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A new method of extracting the relaxation matrix directly from absorption spectral data is
formulated and applied to R-branch line mixing in HCN. The formulation makes use of a general
iterative inversion algorithm based upon first-order sensitivity analysis and Tikhonov regularization.
The recovered relaxation matrices describe line mixing much better than those derived from the
fitting laws currently in use, and the inversion algorithm usually converges within just three
iterations. This formulation presents the first known method for extracting the imaginary,
off-diagonal elements of the relaxation matrix. 98 American Institute of Physics.
[S0021-960698)01802-9

I. INTRODUCTION typically fit pressure-broadened spectra only moderately

. - .. well. Hence, the development of an algorithm to extraé¥ a
The fam|l|a.r description qf the shape of absorption IInesmatrix from laboratory data that is capable of describing line

as the Lorentzian becomes inadequate as pressure broadm;dng more precisely would be useful. To this end, an in-

ing causes adjacent lines to overlap and merge in a nonline%rsion method is presented to determine a suitslena-

”:fﬂb”ir- dTTIS _ph(lanot_menolr?_, _know?haf tllne Tlxmg,hcan b(?rix from experimentally determined absorption spectra. The
attriouted 1o Inefastic colisions hat transter co er_encealgorithm, based on the Tikhonov regularization procedure
among the rovibrational transitions of overlapping lines.

for ill- I h full lied to th
Line mixing has practical applications in the fields of atmo- or ill-posed problems, has been successfully applied to the

) ; : . . : .~ determination of potential surfaces using data from elHstic
spheric science and combustion diagnostics and, in addition, . - o |astii2 scattering, gas-surface scatteriigand rovi-
can provide information on collision dynamics and the un '

S . . . “brational spectroscopy.
derlying intermolecular potentidllt is therefore highly de- :n thisppaper thpiyR branch of HCN is considered in
sirable to formulate a good model of this phenomenon ind ’

etail as a case study. Recently, Romanini and Lehftann

order to accurately describe and predict such pressur iave reported the overtone absorption spectra for the

broadened spectra, as well as to probe the dynamics and t 86000 (1=CN, O=bend, 6=CH) transition in HCN
potential, measured at room temperature over a pressure range of 28.4

B The ':Bheor(yj/ O}i Iiln?) mix;ngGw_a?ﬁpion;ere;d by ,lﬁ\rtndgrion, to 724.8 Torr. The measurements were obtained using cavity
aranger, an oleb an riem, and retormuiated by ring-down spectroscopy, resulting in a very good signal-to-

FanG by adapting methods from scattering theory to the, ice™ a6 “with resolution limited only by the pulsed dye

Liouville representation of density matrices. The governingIaser (0.04 cm+50%). The high quality of this data
quantity within this formalism is the relaxation operator makes it.ideal fo?purpo.ses of inversion

<M°(V.)>’ first mtroduc_:ed by Zwanz@. This underlying The subsequent parts of this paper are organized as fol-
quantity (Mc(»)) unlqugly dgtgrmmes 'the PreSSUre- 15s: In sec. i A, the relevant elements from the theory of
broaden_ed spectra a_nc_J, in addltl_on, prowde_s a theoretlc?i e mixing are presented along with the necessary forward
conne(_:tlon to the collision dynamics and the IntermmecuIarsensitivity analysis. The inversion algorithm is described in
potent_lal_. . L Sec. Il B, and the results of an inversion using data obtained
Within - the impact approximatioh, the frequency- via simulation for the R branch of HCN are given in Sec. Ill.
dependent(M.(»)) operator reduces to a frequency- In Sec. IV, the inversion results using the experimental data

mdt;pendent treIaTattloPh ma”l'l?"y' whose eIeTentstsre d"” of Romanini and Lehmann are presented and, finally, a brief
rectly proportiona to the COlIsion Cross sections therma ysummary with concluding remarks is given in Sec. V.
averaged over collision velocifyCurrent parametric models

for the W matrix, such as the physically based energy-
corrected-suddenECS inelastic rate scaling law, and
simple empirical models such as the modified exponentiall. THEORY

