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Abstract 

The high resolution spectrum of arsine in the region of 11470- 11650 cm - ’ was recorded by a sensitive laser 
photoacoustic apparatus. The vibration-rotation transitions of the local mode pair of bands (600AJE) were assigned 
and their major vibration-rotation parameters were obtained by least-square fitting. The results indicate that the 
selection rules on the quantum number k have no effect in the high J values owing to strong Coriolis coupling. In 
addition, the intensities of vib-rotational transitions were estimated by comparison with standard water lines. i, 1997 
Elsevier Science B.V. 

Kqworrls: Photoacoustic spectroscopy; Arsine; Vibration-rotational transitions 

1. Introduction 

It is difficult to record the high resolution spec- 
trum of high overtones in practice owing to the 
small transition dipole moment from ground state 
to overtones and the need to record at low sample 
pressure to avoid pressure broadening. Recently, 
intensive experimental work has been carried out 
on the high resolution spectra of stretching over- 
tones, taking advantage of interferometric and 
various highly sensitive intracavity laser spectro- 
scopic techniques. 

* Corresponding author 

The high resolution Fourier transform spec- 
trometer combining with White-type multipath 
absorption cell has proved to be a very effective 
tool for the high resolution spectroscopic study of 
the first few overtones, up to v = 4 or 5 (about 
12 000 cm-‘). Taking advantage of this tech- 
nique, Zhu and co-workers have recorded the 
high resolution spectra of GeH, v = 3 [1,2] and 
SiH, $1 = 3-5 [3,4] stretching overtones. It has also 
been used to study the stretching overtones of 
SnH, [5-S], SbH, [9-111, ASH, [12-141 and H,Se 
[l&16], etc. 

Intracavity laser absorption spectroscopy 
(ICLAS) is a particularly good technique for high 
overtone spectroscopy in the visible region [17]. 
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This technique is highly sensitive and quantita- 
tive since it is based on the high sensitivity of a 
broadband laser to intracavity frequency selec- 
ti\,e losses due to the absorber contained in an 
‘ntracavity cell. The high resolution spectrum of 
GeH, and SiH, ‘I= 667 overtone bands was ob- 
tained by the ICLAS technique [18,19] with an 
effective pathlength of Ien-= 5.25 km and the 
dyes styryl 9 and pyridine 2, respectively, used 
for I’ = 6 and 7 bands. The precision of the 
measurement is estimated as 0.02 cm ‘. The ab- 
sorption linewidth is about 0.05 cm- ’ 
(HWHM). 

Another highly sensitive laser technique suit- 
able for overtone spectroscopic study is laser 
photoacoustic spectroscopy (LPAS). The advan- 
tages of this method are the high sensitivity and 
continuous tunability of Dye/Ti-sapphire lasers. 
One of the most sensitive LPAS techniques is 
intracavity dye laser photoacoustic spectroscopy 
(ICL-PAS), which was first applied to gas phase 
overtone spectroscopy by Stella, Gelfand and 
Smith [20], and then used to study a series of 
overtone spectroscopes of XH, type molecules 
by Reddy and Berry [21,22], Henry and co- 
workers [23]. Halonen and co-workers have used 
intracavity Dye!Ti-sapphire laser photoacoustic 
technique to obtain the high resolution spectra 
of SnH, stretching overtones [5-81. However, 
owing to the limited available space inside a 
laser cavity, ICL-PAS is a very sophisticated 
and difficult technique. 

Since photoacoustic signal intensity is sensi- 
tively dependent on the chopping frequency, the 
photoacoustic sensitivity may greatly increase if 
we use a sharp resonant chopping frequency. 
However, since the photoacoustic cell used in 
ICL-PAS is small and its geometry can not be 
best designed, this resonant chopping frequency 
is usually so high that it is difficult to be found 
in practice. In the present study, we have made 
a novel multipath photoacoustic cell and 
recorded the high resolution photoacoustic spec- 
trum of arsine I’= 6 stretching overtones (600) 
in the region 11470- 11 650 cm- ‘. The upper 
state was found strongly perturbed. The vibra- 
tion -rotation transitions were partially assigned 
and discussed. 

