a normalized Gaussian profile given by:

(A — 10)?
- (a)2? )

2
G = ex 5
== Nk ( &)
where A represents the full width at 1/e of the maximum
located at the wavelength Ag.

3. Numerical simulation: calibration

Using reference data and equation (4), a Dirac synthetic
spectrum is first computed for a given temperature T,
assuming that Z(Tf)/Z(T) = 1 in equation (4). Then,
the Dirac spectrum is convoluted with a Gaussian apparatus
function (equation (5)) to produce a synthetic spectrum.
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Table 1. Parameters of the rotational lines used to proceed to numerical simulation of the UV OH molecular band. Reference data are from

the paper by Diecke and Crosswhite [4].

A I, ref Eu A I, ref Eu A I, ref E u

(nm) (B000K) (cm™) (nm) (3000K) (cm™!) (nm) (B000K) (cm™h)
306.2523 19 32643.45 307.2009 69 32542.56 308.9861 62 33383.26
306.3565 402 34282.99 307.2063 102 32541.98 308.9861 293 32541.98
306.3725 415 33951.80 307.2199 325 33148.73 308.9861 95 32542.56
306.3725 378 34645.53 307.2308 159 37443.91 308.9861 439 32643.45
306.3725 44 34280.64 307.2660 6 37440.15 308.9861 100 32644.22
306.3921 55 33949.67 307.3028 183 36902.90 309.0270 94 32779.49
306.3970 31 34642.92 307.4369 273 32947.05 309.0364 589 32778.49
306.4189 415 33652.29 307.5123 131 38007.90 309.0449 70 32474.62
306.4236 346 35038.61 307.5334 151 37440.15 309.0473 139 32474.30
306.4370 68 33650.38 307.5486 5 38003.93 309.0862 47 40513.79
306.4491 27 35035.86 307.7028 204 32778.49 309.1186 416 32542.56
306.4950 397 33384.97 307.8071 125 38003.93 309.1186 83 32948.31
306.5095 310 35462.01 307.8373 102 38597.79 309.1361 712 32947.05
306.5095 83 33383.26 307.8440 239 32474.62 309.2394 1000 33652.29
306.5372 20 35459.02 307.8468 166 32474.30 309.2577 50 33650.38
306.5976 363 33150.14 307.8753 3 38003.93 309.2650 71 33148.73
306.6114 100 33148.73 307.9951 437 32542.56 309.2786 808 33148.73
306.6318 271 35914.82 308.0006 152 32541.98 309.3609 45 40513.79
306.6613 15 35911.59 308.0231 138 32643.45 309.3722 143 32440.61
306.7240 304 32948.31 308.1255 98 38593.62 309.4459 58 33150.14
306.7356 114 32947.05 308.1541 616 32644.22 309.4618 855 33383.26
306.7661 352 34642.92 308.1620 130 32643.45 309.5342 973 33951.80
306.7775 373 34280.64 308.1665 252 32440.61 309.5546 40 33949.67
306.7929 230 36 396.66 308.2065 80 39212.69 309.6000 35 41198.19
306.7929 323 35035.86 308.2456 2 39208.99 309.6124 492 32644.22
306.8277 11 36393.24 308.3278 766 32779.49 309.6349 114 32474.30
306.8277 383 33949.67 308.3374 111 32778.49 309.6349 154 32474.62
306.8608 290 35459.02 308.4050 68 32541.98 309.6650 48 33384.97
306.8704 234 32779.49 308.4894 77 39208.99 309.6830 873 33650.38
306.8799 126 32778.49 308.5196 884 32948.31 309.8586 912 34282.99
3069177 378 33650.38 308.5317 93 32947.05 309.8715 34 41193.51
306.9675 255 35911.59 308.6226 66 39851.66 309.8807 31 34280.64
306.9913 193 36906.50 308.6390 335 32474.62 309.9210 38 33949.67
307.0244 9 36902.90 308.6634 2 39847.20 309.9411 860 33949.67
307.0318 152 32644.22 308.7338 974 33150.14 309.9538 158 32644.22
307.0392 127 32643.45 308.7481 77 33148.73 309.9593 215 32541.98
307.0478 359 33383.26 308.9008 59 39847.20 309.9593 33 32440.61
307.1145 218 36393.24 308.9734 995 33384.97

A set of about 2000 synthetic spectra has been computed
for temperatures varying from 600-9000 K, in 200 K steps,
and for A varying from 0.02-0.98 nm, in 0.02 nm steps. This
data set is stored on disc for data processing.