: 10
gap(MEG) law and the power-exponential gépEG law, A. Forward analysis

dCurrent address: Laboratoire de SpectroiaePhysique—CNRS URA 08, Within the Impact approximation, the absorptlon coeffi-

UniversiteJ. Fourier/Grenoble, B.P. 87—38402 Saint Martin deeCe-  CleNtx(v) (gescribing the overlapping of spectral lines can be
dex, France. written ag
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n
K(V):;‘Zm(d-Gin-d), (0]
wherev is the frequencyn is the molecular density is a
vector of transition amplitudeg, is a diagonal matrix com-
posed of population differences, afidis a complex matrix
defined as

G=vlI-V'—iPW, 2)

with | representing the identity matrix? a diagonal matrix
of transition frequencies? the pressure, anW/ the relax-
ation matrix. The real, diagonal elements of Wematrix are
the broadening coefficientg, , and the imaginary, diagona
elements are the pressure shifts?. In the limit that all of
the off-diagonal elements & tend toward zeroy, repre-
sents the width of the Lorentzian describing the line sha
and Av? the shift in the position of the line froma)). The
real, off-diagonal elements are related to the collision ra
I';« by the relationW ;= —FTI';x, whereF is an empirical
factor accounting for such mechanisms as dephasing
elastic reorientatio® All of the rate laws currently in use
model onlyT';, , with ¥, often obtained using the sum rie.

A physical description of the imaginary, off-diagonal ele-

ments is obscure, and hence no scaling law-like mode
available, prompting most researchers to arbitrarily set all
the elements to zero.

The computation of«(v) is simplified considerably by
defining the frequency-independditmatrix,

H=V0+iPW, (3)

and diagonalizing it via a similarity transform to obtain the

eigenvaluesy; :

Q=A"1.H.A, (4)

whereQ,;= 4,;w, . Since, for a given, G differs fromH by
a constant diagonal matrig is also diagonalized bg, and
Eq. (1) can be writtet? as

(d-A)y(A"tp-d);

(v—wy)

n
k(v)= p ‘ng (5)

393

Substituting the result of Ed8) into Eq. (6), keeping first-
order terms only, and subtracting EQ) yields the follow-
ing:

nP
5K(v)=?9f{e(d~G*1 SW G 1.p-d). (9)

In order to simplify the computation, the vect@sandR are
introduced:

(d-A) AL
Qa(v)=2 (—(v—w|) ) (109
I A (A7 p-d),
RK(v)=§ (—(V_wL) ) (10b)
peEquation(9) now become
P
€S x(r)= - MeS 3 [QIRNWyd. (1D

angeparating the real and imaginary parts of the following as

SW=86W'+i sW", Q(v)=Q'(v)+iQ"(v), and R(»)
=R’(v)+iR"(v), expressions can be written for the real

| i§ensitivity matriceK'(v) andK"(v), collectively denoted

OPS .

! aK( V) nP ! ! " n
Kik(v)= m = o [Q;(v)Rk(v) —Qi(»)R(v) ];
(123
dIk(v)
K,J,K( V)= &KW—('Z<

P
- QUIRKM+ QY mRK(1]. (12D

Equation(11) may now be expressed as
5K(v):§ EK} [K 5 (0) SW i+ K () W5, ] (13

Direct inversion, or a least-squares fit, of the matrix

From Eq.(1) it can be readily seen that adding a small €duation to obtaimW is generally not possible, since em-

variation toG (i.e., §G) results in the addition of a respons
Ox(v) to k(v) according to the relation

K(V)+5K(V)=%Tm(d-(G+5G)_l-p-d). (6)