2. Experimental method and results 

The high resolution spectrum I” the region ot 
11470 11 650 cm ’ was recorded by ;I sensitive 
laser photoacoustic apparatus specially made in 
our laboratory. A titanium- sapphire ring lase’ 
(Coherent 899-29) was used to excite the arsine 
molecules, The induced photoacoustic signal was 
detected by a microphone (with sensitivity of 5 
mV Pa -- ‘), placed in the middle (on the wall) of 
a stainless steel cylinder with 100 cm in length 
and 12 cm in diameter. The laser beam was 
reflected and re-focused many times by two sets 
of mirrors at both ends of the gas cell (for more 
details see Ref. [24]). Fixing the chopping fre- 
quency at 2008 Hz, which is the acoustic reso- 
nant frequency of the first radial mode with 
arsine gas inside, and using the effective path 
length of 72 m, we recorded the spectrum with 
the sample pressure of 30 Torr at room temper- 
ature (293 K). ASH, was purchased from Nan- 
jing Special Gas Company with the purity of 
99.99%. In the experiment, the laser power was 
1.0 W and its wavelength was calibrated by the 
lines of H,O [25], which was mixed with ASH, 
in the cell in a separate experiment. The resolu- 
tion was limited by Doppler linewidth (about 
0.023 cm ‘), and the accuracy of measurement 
was about 7 x 10 ’ cm ‘. Fig. 1 shows a sur- 
vey of the spectrum recorded. 

The intensities of the vibration -rotational 
transitions of (600A,/E) bands were estimated. 
Fig. 2(a) is the spectrum of 30 Torr pure ASH,, 
and Fig. 2(b) is that of 28 Torr ASH, with 4.5 
Torr water vapor in the cell. Two water lines 
appear clearly in Fig. 2(b). From the intensity 
(1.08 x 10 p2h cm mol ‘) of one unblended wa- 
ter line at 11 588.515 cm ~ ’ [2.5], the intensity of 
the nearby ASH, line at 11 589.610 cm ’ 
(marked by an asterisk in Fig. 2) was estimated 
to be 5.1 x 10 -” cm mol ‘. In turn. the inten- 
sity of the strongest ASH, lines at 11 573.809 
cm-’ in the (600A,/E) band was estimated to 
be 1.4 x 10 ~ *’ cm mol ‘. In the same way, the 
observed strongest lines around 11 960 cm ‘, 
which may be assigned to be that of ASH, (510) 
bands, were estimated with the intensity of 
about 5 x 10 7X cm mol I. 
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ASH, V=6 

11500 11550 

Wavenumber (cm-‘) 

11600 11650 

Fig. I. The high resolution photoacoustic spectrum of arsine (600A,:E) bands. 

3. Rotational assignment 

The ground state combination differences 
method is usually helpful in assigning vibration- 
rotational spectra. However, it was not so in our 
case because there were many strong perturba- 
tions: only in a few cases could combination 
differences with three allowed P, Q and R transi- 
tions be found, in most cases there were only 

Fig. 2. The spectra in two experiments, (a) with 30 Torr pure 
ASH,; (b) with 28 Torr ASH, and 4.5 Torr water vapor in the 
cell. Two water lines are marked out by arrows and the nearby 
ASH, line at 11 589.610 cm - ’ is marked out by an asterisk. 

those with two allowed transitions with some 
forbidden transitions. Fortunately, ASH, is a 
molecule close to the local mode limit and the 
vibration-rotational energy structures of its first 
three stretching local mode overtones have been 
studied, therefore we can reasonably well predict 
the vibration-rotational energy levels of unper- 
turbed (600) states by using the results we ob- 
tained earlier [12-141. 