Figure 2 gives a plot of synthetic spectra for an apparatus
function width A = 0.1 nm and for a rotational temperature
varying from 1000-8000 K, in 1000 K steps. An important
point is that all the synthetic spectra have been normalized
against the intensity of the group of unresolved rotational
lines Gy (see figure 2) at ~309 nm, which appears to be
the relative strongest group of unresolved lines when the
rotational temperature is lower than 4000 K.

A quick survey of figure 2 shows the presence of
two groups of unresolved rotational lines, Gy and G, the
amplitudes of which are very sensitive against the rotational
temperature. A more detailed analysis of the groups Gy and
G shows that the wavelength of their maximum amplitude
varies as a function of the temperature 7.

In order to avoid the difficulties encountered in
experimental measurements of group line intensities it has
been decided to only consider the maximum amplitude of the
groups of lines G and G as a function of the temperature.

It is obvious that this choice is dependent on the apparatus
function width A that must be precisely determined.

The typical evolution of the maximum amplitude of
Go/Grs and G|/Gs as a function of the rotational
temperature is given in figure 3 for an apparatus function
width A = 0.12 nm. From figure 3, we notice a high
sensitivity of these maxima in the temperature range 1000—
4000 K. This sensitivity decreases when the temperature is
higher than 4000 K, and then leads to an increase of the error
percentage in a temperature determination.

For a practical determination of the temperature from
an experimental UV OH spectrum recorded with a known
apparatus function width, we give the tables 2, 3, 4 and 5 that
present the ratios G/ Gt and G|/ Gyt for different values
of temperature 7 and apparatus function width A.

4. Check of the method

4.1. Published works

A check of the temperature determination method has been
made by considering the OH spectra given in [3]. The authors
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Table 2. Maximum amplitude of the unresolved group of rotational lines G, as a function of the temperature and for A varying from

0.04-0.2 nm.

T(K) 004nm 0.06nm 008nm 0.10nm 0.12nm 0.14nm 0.16 nm 0.18 nm 0.2 nm
600  0.04633 0.05345 0.06517 0.06899 0.07194 0.07498 0.07757 0.08010 0.08210
800  0.10640 0.11540 0.13077 0.13935 0.14454 0.14919 0.15263 0.15513 0.15662