In order to avoid the inversion of a sum of matrice§ (
+ 8G) ! can be expanded as
(G+6G) 1=[G(I1+G 1 6G)]?
=(1+G 1 6G)"1G?
=(1-G 1 6G+---)G !
=G -G 1sGG 1+, (7)
Also, from Eq.(2), it can be seen thaiG=—iP SW; hence
(G+6G) =G +iPG 1 SWG 1+--- . (8)

e Pirically it is found that for allv the K(») matrices are ill
conditioned. At any givery, the K(v) matrices have some
diagonal matrix elements that are very small, and hence clas-
sical inversion schemes such as the Gauss—Siedel iterative
method must also fail. However, EL3) relates infinitesi-
mal changes irk(v) to those inW ;i in a way that is analo-
gous to the discertized version of a Fredholm integral equa-
tion of the general formsa(x)==;[k;(x,y)éb;(y)dy. An
iterative solution to an equation of this form has been pre-
sented in a recent papErbased on the inversion algorithm
of Ho and RabitZ! which draws on the Tikhonov regular-
ization scheme. A method of inversion based on that algo-
rithm shall be developed in Sec. Il B.

The line mixing theory presented thus far does not take
into account Doppler broadening due to translational motion.
Hence, it is necessary to convolxé) if it is to be compared
with an experimentally determined spectrfim:
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solved to obtain an approximate spectrufl{r) and its cor-
K( V)—J D(v—v',0pepk(v")dv’, (143 responding sensitivitiek (v), which are then convolved ac-
, . ) o cording to Egs.(14) and (15). It should be noted that, in
where D(v—v",0p0p) is the appropriate Doppler distribu- oracice, all measurements afy) will be discrete k(vy),
tion function (stgssmn, Voigt, Rautian, efc.and ouop  measured al frequencies fromv, to vy, and that must be
=vo(2kgT/Mc?)™, wherev, is the band origin, is assumed compared with discreta®(v), calculated at identical fre-
to be constant over a relevant region of the spectrum. Herauencies. Since the magnitudesdfv,), often expressed in
the parameters are the temperatiirepressureP, and mass  gryitrary units, and®(v,) will, in general, be different, it is
M of the molecule. For purposes of inversion, the convolu-necessary to multiphye®(v,) and the discret& (v,) by an
tion of k(v) necessitates an identical convolution of both appropriate normalizatioanact@". a

K(v) matrices:
N
K(V)ﬁf D(v—v',0pepK(¥')dv'. (14b 7= M (16)

N 0
In addition, if a comparison with laboratory data is to be > p=1K"(¥p)
t K h t furth [
made, bothd(») andK (v) may have to be further convolved, According to the Tikhonov regularization procedure, an

e.g., with a Gaussian function of standard deviatigg, to . . . L
account for the finite resolution of the measurement apparaa_tpp_roxmate solu_t|on to E.O[l?’) can be obtained by mini-
mizing the following functionakb(a,W):

tus:
K= \/2_1 fK(V')eXF[—(V_V’)Z/ZUrzes]dV'; ¢(Q’M)E‘(§ ; Kak(7g) Wit Kii(vq) Wi
T res
15 2
(159 —0k(vg)| +a ; ; H5\N3K||2
K(V)—’\/—l fK(V')eXF[—(V-V')Z/ZU,?es]dv'.
27T0-res (15b) +H5\N:],K”2 , (17)

where zeroth-order regularization has been choset(y)
=k(vg)— KO(Vq), and the norms fosW' and §W" are un-

The objective of the inversion algorithm presented heralerstood in the Frobenius sense as a sum over the square of
is to obtain a relaxation matrixV, which, when used to each element. The regularization parameienay be opti-
theoretically calculate a given absorption spectrum, repromally determined by minimizing the differences between
duces to within experimental error the spectruiv) ob-  «(v,) and a trial spectrum«"®(v,) calculated withW°
tained from good laboratory sources. It is implicitly assumed+ W' (a), i.e., by minimizing a functionall(«), noting
that the transition frequencieg, transition amplitudesd,  that SW"(@)|3(4)=miny=6W. The form of J(a) may be
and population differences can be obtained via a separate selected in such a manner that experimental erpkgv,) |
method. The first step in the inversion scheme is to choose @an be accounted for and random noise filtered out, e.g., by
reference relaxation matri¥v°, such as can be obtained convolution with a Gaussian function of standard deviation
from one of the fitting laws. Next, Eqg5) and (12) are o :