In order to make the prediction, we calculated 
the effective vibration-rotational parameters of 
(600) states by using the vibrational wavefunc- 
tions obtained in the normal mode model with 
Darling-Dennison resonance included (NMDD 
model). In this model [26], there are (IZ + 2)(n + 
l)i2 basis states for the II= n stretching polyad: 
~zv,(A,), (n - l)v, + Y,(E) ,..., the Darling-Den- 
nison resonance couples the basis states with the 
same symmetry. In particular, our attention is 
drawn to the Hamiltonian submatrices with sym- 
metry A, and E, respectively. These two Hamilto- 
nian matrices can be set up for a given stretching 
polyad by using the expressions of the matrix 
elements given in Ref. [26], and these are then 
diagonalized so as to obtain the eigenvalues and 
eigenvectors. The lowest pair of eigenstates of A, 
and E symmetry are almost degenerate and corre- 



spond to the local mode state of this polyad. By 
the least-square fitting of the known stretching 
band origins including 1’ = 1 to v = 4 [12 14,271, 
we obtained the three parameters of the NMDD 
model: the Morse frequency IL), = 2199.26 cm ‘, 
anharmonicity constant x, = - 38.39 cm ’ and 
the inter-bond coupling parameter i, = - 3.72 
Clll ~~ I. From these parameters we obtain the fol- 
lowing band origins and wavefunctions of (600A,/ 
E) local mode states: 

vh,lOl,, = v600E = 1 1 582.94 cm -~ ‘; 

Q, m,.,x, = 0.0851/$[~0,@) + (0,6-V 

+0.4821/$[/l,53)+ 11,5-j)] 

+ 0.417lJ5[13,3 ‘) + 13,33)] 

+ 0.27010,6”) + 0.608)2,4”) + 0.37214,2”) 

+ 0.07216,O”); (1) 

@ 6OO.E 25 = 0.14810,6 * ‘) + 0.248)2,4 “) 

+ 0.48211,5 * ‘) + 0.511(3,3 * ‘) 

+ 0.17115,l * I) + 0.234)0,6 + *) 

+ 0.49612,4 T *) + 0.263/4,2 T *) 

+0.15211,5’5), (2) 

where the local mode state eigenvectors @‘soo,a 
and @600Ek are the linear combinations of severa i 
normal mode basis, Iv,,v$). 

The Hamiltonian coefficients available from 
stretching fundamentals (see column 4 of Table 4 
in Ref. [12]), combined with the wavefunctions (1) 
and (2) can predict the following effective parame- 
ters (in cm-‘) for the (600A,/E) local mode pair 
according to the expressions given in Refs. [9- 
1 1.281: 

B - B6,,0E = 3.5287, hOOA, - 

c 600A, = c 600E = 3.3667, 

( c06”,, = ( BWe, = 0; 

xpIqc= 0.183, qTB = 0.130, q, = - 0.092, 

Y, = 0.032. 

In the first step of making rotational assign- 
ment, parameters af;, CI-;;, qt and rt were fixed to 
the above predicted values, and the obtained up- 

per energy levels were least-squares fitted to gi\c 
rise to the preliminary \:alues of R. C and ,. Then 
the new set of parameters were used to predict 
upper energy levels. which were compared \vith 
the observed levels to obtain more assignments. 
Then, the fitting was carried out again to obtain 
the improved parameters. Repeating this proce- 
dure, we obtained 69 upper energy levels up to 
J= 6 (see Table 1). totally 198 lines (including 
some forbidden transitions) were assigned. Due to 
the weak intensity and the severe perturbations 
and the inadequacy, it was difficult to assign the 
J> 6 energy levels. 

4. Vibration-rotational Hamiltonian 

In the least square fitting we used the vibra- 
tion-rotational Hamiltonian matrix including 
Coriolis resonance interactions between A, and E 
vibrational states [12]. The diagonal matrix 
ments are: 

(vl; Jk IHlvl; Jk) 

= G,. + B,,[J(J+ 1) -k’] + C,.k” - 2(C<),,k/ 

-D;J’(J+ l)*-DJKJ(J+ l)k’-D’$” 

+ PI,,/ J(J+ l)kl+ vrKk31 + ... 

ele- 

(3) 
where the basis functions lv~k) = Jvl)lJk), [Jk) 
are the rotational wave functions, v denotes 
(600~~) or 1600~ + ) vibrational states respec- 
tively, and the corresponding vibrational angular 
momentum quantum number I= 0, f 1 for the 
A, and E vibrational states, respectively. The 
off-diagonal matrix elements are [9-- 141: 

(600E + ; Jk -t- 1 ((H?, + U2,)/hc(6OOA,; Jk) 

= - (600A,; Jk + 11(/L, + K,)/hc/600E ~- ; Jk) 