1000  0.17340 0.18627 0.20451 0.21603 0.22253 0.22882 0.23298 0.23527 0.23602

1200 0.23913 0.25509 0.27676 0.29154 0.29918 0.30636 0.31145 0.31362 0.31360

1400 030016 0.31876 0.34432 0.36239 0.37144 0.37893 0.38483 0.38707 0.38651

1600 035549 037635 040565 0.42649 0.43729 044573 045218 045461 0.45344

1800  0.40517 042798 046083 0.48439 049676 050612 0.51328 0.51584 0.51434

2000 0.44964 047415 0.51035 0.53653 0.55040 0.56064 0.56827 057114 0.56942

2200  0.48947 0.51548 0.55482 0.58355 059876 0.60978 0.61783 0.62098 0.61906

2400  0.52523 0.55256 0.59482 0.62602 0.64238 0.65407 0.66247 0.66582 0.663 60

2600  0.55742 0.58594 0.63092 0.66441 0.68183 0.69403 0.70267 0.706 14 0.703 56

2800 0.58652 0.61609 0.66359 0.69919 0.71760 0.73015 0.73891 0.74239 0.73942

3000 0.61289 0.64343 0.69328 0.73081 0.75006 0.76284 0.77162 0.77493 0.77160

3200 0.63606 0.66831 0.72008 0.75963 0.77960 0.79248 0.80117 0.80415 0.80048

3400 0.65720 0.69104 0.74451 0.78599 0.80655 0.81925 0.82791 0.83046 0.82641

3600 0.67656 0.71186 0.76690 0.81017 0.83100 0.84363 0.85215 0.85418 0.84969

3800 0.69434 0.73101 0.78751 0.83222 0.85339 0.86587 0.87415 0.87557 0.87062

4000  0.71072 0.74866 0.80651 0.85249 0.87396 0.88621 0.89406 0.89490 0.88944

4200  0.72587 0.76499 0.82410 0.87122 0.89291 090484 091219 091239 0.90638

4400  0.73990 0.78014 0.84041 0.88857 0.91041 0.92195 0.92873 0.92822 0.92164

4600  0.75294 0.79421 0.85557 090469 0.92659 093769 0.94384 0.94257 0.93540

4800 0.76508 0.80734 0.86971 091969 094159 0.95219 0.95767 0.95559 0.94781

5000 0.77642 0.81959 0.88292 0.93368 0.95553 0.96559 0.97035 0.96743 0.95903

5200 0.78703 0.83107 0.89528 0.94676 0.96851 097798 0.98199 0.97820 0.96917

5400  0.79698 0.84183 0.90687 0.95901 0.98061 0.98946 0.99270 0.98802 0.97834

5600 0.80632 0.85194 091777 0.97050 0.99192 1.00011 1.00256 0.99697 0.986 65

5800 0.81512 0.86146 0.92803 0.98130 1.00249 1.01002 1.01166 1.00514 0.99417

6000 0.82341 0.87044 093770 0.99146 1.01241 1.01925 1.02006 1.01262 1.00100

6200 0.83124 0.87892 0.94683 1.00105 1.02172 1.02785 1.02783 1.01946 1.00720

6400 0.83865 0.88695 0.95547 1.01010 1.03048 1.03589 1.03503 1.02573 1.01284

6600 0.84566 0.89455 0.96366 1.01866 1.03872 1.04340 1.04171 1.03148 1.01796

6800 0.85231 090176 097142 1.02677 1.04649 1.05044 1.04791 1.03675 1.02261

7000 0.85863 0.90862 0.97880 1.03445 1.05383 1.05705 1.05368 1.04160 1.02685

7200 0.86464 091513 098581 1.04175 1.06077 1.06325 1.05904 1.04607 1.03071

7400  0.87036 0.92125 099248 1.04869 1.06734 1.06908 1.06405 1.05017 1.03422

7600  0.87581 092706 099885 1.05529 1.07356 1.07457 1.06872 1.05396 1.03743

7800 0.88102 093261 1.00492 1.06158 1.07947 1.07974 1.07308 1.05745 1.04035

8000  0.88599 0.93792 1.01072 1.06757 1.08508 1.08462 1.07716 1.06067 1.04301
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Figure 3. Plot of the maxima amplitudes of the groups of unresolved lines as a function of the temperature for the apparatus function width

A =0.12 nm.

give the apparatus function by considering the full width
at half maximum (FWHM) § of a Gaussian profile. For
comparison, the § parameter has been transformed into the
full width at 1/e of the maximum with the relation §
A+/In2. In all cases, since the spectra have been recorded in
plasmas with copper electrodes, only the group of unresolved
lines G| has been considered, because of the presence of
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a copper line at the wavelength A = 306.341 nm that can
perturbate the amplitude of the group G. Pellerin et al [3]
presented a figure of the UV OH spectrum recorded on a
plasma jet containing water. The spectrum was obtained
with an optical apparatus function width A = 0.0456 nm.
Using a rule, it is easy to measure the amplitudes of the
unresolved groups of rotational lines G| and G.s. Graphical



Table 3. Maximum amplitude of the unresolved group of rotational lines G, as a function of the temperature and for A varying from
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0.22-0.38 nm.