B. Method of inversion

';VJNZ_—W’: SN[ k(vg) — K ) Jexpl — (v~ vg) 21203, ]
filt

1 N
N Tx(vp)] 18

J(a)=

The solution of Eq(17) in the least squares sense is given byand )\,2, andu, are the singular values and vectors, respec-

tively, of the relevant Gram matrik, defined as

S (3klup) [ <
W= 2, 7 | 2 U(ralKak(vg) [, (19
P P d anEE 2 [KSK(Vm)K.,]K(Vn)_FK"]’K(Vm)Kf]’K(Vn)]-
where the inner productdi|up) is given by T (22)
N

(20) Once dW has been calculated, it is addedwd to ob-

OK|Uy) = Ok(vg)Up(vg), . . X - i
(6 ) q2=:1 (79)Up(vq) tain a new, improved relaxation matrix. The sum is then used
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as the new reference relaxation matrix for the next iteration.
Convergence is achieved whefi( vy) agrees withw(v,) to
within experimental error. oo [

-0.002 |
-0.004
-0.008
-0.008

-0.01

In order to test the algorithm described in the preceding 0012
section, it was thought prudent to first apply it to synthetic
data where th&V matrix is “known,” rather than proceed 0
directly to experimental data, where such factors as noise and
the finite instrumental resolution, often imprecisely known,
might obscure any deficiencies of the method. Only after
testing and refinement, if necessary, may it be applied with
some level of confidence to experimental data. Using a varia-
tion of the random-phase approximatibRomanini and Le- 0008 -

0.006

hmann determined that the MEG scaling law gave the best oo

=~ 0.002

overall fit to their HCN R-branch datd,with many of the 2 o

relevant parameters being obtained from a previous Q- Goo |

branch study of HCN,where, e.g., the calculation of certain Pl

parameters is less problematic than in the R bradAohl

imaginary elements of th&/ matrix, including the diagonal

elements, were arbitrarily set to zeroSynthetic data gener-

ated from the MEG-lawV matrix for (1) a low-pressure case

of 28.4 Torr and(2) an intermediate-pressure case of 379.9

Torr, were chosen to test t.he algomhm' DOpp.Ier br.oa(.jen!nglG. 1. Sensitivities with respect #&/YC at 28.4 Torr, measured in arbi-

and r.eIated effects were S|mulated. via a Rautian dl_stnbutlort}ary (though consisteitunits: (a) K ,,(v) and (b) K'j(v).

function [see Eq.(14)], and an instrument function of

0=0.04 cm ! was factored ifsee Eq(15)]. An inversion

seeking the recovery of both the real and imaginary elementsients and the pressure shifts in determining the spectrum.

of W was also run aP=28.4 Torr and an initial gues#/°  Although the trends are quite similar at either pressure, the

=0.5*WMEC to0 see how faithfulyW”=0 was recovered. magnitude of the sensitivites is much larger fd@®

Some relatively small nonzero elements did arise in the the=379.9 Torr, and the sensitivities possess a somewhat richer

recovered elements &/” that oscillated around zero. The structure at the higher pressure. This is consistent with the

results confirm the stability of the algorithm, and following fact that pressure-broadening effects increase with increasing

Romanini and Lehmann, all imaginary elements/fwere  pressure. However, for purposes of inversion, this increased

arbitrarily set to zero, and only the real part of thematrix ~ sensitivity with increasing pressure is offset somewhat by the

was sought to be recovered in the inversions described bsimultaneous diminishing of spectral features. For both

low. Kj;(v) andK’j;(v), a characteristic arclike feature appears
It should be noted thaty;; in Eq. (18) was chosen such in the plots for either pressure, indicating that any given area

that it would be suitable for the HCN R-branch experimentalof the spectrum is sensitive to only a very small number of

data. Since there seemed to be relatively more noise far awad ;; values. This is quite reasonable, since one would expect

from the band head, and in order to preserve all the featurefiose regions of the spectrum immediately surrounding any

close to the band hedile., towardyy), oj Was chosen to given line to be most sensitive to its respective phase-shift

