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Summary

Absorption of IR radiation from a high power CO, laser by phosphine
has been studied. At a constant pressure of phosphine, the fraction of energy
absorbed is characteristic of the laser frequency. For a fixed laser frequency
and constant incident intensity the pressure dependence of the optical
density can be approximated by an empirically modified Beer-Lambert law.
The effect of an added non-absorbing gas on the absorption coefficient of
phosphine can be expressed simply by the addition of an appropriate term
to the modified Beer-Lambert equation. Both dependences represent a
phenomenological description of the effect of collisions on the IR multipho-
ton absorption process.

1. Introduction

The availability of high power lasers has opened up new areas of in-
vestigation in IR multiphoton photochemistry and spectroscopy. As might
be expected, however, some difficulties regarding the interpretation of the
mechanism of the multiphoton absorption process, as well as the mathe-
matical descriptions of the process, have appeared [1]. Numerous observa-
tions have revealed that the process of multiphoton absorption obeys rather
poorly the single-photon selection rules [2]. Moreover, the Beer—Lambert
law has been found to be invalid under the prevailing high radiation density
conditions. Spectroscopic investigations in the IR region have demonstrated
that, under high radiation density conditions, the absorption coefficient no
longer depends solely on the energy of the incident quanta but also depends
on the incident intensity I, (in watts per square centimeter) [3, 4], the
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incident fluence Fg (in joules per square centimeter) [5 - 16], the pressure
P of absorbing molecules [4,5,7,10-15, 17 - 20], the pressure Pr of
foreign substances [5, 9, 11,12, 15,17, 18, 21, 22] and the temperature T
[12, 19, 23].

In the present work investigations of the effect of frequency, pressure
and the presence of foreign substances on the IR multiphoton absorption
process in phosphine were undertaken. Phosphine appears to be an appro-
priate compound for this study because it is a small polyatomic molecule,
does not decompose in the field of the unfocused laser beam [24] and has
two normal vibrational modes v, and v,;, whose fundamental frequencies
" lie in the emission region of the CO, laser [25, 26].

2. Experimental details

The IR multiphoton absorption measurements were carried out in a
stainless steel cell fitted with NaCl windows and with an optical path length
of 15.5 cm (volume, 152 cm?). The amount of energy E,,,, absorbed by the
gas and the incident pulse energy E, were measured by means of a Gen-Tec
(model ED-500) joulemeter. With the exception of the lower curve in Fig. 1,
all incident and transmitted doses were corrected for reflection and absorp-
tion losses at the windows. All absorption measurements were made at
ambient temperature (about 293 K).

The source of IR radiation was a pulsed CO, transversely excited atmo-
spheric pressure laser (Lumonics model 103-2). The central portion of the
laser beam was stopped down to an area of 2 cm? by a metal aperture. The
laser was operated at 0.5 Hz with the following lasing gas mixture: 68% He,
23% CO, and 8% N,.

The single-photon (i.e. low intensity) IR transmission spectrum of
phosphine was recorded on a Perkin—Elmer model 5680 IR spectrometer.

Phosphine, helium and nitrogen, all of purity stated to be better than
99.9%, were obtained from the Matheson Company and were used as re-
ceived. All gas mixtures were prepared using a Saunders—Taylor apparatus
[27]. _

3. Results and discussion

3.1. Single-photon and multiphoton spectra

The low intensity IR transmission spectrum of gaseous phosphine in
the frequency region of the », and r; fundamental vibrational modes is
presented as the upper curve in Fig. 1. The lower curve in this figure shows
the absorption of energy by phosphine as a function of the available CO,
laser frequencies. This latter spectrum was obtained using the unattenuated
laser beamn and hence the energy fluence varied from line to line [28] (Table
1). Since the high intensity absorption cross section usually depends on the
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Fig. 1. The single-photon transmission spectrum of phosphine in a 10 ¢m cell as a fune-
tion of wavenumber and the multiphoton absorption spectrum (©) in a 15.5cmcellas a
function of the CO, laser line (P(PH3) = 50 Torr). The multiphoton absorption data are
arbitrarily joined by straight lines to guide the reader’s eye.

TABLE 1
Abscorption parameters for phosphine

Laser Wave Incident Frequency Absorption Constantsin n Constants?
line frequency [fluence mismatch cross eqns. (1) in eqns.
(251 (Jem™2) Pigeer — Vo* section® and (2) (3) and (4)
(em™1) {(cm™?) (X102 ¢m? (em™! Torr 1) —_—
molecule—1) c m
A B (em™!
Torr 1)
P42 922,914 0.35 0.002 3.4 0.0012 0.00090 0.66 O 0
P20 944.194 0.80 —0.018 1.9 0.0040 0.00031 0.94 0.00084 O
R32 983.252 0.70 0.029¢ 2.6 0.0027 0.00028 0.57
P36 1031.477 0.60 0.019 4.0 0.0041 0.00090 0.87 0.00098 O
P24 1043.163 0.70 0.020 3.0 0.0029 0.00028 0.52
P12 1053.924 0.70 —0.331 2.5 0.0012 0.00058 0.60
R14 1074.646 0.80 0.017 2.1 0.0019 0.00015 0.47 0.00083 O

2 For information see text.

b At 50 Torr of PH; and ambient temperature (298 K).
¢Double-degenerate transition in phosphine.
dEvaluated at a PH; pressure of 30 Torr.
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incident energy fluence [5-16], the multiphoton absorption spectrum
(lower curve in Fig. 1) is meaningful for the actual experimental conditions
only; at a constant fluence we would expect a somewhat different picture.
This fact makes the interpretation of the spectral data more difficult, but
nevertheless a number of significant observations can be made.