TEK) 022nm 024nm 026nm 028nm 030nm 032nm 034nm 036 nm  0.38 nm
600 0.08424 0.08660 0.08912 0.09175 0.09446 0.09720 0.10050 0.10326 0.10602
800 0.15818 0.15994 0.16187 0.16390 0.16598 0.16810 0.17068 0.17285 0.17504

1000 0.23654 0.23716 0.23790 0.23870 0.23952 0.24037 0.24149 0.24251 0.24364

1200 031309 031241 0.31173 0.31104 0.31029 0.30961 0.30898 0.30864 0.30853

1400 0.38491 0.38305 0.38093 0.37868 0.37632 0.37406 0.37156 0.36981 0.36842

1600 0.45104 0.44805 0.44457 044083 0.43690 0.43303 0.42875 0.42562 0.42300

1800 0.51126 0.50719 0.50250 0.49735 0.49194 0.48654 0.48053 047612 0.47235

2000 0.56568 0.56069 0.55489 0.54844 0.54164 0.53485 0.52723 0.52160 0.51674

2200 0.61465 0.60889 0.60208 0.59444 0.58635 0.57827 0.56918 0.56244 0.55662

2400 0.65868 0.65220 0.64448 0.63576 0.62648 0.61721 0.60677 0.59904 0.59229

2600 0.69818 0.69105 0.68249 0.67278 0.66245 0.65209 0.64043 0.63176 0.62423

2800 0.73360 0.72586 0.71652 0.70592 0.69462 0.68330 0.67053 0.66102 0.65276

3000 0.76534 0.75701 0.74696 0.73556 0.72339 0.71119 0.69740 0.68717 0.67823

3200 0.79376 0.78488 0.77418 0.76204 0.74909 0.73611 0.72141 0.71050 0.70098

3400 0.81923 0.80978 0.79848 0.78569 0.77205 0.75836 0.74284 0.73133 0.72130

3600 0.84204 0.83203 0.82019 0.80682 0.79254 0.77823 0.76199 0.74993 0.73943

3800 0.86248 0.85194 0.83958 0.82568 0.81084 0.79596 0.77908 0.76655 0.75561

4000 0.88080 0.86974 0.85690 0.84252 0.82717 0.81180 0.79436 0.78139 0.77006

4200 0.89721 0.88568 0.87239 0.85756 0.84176 0.82594 0.80800 0.79465 0.78298

4400 091193 0.89995 0.88623 0.87100 0.85479 0.83858 0.82019 0.80651 0.79453

4600 0.92515 091272 0.89860 0.88301 0.86644 0.84987 0.83110 0.81711 0.80486

4800 093704 092417 090967 0.89374 0.87684 0.85997 0.84085 0.82659 0.81410

5000 094773 093443 091957 090333 0.88614 0.86901 0.84957 0.83508 0.82237

5200 095734 094363 0.92843 091191 0.89446 0.87708 0.85738 0.84268 0.82978

5400 096600 095189 0.93636 0.91957 090189 0.88431 0.86436 0.84948 0.83641

5600 097380 095930 0.94346 0.92643 0.90854 0.89077 0.87062 0.85558 0.84235

5800 098084 096595 0.94982 0.93256 091449 0.89655 0.87622 0.86104 0.84768

6000 0.98718 0.97192 0.95552 0.93804 091982 090173 0.88124 0.86593 0.85245

6200 0.99290 097728 0.96062 094294 092457 090636 0.88574 0.87031 0.85673

6400 0.99807 098210 0.96518 0.94733 0.92883 091050 0.88976 0.87424 0.86056

6600 1.00274 098642 0.96927 095125 093263 091420 0.89336 0.87776 0.86399

6800 1.00695 0.99031 0.97293 095475 093603 0.91751 0.89659 0.88091 0.86707

7000 1.01075 099379 0.97620 095787 0.93906 0.92047 0.89947 0.88372 0.86982

7200 1.01419 099692 097912 0.96066 0.94177 092310 0.90205 0.88624 0.87229

7400 1.01727 099973 0.98173 0.96314 094417 092546 090435 0.88850 0.87449

7600 1.02006 1.00224 0.98405 0.96534 0.94632 092755 090640 0.89051 0.87646

7800 1.02257 1.00449 0.98612 0.96730 0.94822 0.92941 0.90822 0.89230 0.87821

8000 1.02483 1.00650 0.98796 096904 094991 0.93106 090985 0.89389 0.87978

measurement gives G; = 30 mm and G, = 41 mm, The temperature determination presented here is realized

leading to a ratio (without unity) G|/Gs = 0.73. With a
linear interpolation in table 4 to obtain data corresponding
to A = 0.0456 nm, we find a temperature value of 4000 K.
This value is in close agreement with the temperature value
of 4100 K proposed by the authors.