= ${BsZ&+ &J(J+ l)}F(J, k) (4) 

(600E +; Jk + 2/(K2 + H,,)/l~)600E ~; Jk) 

= - ; (qeff+ q$ J(J + 1) + q:,dk* + (k + 2j2]1 

F(J, k)F(J, k + 1) (5) 

(600E -~ ; Jk + 1 ((Z-L2 + H,,)/hc/600E + ; Jk) 

= 2b-eff + df J(J+ 1)](2k + l)P(J, k) (6) 
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Table I 
The rotational energy levels of ASH, (600A,/E) states (cm-‘) 

- 

I” J 

0 
I 
I 
1 
I 
I 
I 
2 
2 
2 
7 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

K 

0 
I 
0 
I 
I 
0 
I 
0 
I 
2 
I 
2 
0 
I 
2 
3 
2 
0 
I 
2 
2 
0 
I 
2 
3 
3 
I 
2 
4 
3 
I 
2 
4 
I 
2 

I- Obs. 

A, I I 516.337 

A, I I 583.264 

A2 I I 583.418 
izl II 583.089 
E 1 I 583.089 
E II 583.418 
E I I 583.256 

A, I I 597.645 
A, II 597.167 
A, I1 596.665 
E II 597.115 
E I I 596.636 
E II 597.545 
E I I 597.642 
E I I 596.690 

A, I I 616.877 
A, I 1617.904 
A, I I 610.205 
.4: I I 618.276 

A2 I I 617.565 
E I I 613.756 
E I I 619.147 
E I I 619.220 
E I I 618.038 
E I I 616.796 
A, 1 I 645.055 

A, I I 646.673 

A, I I 645.685 

A, I I 643.885 

A, I I 645.314 

A2 I I 648.1 I9 

‘4, I I 646.484 
A2 1 I 643.885 
E I I 648.091 
E I I 645.827 

- 

1709 

k 0.-c.* v J K r Obs. N A O.-C 

1 
I 
2 
I 
I 
2 
I 
2 
I 
I 
4 
I 
2 
5 
4 
I 
I 
3 
3 
I 
4 
3 
3 
3 
3 
2 
3 
2 
3 
I 
2 
3 
2 
4 
4 

I 

9 

2 

9 

3 
4 
3 

7 
2 

8 
II 
9 
6 
7 

- 

0.40 
0.03 
1.84 

-2.22 
-0.48 
-0.85 
-0.15 
- 1.68 
-2.13 

3.09 
3.77 
0.86 

-0.87 
-3.61 
- I.17 
-4.05 
- I.53 
-0.24 
- 1.07 

I.11 
3.95 
I .05 
I.55 

-0.46 
0.37 

-4.09 
2.14 

-4.06 
0.55 
1.32 

-0.51 
- 3.30 
- 0.29 
-2.38 

2.12 

I 4 4 E I I 643.928 
3 4 0 E II 648.118 
3 4 1 E I I 646.675 
3 4 2 E I1 646.580 
3 4 3 E 1 I 645.066 
3 4 3 E I I 645.333 
3 4 4 E I I 643.968 
3 5 I A, I I 684.648 
3 5 2 A, 1 I 683.491 
3 5 5 A, I1 677.921 
I 5 0 A2 II 684.599 
I 5 3 A2 I I 680.370 
3 5 I A2 II 682.585 
3 5 2 AZ I I 681.092 
3 5 4 A2 I I 679.483 
3 5 5 AL I I 677.921 
I 5 I E I I 684.593 
I 5 4 E I1 679.526 
I 5 5 E I I 677.879 
3 5 0 E I I 684.624 
3 5 3 E I1 682.642 
3 5 3 E I I 680.946 
3 5 5 E I I 677.801 
3 6 5 A, I I 719.973 
3 6 5 A2 I I 719.973 
I 6 I E I I 728.959 
I 6 4 E II 722.549 
1 6 5 E II 720.819 
3 6 2 E I I 726.550 
3 6 3 E I I 723.991 
3 6 4 E I I 724.361 
3 6 5 E I I 721.123 
3 6 6 E I1 718.216 
3 6 6 E I I 718.563 