Ill. ATEST OF THE INVERSION ALGORITHM

Ky

be and pressure-broadening coefficients, as well as those imme-
0555 cml diately sqrrounding them id, yet rglatively insensitive to
Tin(vg) = —1 (vg—vy—0.1 cnd). phase shifts and pressure-broadening far removeld ithe
vi—wnyt0.1 cm arclike structure also falls off in magnitude beginning around

(22 J= 30, which is consistent with thd=40 cutoff in Eq.(5)

This function smoothed out the noise well, yet retained theused by Romanini and Lehmann in their theoretical
bulk of the features of the spectrum. This form fof; was  computations? Plots of K, (v) andK’,(v) for J#K, not
used for all inversions reported in this work. shown for brevity, also typically display arclike structures,

Sensitivities with respect to the diagon&l matrix ele- and possess elements of significant magnitude onlyJfor
ments are shown in Fig. 1 for a pressure of 28.4 Torr, and arK£1, 2, or 3. For sensitivities with respect to the real,
additional sensitivity calculation, not displayed for brevity, off-diagonalW matrix elements, this limited range of signifi-
was run for 379.9 Torr; both are pressures for which expericantK,(v) elements is consistent with use of the MEG law.
mental data are available. At both pressures, the magnitudes At the lower pressure, it was determined that reasonable
of K},(v) andKj;(v) are comparable with each other, indi- inversion results could be obtained if the initial guas$
cating the nearly equal importance of the broadening coeffiwas within +50% of the modeWMEC, The results folw°

J. Chem. Phys., Vol. 108, No. 2, 8 January 1998



396 Boyd et al.: Inversion of absorption data. |
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[em™ fatm]
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0.4 L L

FIG. 2. The real part of th&®/ matrix showing the inversion results from
data obtained via simulation for 28.4 Torr awf’=0.9- WMEC: (g) WMEC
(solid) and W™ (dashedt (b) WYE® (solid), WS, (dashed and W' (+).
All W matrix elements are in ch¥atm.

Wiy [em™! /atm)

04 F

03} 1

02 ' L L
0 5 10 15 20

J

FIG. 4. Diagonal elements of the re® matrix showing the inversion
results from data obtained via simulation for 28.4 Torr ald®
=0.5-WMES: WMEC (s0lid), WY, (dashedl and W'EF (+). All W matrix
elements are in cit/atm.

The lower values ofl are most important for line mixing,
especially at low pressures. As shown in Fig. 3, the spectrum
k"9 v) calculated fromW'¢is in superb agreement with the
model spectrum«™EC(»), even at the band head, and con-
vergence was achieved within three iteratioiEhe full
range of the spectrum is not shown here for brevity; it added
nothing new to what is already shown in Fig) 3.

The results fo°= 0.5« WMEC, a quite poor estimate of
the line mixing, are given in Figs. 4 and 5; the f\l-matrix
plots were omitted for brevity. Although the inversion results
are not quite as good as for the previous case, nevertheless,
very reasonable agreement between the most sensitive ele-
ments of the recovered and mod& matrices is still ob-

=0.9-WMES, a moderately good guess, are shown in Figs. dained, with excellent agreement betwakiffy’ andw= for

and 3. The recovered matriW'¢ is in good overall agree-
ment with WMEC [Fig. 2@)], and, in particularWy is in
excellent agreement with the model fbx 16 [see Fig. 2b)].