4.2. Recombining plume of an argon plasma jet

It is now well established that dc argon plasma jets can have
two kinds of flows, depending on the values of the plasma gas
flow rate [5], on the current intensity and on the anode nozzle
diameter. In the case of a turbulent flow, the plasma jet is
short and very noisy. On the other hand, in a laminar flow,
the jet is well structured with a hot and bright core followed
by a recombining plume, the length of which can reach about
ten centimetres. The axial temperature profile shows a rapid
decrease as a function of the distance from the anode.

In the laminar recombining plume, the temperature is
generally too low to employ emission atomic spectroscopy
(including line intensity ratio or line broadening) and,
consequently, other methods have been used in the past, such
as in situ probes, or interferometry [6, 7].

in the plume of a laminar argon plasma jet.

4.2.1. Experimental set-up. The experimental set-up
includes a commercial dc plasma torch (SAF Soudure
Autogeéne Frangaise trademark) operating at atmospheric
pressure in ambient air, with an axial injection of pure argon
controlled with flowmeters. The arc current intensity, limited
at 250 A is supplied by an ac/dc power converter (Soudure
Autogene Francaise trademark). The anode is in copper, and
the cathode is in tungsten; the electrodes are water cooled.

The experimental conditions presented in this paper
have been chosen to produce an argon laminar jet. The
experimental conditions are as follows: for an anode diameter
of 3 mm, the gas flow rate is 6 slm and the current intensity
is 120 A.

The spectroscopic acquisition chain includes a Cromex
monochromator of the Ebert—Fastié type, with a focal length
of 0.5 m. Tt has a 1200 grooves mm~' grating working in the
first order. Photodetection is accomplished with a Princeton
OMA III equipped with a matrix CCD array having 512 rows
of 1024 pixels. In the first spectroscopic order, the detector
covers a spectral range of 45 nm. A CaF, lens (transparent
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Table 4. Maximum amplitude of the unresolved group of rotational lines G as a function of the temperature and for A varying from