2 
S 
3 
7 
5 
I 
2 
2 
3 
4 
2 
6 
3 
3 
3 
4 
4 
3 
5 
6 
2 
3 
5 
3 
3 
5 
5 
4 
4 
2 
2 
4 
2 

5 
4 
3 
4 
5 

II 
3 
6 
3 

I2 
9 
5 

IO 
6 
3 
6 
3 
5 
5 
6 
4 
9 
6 
4 
2 
8 
4 

-0.80 
I .96 
3.95 
I .59 

- 7.16 
3.55 
I .62 
I .70 
1.49 

-0.53 
- I .09 

I.18 
- 1.86 

0.68 
0.37 
0.02 

-0.39 
I.12 
I.15 
1.01 
I.21 

-2.5-l 
2.91 
lJ.97 

-2.07 
-2.44 
- I.11 

0.77 
2.15 

- I.70 
2.28 

-7.19 
0.21 
1.m 

- 
Ground state rotational energy levels were taken from Ref. [37]. 
’ v = I, 3 denote /600A,) and /600E) states, respectively. 
” N is the number of observed lines satisfying the ground state combination difference relation. 
’ A x 10 -’ cm-- ’ is the largest energy difference of the upper states obtained from these N lines. 
’ (O.-C.) x IO--’ cm-- ’ is the observed minus calculated value. 

(600A,; Jk + 21(Hs2 + H,,)/hc~600E+; Jk) (600E + ; Jk + 1 I(I& + H,,)/hc(600A,; Jk) 

= (600~- ; Jk + 2pib2 + ff,,)p~1600A,; Jk) = (600A,; Jk + lj(I& + H,,)/hc/600E ; Jk) 

Jz = 4 [c$ + a:?” J(J + l)]F(J, k)F(J, k + 1) 
f, BC =- aeff + ~$7 J(J+ 1)](2k + l)F(J, k) (8) 

(7) where F(J, k) = ,/J(J+ 1) - k(K+ 1). 



A set of parameters, which were obtained from 
the least squares fitting and reproduced the initial 
experimental energy levels with the standard devi- 
ation u = 2.25 x 10 zcm -I , is presented in Table 
2. It is worth noting that the selection rules on the 
quantum number /c no longer exist. especially for 
the high J levels owing to the strong Coriolis 
couplings, and the k structure of the symmetric 
top parallel band disappears (see Fig. 3). In addi- 
tion, some unusual lines appear in Fig. 3. maybe 
due to perturbations. 

5. Discussion 

Table 3 lists the observed and calculated effec- 
tive vibration-rotational parameters of arsine 
stretching local mode pairs. It is interesting to 
note that some local mode features are clearly 
demonstrated. 

(1) The effective Coriolis coefficients (BjQ),, 
and (C&r z 0; this quenching effect has been 
predicted by Zhu [29] and others [30-321. 

Table 2 
The effective rotational parameters for the (600; A,) and (600; 
E) stretching states of the ASH, molecule (cm-‘)” 

Parameters (600: A,) (600; E) 

1’ I1 576.333( 14) 11 576.338(9) 
B 3.5284(19) 3.5275(6) 
c 3.3228(18) 3.3219(5) 
D,,!lo--’ -O.l039(43)b -o.l039(43p 
r/&lo-z 0.1073 

(600; Ej600; E) 
r,,.+/10-’ 0.3180(106) 
r&10-~ ~ 0.1240(264) 
Q,,‘lO~ ’ -0.7404(65) 
&IO 2 -0.112(23) 
C&,lO-’ - 0.184(27) 

(600; A,/600; E) 
$’ 0.062(2 1) 

zcff s 
B”‘/lO~. 2 -0.443(52) 
BB 

5,11 0.1057(26) 
$?I;10-~ 0.637(84) 
(r/10--’ 2.25 

d Values in parentheses are 1~ confidence intervals. 
b Parameters D, for both vibrational states were fixed as equal 
to each other during the fitting. 

11559 11560 11561 11562 11563 

Wavenumber(cm~') 

Fig. 3. Expanded picture of the spectra of arsine in the P 
branch region. 

(2) The diagonal parameters of A, and E states 
become equal, 

8 B 
A, .eff = cI E,effr m;  

/. 
rff= cxf,’ .e ff. 