0.4 T T T T

0.35 B

&(v)

02 4

01 1 ' 1

0.05 B

0368 369 370 371 372
¥ — 20000 [cm~1]

J=<7 (see Fig. 4. Even though the diagonal elements for
>7 did not match the model well, there was still some over-
all improvement from the initial guess. Her¢®*(v) agrees

04 — T T

oal it

0251 | b ‘ it it -

&(v)

02

01 [ 1

005 fi . T S T W g

. N . Nt | N
368 369 370 371 ar2
v — 20000 [em™]

FIG. 3. The recovered and measured spectrum from the inversions usinglG. 5. The recovered and measured spectrum from the inversions using

data obtained via simulation for 28.4 Torr ai®=0.9- WMEC: (MEC(y)
(solid), k°(v) (heavy dashedand«™{(v) (light dashed; coincides with the
solid line). All «(v) are measured in arbitrary units.

data obtained via simulation for 28.4 Torr aid®= 0.5+ WMEC: (MEC(y)
(solid), k°(v) (heavy dashedand«"™{v) (light dashedl All x(v) are mea-
sured in arbitrary units.
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0.22

02

018 -

0.16 -

014

012

K(v)

01 |

75 [em™ fatm]

0.08 [~

0.04 -

. . . o . . . .
0 5 10 15 20 368 369 370 zal 372 378
J v — 20000 [em™)

FIG. 6. Diagonal elements of the res# matrix showing the inversion gy 7. The recovered and measured spectrum from the inversions using

results from data obtained via simulation for 379.9 Torr awd data obtained via simulation for 379.9 Torr an?=0.8* WVES: See Fig. 5
=0.8-WVEC: See Fig. 4 for fonts. AIW matrix elements are in chi/atm. for fonts. All k() are measured in arbitrary units.

well with «MEC(v), especially considering how poorly the ian) Doppler distribution is often modeled by a Voigt, uncor-

initial guess predicts the spectrum, with some minor discreprelated Rautiarthard collision), as was chosen for this work,
ancy at the band head lingeriigee Fig. . Convergence or Galatry(soft collision profile, all of which neglect asym-
was again achieved within three iterations. metries. It is possible to account for asymmetries by
At the higher pressure, it was found that good inversionmodifying the Rautian or Galatry profiles to account for par-
results could be achieved W° was within +20% of the tial correlations between velocity- and state-changing
model. The inversion results fav°=0.8<WMES are pre-  collisions® However, at this point, it seems unclear as to
sented in Figs. 6 and 7, and, once again, show quite googhich model works best when, and, indeed, if all mecha-
overall agreement betweew™® and WMEC, The diagonal nisms for broadening not accounted for in the line-shape
elements are recovered well fdk< 10 and show some im- formalism of Eqgs.(1)—(13) have been exhaustétiFor the
provement for 18:J<16, but no significant improvement latter situation, while it is generally accepted that the fre-
for J=16, suggesting a somewhat smaller effective region ofjuency spread of the dye laser used to scan the spectrum is
significance than predicted by the sensitivity analysis alonemore or less Gaussian, the width of that Gaussian may not be
This can be understood by considering the fact that, at highesrecisely known, and may even possess a slight frequency
pressures, the diminishing features of the spectrum, in gerdependence. The estimation @f.s is 0.04 cm1+50% for
eral, reduce the overall information content of the data andhe HCN R-branch data used here. Both of these factors be-
heighten the nonuniqueness of the inversion problem. Thisome less significant with increasing pressure, andPhby
improvement toward the corred/ matrix is reassuring. =200 Torr, for example, the imprecision in the knowledge
Very good overall agreement betweelfq(v) and «MES(v) of the instrumental resolution is effectively irrelevant. How-
is achieved, with some small discrepancies toward the banever, the diminishing of distinctive spectral features with in-
head(see Fig. 7. The inversion algorithm converged within creasing pressure, decreasing the information content of the
five iterations. It should be noted that the general insensitivelata, means a compromise must be sought for purposes of
ity of a spectrum predicted by the MEG law to off-diagonal inversion. Fortunately, even the spectrum measured at the
elements was demonstrated by the fact that, apart frorhighest pressure reported by Romanini and LehmaRn (
Wj ;.4, very few elements recovered for any of the inver-=724.8 Torr) still contains a good deal of structure. Al-
sions reported above rigorously obeyed the detailed balandlough inversions were performed at several pressures be-
law, W 3= (pk /p3)Wg; - tween P=200 andP=724.8 Torr for which experimental
data are available, only the results f&=379.9 andP
=724.8 Torr are reported below for the sake of brevity.
These two inversions typify what was found at the other
Although the structure of the absorption spectrum ispressures.
richer at lower pressures, two factors make the use of very The inversion results foP=379.9 Torr, starting with
low-pressure data unattractive. The accuracy of the recowV’'°=WMEC W"%=0, are presented in Figs. 8—10. The re-
ered W matrix is inherently limited by the validity of the covered spectrume™Yv) is in excellent agreement with the
Doppler spectral distribution model used in Efi4) as well  experimental spectrunx®?(v) [see Fig. 8], fitting the
as by how well the resolution of the measurements is knowrspectrum well within experimental error. For comparison,
[i.e., the instrument function in Eq15)]. For the former the MEG law prediction is shown in Fig(l®. The spectrum
consideration, collisionalDicke) narrowing of the(Gauss- at this pressure represents the best prediction givanB§®