0.04-0.2 nm.
T(K) 004nm 0.06nm 008nm 0.10nm 0.12nm 0.14nm 0.16 nm 0.18 nm 0.2 nm
600  0.07420 0.12148 0.13811 0.13903 0.13862 0.14016 0.15166 0.16630 0.17524
800  0.08879 0.14945 0.17360 0.17880 0.18088 0.18444 0.20214 0.21889 0.22875
1000 0.10316 0.17437 0.20796 0.21818 0.22388 0.23646 0.25855 0.27672 0.28708
1200  0.15532 0.19771 0.24116 0.25819 0.27209 0.29394 0.31794 0.33723 0.34783
1400 0.20882 0.23799 0.27787 030672 0.32878 0.35343 0.37792 0.39812 0.40893
1600  0.26146 0.29522 033275 0.36230 0.38804 0.41459 0.43835 0.45838 0.46884
1800 031209 0.35033 0.38893 0.41862 0.44587 0.47319 049683 0.51627 0.52656
2000 036015 0.40273 0.44289 047310 050112 0.52879 0.55213 0.57130 0.58127
2200  0.40542 0.45273 049454 0.52483 0.55318 0.58114 0.60413 0.62297 0.63262
2400  0.44899 050021 0.54333 0.57340 0.60220 0.63017 0.65279 0.67118 0.68046
2600 049057 0.54477 0.58907 0.61917 0.64815 0.67593 0.69816 0.71597 0.72483
2800  0.52961 0.58654 0.63190 0.66220 0.69106 0.71856 0.74028 0.75746  0.76583
3000 0.56624 0.62567 0.67200 0.70244 0.73110 0.75822 0.77935 0.79579 0.803 63
3200  0.59982 0.66234 0.70930 0.74009 0.76848 0.79508 0.81553 0.83108 0.83841
3400 0.63132 0.69673 0.74415 0.77532 0.80336 0.82919 0.84903 0.86361 0.87037
3600 0.66088 0.72899 0.77682 0.80833 0.83575 0.86092 0.88006 0.89359 0.89973
3800 0.68865 0.75930 0.80747 0.83908 0.86599 0.89044 0.90879 092120 0.92669
4000  0.71477 0.78781 0.83628 0.86787 0.89429 091794 093533 0.94665 0.95144
4200 0.73936 0.81465 0.86337 0.89492 0.92079 0.94358 0.95993 097012 0.97417
4400  0.76255 0.83995 0.88903 0.92036 0.94563 0.96750 098276 0.99176 0.99504
4600 0.78444 0.86383 0.91336 094431 0.96895 0.98985 1.00398 1.01175 1.01424
4800 0.80513 0.88640 0.93634 096691 0.99087 1.01076 1.02371 1.03021 1.03189
5000 0.82471 090776 0.95807 0.98824 1.01150 1.03033 1.04209 1.04729 1.04814
5200 0.84326 0.92799 097865 1.00840 1.03093 1.04868 1.05921 1.06310 1.06311
5400 0.86086 094719 099816 1.02749 1.04926 1.06590 1.07519 1.07775 1.07691
5600  0.87758 096542 1.01668 1.04557 1.06658 1.08209 1.09012 1.09134 1.089 66
5800  0.89347 098275 1.03427 1.06273 1.08295 1.09732 1.10409 1.10396 1.10143
6000  0.90859 099924 1.05101 1.07902 1.09845 1.11166 1.11717 1.11570 1.11232
6200 092301 1.01496 1.06696 1.09451 1.11313 1.12519 1.12943 1.12662 1.12240
6400 093675 1.02995 1.08215 1.10926 1.12707 1.13796 1.14094 1.13680 1.13174
6600 094988 1.04426 1.09666 1.12331 1.14030 1.15003 1.15175 1.14629 1.14041
6800 0.96242 1.05794 1.11051 1.13671 1.15289 1.16145 1.16192 1.15515 1.14846
7000 097442 1.07102 1.12375 1.14951 1.16486 1.17227 1.17150 1.16344 1.15594
7200 098591 1.08354 1.13643 1.16173 1.17627 1.18253 1.18053 1.17119 1.16290
7400  0.99692 1.09543 1.14857 1.17342 1.18715 1.19226 1.18905 1.17846 1.16938
7600 1.00748 1.10681 1.16020 1.18461 1.19753 1.20151 1.19710 1.18527 1.17542
7800 1.01761 1.11774 117137 1.19534 1.20744 1.21030 120471 1.19166 1.18106
8000 1.02734 1.12824 1.18209 1.20562 1.21693 1.21867 121191 1.19766 1.18633
in the UV spectrum) forms the image of the plasma jet with
a magnification of 1. A quartz optical fibre put in the focal \j\/v
plane of the lens is used to sample plasma radiation along a
diameter of the plasma column. laminar plume
We have checked that the intensity ratio of two atomic
lines of Cuy did not change along different cords of the plasma
column. This observation means that the temperature profile /‘ \
is rather flat along a diameter of the recombining plasma )

. . . pumping effect
column. The apparatus function of the optical device has / \\Of ambient air
been measured using a spectral mercury lamp. The shape of
a line has been successfully fitted with a Gaussian profile and bright core

leads to a full width at 1/e of the maximum of 0.2 nm. Let
us emphasize that the resolution of the optical system is too
low to observe a separation of the rotational lines of the UV
OH spectrum. The spectroscopic investigation is made in the
near UV, in the range 290-330 nm.