This is a consequence of the complete mixing of 
A,/E pair of states due to the strong vibration- 
rotation interactions [30-331. 

(3) The obtained off-diagonal parameters do 
not agree well with the predicted simple relation- 
ship (see Table 4) for the off-diagonal parameters: 
~,“f = - &+rr, a:$ = 4$r,rr, this may be a 
consequence of perturbations [28,34,35]. In Table 
4, the observed values of the v, band origin have 
been well predicted by the NMDD model except 
for the (600) state. This may be the result of 
perturbations also. 

It is known that the bending band origins of the 
XH, molecules are usually below half of the 
stretching. However, the state involving one local 
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Table 3 
Vibrational dependence of the vibration-rotation parameters (cm-‘) 

--~ -~ 

(lOOA,/E) (200A,/E) (300A,/E) (400.4,/E) (600A / ;E) 

Obb. Obs. Calc. Obs. Calc. Obs. Calc. Obs. GilC. 

!Y2, 0.03728 0.07597 0.07407 0.11475 0.11138 0.15569 0.14855 0.2232 0.2229 
:r ; 0.03751 0.07550 0.07426 0.11357 0.11139 0.15805 0.14855 0.2241 0.2229 
7 :, 0.032 I 0.04805 0.04821 0.05705 0.06704 0.08985 0.08847 0.1758 0.1318 , 
:% ;; 0.0160 0.04358 0.04449 0.06202 0.06684 0.0901 I 0.08846 0.1766 0.1318 
‘I -0.005823 -0.030455 - 0.02944 - 0.04772 -0.04631 ~ 0.06324 -0.06163 - 0.0740 - 0.092 I 
I 0.00549 0.01150 0.01074 0.01616” 0.01616 0.02157” 0.02157 0.03 180 0.0324 
YBH 0.02827 0.0462 0.0454 0.06836 0.06570 0.08995 0.08717 0.1057 0.1 303 
r8( 0.03028 0.0628 0.0605 0.09219 0.09140 0.12345 0.12201 0.062 0.183 
u;n 0.1073 0.0244 0.0240 0.00 I28 0.00130 0 0.00004 0 0.0000 
,(‘” - 0.0460 -0.01378 -0.00823 -0.00049 -0.00048 0 -0.00001 0 ~~.OOOO 

__-..- 

Data of the (lOOA,iE) states are from Refs. [12,27]; those of the (200A,/E), (300A,/E) and (400A,/E) states are from Refs. [I 2.131. 
,-espectively; and those of the (600A,/E) state are from this work. The values calculated by the NMDD model. 
,’ Constrained to the calculated values. 

‘Table 4 
Local mode relations about off-diagonal parameters for the (lOOA,/E), (200A,iE), (300A,/E). (400A,/E) and (600A,iE) local mode 
pairs 

Calc. Calc. 

vi (cm-‘) 

Obs. 

______- 

Calc. 

lOOA,;E -0.287:1.414 1:5.908 2115.164 2115.06 
‘OOA,/E -0.932:1.414 -0.918:1.414 1:5.461 1:5.633 4166.772 4166.65 
300A, /E -0.987:1.414 -0.996:1.414 1:5.705 1:5.656 6136.316 6136.58 
400A,:E -0.994:1.414 -0.997: 1.414 lz5.723 115.657 8028.977 8028.85 
600A,,‘E --0.991:1.414 ~ 1.00:1.414 1: 1.950 I i5.657 1 I 576.333 11 582.94 
LM limit -1:1.414 1:5.657 

mode pair and double bending excitation modes 
will hopefully catch up with the next pure local 
mode states in the high vibrational energy re- 
gion due to the large stretching anharmonicity. 
Thus interactions can be expected to occur be- 
tween these two states. In the range of (600A,/ 
E) states, perturbations may come from 
(500AJE) + 2v, combination bands. This is be- 
cause the 2v, band origin is 1806.15 cm-’ [36] 
and SOOA,/E band origins are equal to 9844.28 

~~ 1 (predicted by NMDD model). Consider- 
Fnt the effect of anharmonicity, the (500A,/E) + 
2v, bands should be very close to (600A,/E) 
states. 
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