IV. APPLICATION TO EXPERIMENTAL DATA
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ezr FIG. 9. The real part of th®/ matrix showing the inversion results using

experimental data measured at 379.9 TowMEG (solid) and W''e°
(dashegt (a) full matrix and (b) diagonal elements. AW matrix elements
are in cn Yatm.

340 345 350 355 360 365 370
v — 20000 [em™!

380

FIG. 8. The recovered and measured spectrum from the inversions using
experimental data measured at 379.9 Téa): kY v) (solid) and «*(v)
(dashest (b)_KMEG(v) (solid) and x®#(») (dashedl All x(») measured arein  \\/MEG 514\\/380 are shown in Figs. 1b) and 11c), respec-
arbitrary units. . . .

tively, along with «**®(»). Both models predick®®(v) only

moderately well, althougW32° does seem to describe the

shapes of the peaks in the troublesome band head region
for the HCN R branch® While fitting «®®(») moderately somewhat better thawME®. However, ideally W38 should
well, kMEC(v) is particularly inadequate close to the bandhave predicted the spectrum at this higher pressure much
head. The relative size and shapes of the peaks are describeetter than it did. Reasons for this failure to predi¢t)
much better by«™qv). Here W'"™¢ possesses off-diagonal better include(1) the fact that only some of the elements of
elements typically of somewhat greater magnitude thaW are recovered to any degree of precision at a given pres-
W'MEGC [see Fig. a)]. Although the recovered real, diagonal sure; that is, only the elements to which the data are signifi-
elements are in general agreement with the MEG lawdfor cantly sensitive are improved upon over the initial guess.
>10, W' are somewhat larger than}}'=C for J<10. The  Other elements may not show any significant improvement,
inversion results for the imaginary part of theé matrix are  or may even diverge from their “true” value due to low
given in Fig. 10. Although generally small in magnitude, sensitivity upon the data. At a different pressure, these ele-
they are interesting in that they represent the first knownments may play a significant role in determining the spec-
determination of the off-diagonal imaginary elemelftShe  trum. From the sensitivity analysis, these remarks seem to be
inversion algorithm converged within three iterations. especially true for the off-diagonal element®) Possible

Inversion results forP=724.8 Torr are presented in inaccuracies ifP,T, d or possibly evem, for which thew ¢