4.2.2. Results and data processing. An efficient method
to observe the OH spectrum in a plasma jet consists of
introducing a small percentage of water vapour into the
plasma [3]. A first attempt has been made by bubbling the
working gas (pure argon) in through water at the input of the
device. From our observations, it was very difficult to control
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of the plasma jet

torch anode
(copper)

Figure 4. Pump effect of the laminar flow in ambient air.

the fraction of water injected into the plasma torch. At least,
the effect of water vapour condensation on the cooled parts
of the torch produced important instabilities of the plasma jet
with a typical time of about 10 s.



UV OH spectrum used as a molecular pyrometer

Table 5. Maximum amplitude of the unresolved group of rotational lines G, as a function of the temperature and for A varying from

0.22-0.38 nm.

TEK) 022nm 024nm 026nm 0.28 nm

030nm 032nm 0.34nm 0.36nm  0.38 nm

600 0.18275 0.18974 0.19661 0.20343

800  0.23680 0.24405 0.25096 0.25773
1000 0.29513 0.30212 0.30861 0.31483
1200 0.35580 0.36233 036818 0.37361
1400 041658 0.42272 042786 0.43244
1600 047624 0.48182 0.48623 0.48997
1800  0.53356 0.53862 0.54237 0.54526
2000  0.58791 0.59245 0.59564 0.59774
2200  0.63888 0.64298 0.64566 0.64706
2400  0.68637 0.69007 0.69227 0.69304
2600  0.73039 0.73373 0.73548 0.73567
2800  0.77103 0.77404 0.77536  0.77502
3000 0.80845 0.81112 0.81204 0.81122
3200 0.84282 0.84516 0.84571 0.84444
3400 0.87436 0.87632 0.87653 0.87487
3600  0.90326 0.90483 090472 0.90272
3800 092974 093090 0.93049 0.92817
4000 095398 095475 095404 0.95145
4200 097616 097655 0.97556 0.97272
4400 099647 0.99649 0.99522 0.99215
4600 1.01509 1.01473 1.01319 1.00992
4800 1.03216 1.03142 1.02962 1.02616
5000  1.04783 1.04670 1.04465 1.04101
5200 1.06222 1.06071 1.05841 1.05460
5400 1.07544 1.07355 1.07101 1.06704
5600 1.08761 1.08533 1.08256 1.07844
5800  1.09881 1.09616 1.09316 1.08889
6000 1.10914 1.10611 1.10288 1.09849
6200 1.11866 1.11528 1.11182 1.10730
6400  1.12745 1.12371 1.12004 1.11540
6600  1.13558 1.13149 1.12760 1.12285
6800 1.14310 1.13867 1.13457 1.12972
7000  1.15006 1.14529 1.14099 1.13604
7200  1.15650 1.15142 1.14692 1.14188
7400  1.16246 1.15708 1.15239 1.14726
7600  1.16800 1.16232 1.15744 1.15223
7800  1.17314 1.16717 1.16212 1.15683
8000  1.17791 1.17167 1.16644 1.16108

0.21027 0.21704 0.22500 0.23146 0.23771
0.26440 0.27096 0.27865 0.28489 0.29093
032083 0.32669 0.33354 0.33914 0.34460
0.37871 0.38364 0.38944 0.39420 0.3989%4
043658 0.44054 044514 0.44903 0.45299
049317 049610 0.49958 0.50257 0.50578
0.54757 0.54951 0.55184 0.55401 0.55653
0.59916 0.60021 0.60147 0.60284  0.604 65
0.64764 0.64784 0.64810 0.64873 0.64991
0.69286 0.69227 0.69160 0.69155 0.69209
0.73481 0.73349 0.73198 0.73125 0.73125
0.77355 0.77157 0.76929 0.76794 0.76742
0.80921 0.80663 0.80361 0.80174 0.80072
0.84195 0.83884 0.83515 0.83279 0.83132
0.87195 0.86836 0.86409 0.86127 0.85939
0.89942 0.89540 0.89059 0.88737 0.88511
092453 092012 091485 0.91126 0.90866
094749 094273 0.93705 093313 0.93023
0.96847 096340 0.95735 095314 0.94997
098764 098230 097593 097146 0.96804
1.00516  0.99959 0.99293 0.98823 0.98459
1.02119 1.01541 1.00849 1.00358 0.99975
1.03585 1.02989 1.02274 1.01765 1.01364
1.04928 1.04315 1.03580 1.03055 1.02638
1.06157 1.05531 1.04778 1.04239 1.03807
1.07284 1.06645 1.05878 1.05326 1.04881
1.08318 1.07668 1.06888 1.06324 1.05869
1.09267 1.08607 1.07817 1.07243 1.06777
1.10140 1.09471 1.08671 1.08089 1.07614
1.10942  1.10266 1.09458 1.08868 1.08384
1.11680 1.10998 1.10183 1.09586 1.09096
1.12360 1.11672 1.10852 1.10249 1.09752
1.12987 1.12294 1.11469 1.10862 1.10359
1.13565 1.12868 1.12040 1.11428 1.10920
1.14099 1.13399 1.12568 1.11952 1.11439
1.14592  1.13889 1.13056 1.12437 1.11920
1.15048 1.14343 1.13508 1.12887 1.12366
1.15471 1.14764 1.13928 1.13304 1.12780
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Figure 5. Spectrum recorded in the recombining plume of the laminar plasma jet. One can notice the presence of Cu; atomic lines and the

UV OH band at 306.357 nm.

Since the laminar plasma jet acts as a pump (figure 4) for
the ambient air [6], we found that it was possible to observe
the UV OH band at 306.357 nm without seeding the working
gas with water vapour, because of the small amount of water
vapour present in ambient air.

A typical recorded spectrum is given in figure 5, and
exhibits both the presence of neutral copper lines, and of the
UV OH band at 306.357 nm. The copper lines come from the
anode that is easily eroded when the plasma jet is laminar.

The determination of the temperature can be performed
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Figure 6. UV OH molecular band recorded in the plume of an argon plasma jet in ambient air.

Table 6. Atomic parameters of the copper lines observed in the
plasma jet.

Wavelength  Energy of the  Statistical — Transition
A (nm) upper level weight probability
(em™) 8u A(10%s7)
296.12 44963 8 0.0376
324.75 30784 4 1.39

using the intensity ratio of the two main Cuy lines available
in the spectrum. The parameters of these two lines are
summarized in table 6 [8].

The intensity ratio of the two lines can be expressed as a
function of the temperature 7 under the assumption of local
thermodynamic equilibrium. Using the subscripts ‘1’ and 2’
for the two lines, we have:

_ Ex—E; In (11V182A2)

k 12 V&1 A]

where I, and I, represent the intensities, v; and v, the
frequencies of the two lines, and & is the Boltzmann constant.
The application of the intensity ratio gives the temperature
T = 4400 K.

Figure 6 gives a plot of the UV OH band observed in
the recorded spectral area. The three groups of unresolved
rotational lines, labelled G, G| and G, are easily identified
(see figure 2). We have to emphasize the presence of a Cuy
line located at the wavelength A = 306.341 nm that may give
a perturbation in the intensity of the group of lines Gy. For
this reason, the group of lines Gy will not be used to carry
out a temperature value.

From the measured intensity ratio of the two groups
of lines, we obtain a rotational temperature of 3800 K,
that is lower than the excitation temperature obtained from
the intensity ratio of the copper lines. However, the
rotational temperature determined by the OH spectrum
calibration is very close to the temperature obtained with

T
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interferometry [7], that is an enthalpic temperature obtained
using Gladstone’s law.

5. Conclusion

In this paper, we have presented a very sensitive variation of
a group of unresolved lines in the UV OH spectrum, that have
been calibrated using numerical simulations. Calibration
data are given in table form for practical use. It is clear
that the main errors in a rotational temperature determination
come from:

e the determination of the underlying background
continuum, necessary to measure the maximum
amplitudes of the groups of unresolved rotational lines;

o the evaluation of the apparatus function.

A possible direct application of this work is the elaboration
of an ‘OH molecular pyrometer’, actually studied in our
research group. A paper presenting and giving the computer
program used to produce the synthetic spectra is presently in
preparation.
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