Figs. 11-13. At this pressure, results for two initial guessesmatrix would attempt to compensate in order to better fit the
(1) W'0=WMEG: W"0=0 and(2) W°=W"' from the pre- data. When the pressure is changed, su¥ matrix would
vious inversion aP =379.9 Torr, which shall henceforth be not be expected to predict the spectrum w@).Of the same
referred to agv3®°, are given. Both inversions yielded very nature ag2), any discrepancy in the transition frequenci@s
consistent results, and bot®(») agree well with each would be compensated for and added to the pressure shifts
other and with«®®), fitting the data well within experi- contained inW'; [from Eq. (2), 6G=—&V°—iP éW; the
mental error[see Fig. 1a)]. The spectra predicted from conditiondv®=0 must be satisfied in order for Eq8)—(13)
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FIG. 10. The imaginary part of thé&/ matrix showing the inversion results o2 L J
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(solid) andW/’j° (dashedl All W matrix elements are in ch¥/atm. 340 %5 0 e 385
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to be strictly valid, resulting in an erroneous pressure- asl ' |
dependent component of the recovel#d,. Or (4), a pos- 26 f ©
. . e . (4
sible overfitting of the data so that the recovek®dmatrix 2ar 1
reproduces the noise plus the spectrum instead of simply 2’2: |
describing the underlying spectral pattern, resulting in a poor e} |
extrapolation to other pressures. O 1
As with the inversion reported aboviy'™ starting ~ * [ ]
from WO=WMEC  possesses larger off-diagonal elements | ]
than W'MEC, Only very small differences exist between o8 | .
W' starting fromwW'°=W’38 andw'*tself [see Fig. ol T
12(a)]. These slight corrections apparently yield the signifi- oz} |
cant improvements seen ¢ (Fig. 11), and tend to support of
reason(1), above, as to whyv3& does not better predict the e ms w0 s w0 s w0 o w0 s
spectrum atP=724.8 Torr. The real, diagonal elements v~ 20000 [em™!]

W, agree well with each other for either choice \f’, FIG. 11. The recovered and measured spectrum from the inversions using
and show, as foP=379.9 Torr, somewhat larger values for gyperimental data measured at 724.8 Téa: () from WO=WMEG
J<<10 (however, with a few larger than the corresponding(solid), () from W°=W3® (heavy dashedand ) (light dashet
elements of};%9), as well as slightly smaller elements for (b) «"=(») (solid) and x*%) (dashet (c) x**() (solid) and x*¥»)
J>10 [Fig. 12b)]. The recovered imaginary elements, (dashedl All k(v) are measured in arbitrary units.

shown in Fig. 13, while again small in magnitude, agree well

with each other in shape, if not exactly in magnitude. This

fact is quite reassuring, in that in seems that physically reldiscrepancy were given in reasdf), above. For either
evant elements are being recovered, considering one was rehoice of W°, the algorithm converged within three itera-
covered starting withw”°=0 and the other withw”®  tions.

=W"38C |t should be noted thatv”3& possesses a some- For the inversions reported above, the fact that only a
what different shape thalv"'® possible reasons for this few of the off-diagonal elements &¥ are recovered to high
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precision was demonstrated by the fact that maw§/js

obeyed detailed balance within 1% or better, a few forof the recoveredN matrices at the extrapolation to other
WSS, and fewer still forw'JS ;. The specific recovered pressures can be accounted for, at least in part, in that, at
elements for which a detailed balance held were different atlifferent pressures, the spectrum is sensitive to different el-
different pressures. Although this test provides an indicatoements of théV matrix to which it was not at the previous
as to which elements o . ; are recovered to high preci- pressure(and hence these elements were not recovered to
sion, a reformulation of the algorithm to explicitly require any degree of precision The inversion algorithm, based
the recoveredV matrices to satisfy a detailed balance mayupon the Tikhonov regularization scheme, usually converges
improve the overall results. This was not reported here foquickly, within three to five iterations.

brevity, since it was deemed useful to first test the algorithm  The calculation of more accurat matrix elements
without imposing a detailed balance to see how well thegives rise to the possibilities dfl) additional inversion to
recovered, off-diagonal elements\WW' naturally obeyed the obtain cross sections and even possibly the underlying inter-

law. It shall be reported in a subsequent paper. molecular potential given data of sufficient quality; af®l
investigating the empiricaF factor for off-diagonal ele-
V. CONCLUSIONS ments, whose rigorous theoretical origin is somewhat am-

_ . _ biguous at this timé® Further applications of the algorithm
In this paper it has been shown that, at a given temperay, different systems seems in order.

ture and pressure, absorption spectral data can be used to
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