A rough comparison of the spectra shown in Fig. 1 indicates that no
general correlation exists between the single-photon low resolution IR spec-
trum of phosphine and that characterizing the absorption of intense laser
radiation. Such a procedure may not, however, be the best one for compari-
son of these kinds of spectral characteristics. As the laser radiation is highly
monochromatic it is more appropriate to compare the high fluence laser
spectrum of phosphine shown in Fig. 1 with a single-photon high resolution
spectrum of the compound. Indeed, strong absorption is observed when the
difference between the frequency vy, ©of a given laser line [26] and the
frequency v, of the vibration—rotation transition in phosphine [25] closest
to it is relatively small (Table 1). If this difference becomes fairly large no
absorption is observed. However, some deviations from this qualitative rule
are found. As a characteristic example, we may consider the P12 line of the
00°1-02°0 transition. Despite a fairly large frequency mismatch (Table 1),
this emission line of the laser is strongly absorbed by phosphine. It may also
be noted that an increase in the degeneracy of a given vibration—rotation
transition causes an increase in the multiphoton absorption coefficient.
These facts clearly indicate that the process of multiphoton absorption of
CO, laser radiation in phosphine is mainly of a resonant nature.

In analysing the multiphoton absorption spectrum in Fig. 1, we notice
that the tendency of phosphine to absorb laser radiation varies with the
emission region of the CO, laser. Generally, lines belonging to the P and R
branches of the 00°1-02°0 laser transition are absorbed more strongly and
more frequently than those arising from the 00°1-10°0 transition although
the intensities of the pertinent lines of both emission bands are almost the
same [28]. This presumably arises from the fact that the availability of
vibration—rotation states in phosphine is higher for the former emission
region of the laser [25]. In this former region (i.e. 00°1-02°0) both R and
P rotational branches of the v, and v, vibrations respectively of PH; occur.
In contrast, only single rotational branches P and Q of the v, mode of
phosphine fall within the P and R emission regions respectively of the 00°1—-
10°0 transition of the laser [25, 26].

3.2. Pressure dependence of energy deposition

Absorption measurements generally yield averaged information over
the sample dimensions. To investigate the pressure dependence of the
amount of energy absorbed it is convenient to express it as the ratio E,,,/E,.
It is noticed immediately that the absorption data obtained at several fre-
quencies show the same behavior; an example of this observed dependence
is seen in Fig. 2. For all the emission lines investigated the fraction of energy
absorbed initially increases sharply with an increase in the pressure and then
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Fig. 2. Dependence of the fraction of energy absorbed per pulse (O) and the optical
density (2) on the pressure of phosphine for the P20 line (944.2 cm™!) (fluence, 0.8 J
em™?):; , calculated using the three constants A, B and n determined by the optimiza-
tion procedure described.

asymptotically approaches the maximum value of unity at the high pressure
limit (Fig. 2, curve a). Plots of the logarithm of Ey/(E,— E,,s) (optical
density) versus pressure (Fig. 2, curve b) generally exhibit non.linear rela-
tionships that show positive deviations from the Beer—-Lambert law. This
type of dependence suggests that the data might be fitted by the expression
[24]

E“”—-l— —JA P n+B}LP] 1
Eo exp[ 3 (E) )

where L denotes the optical path length, P is the pressure of phosphine and
P, is equal to 760 Torr (atmospheric pressure). To obtain the best test of the
adjustable constants in eqn. (1) the values A, B and n were first estimated by
taking three experimental data points and were then optimized according to
the simplex procedure [29] using the full set of data points. The values of
the empirical parameters derived in this way for several laser lines are listed
in Table 1. In addition, the full curves in Fig. 2 are calculated curves based
on the derived constants A, B and n. It is worth mentioning that a two-
parameter equation of the type A(P/P,;)" was not suitable for the approxi-
mation of absorption data in our case; it was found that plots of In(optical
density) versus In(P/P,) were generally non-linear.

Although egn. (1) presents a purely empirical relationship, some
remarks regarding its physical meaning are warranted. The logarithmic form
of egn. (1) is
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(ee25z) =147 ) =
Inl — |=9A|— + B!LP (2)
Ey—E,s P,

Thus the quantity A(P/P,;)" + B can be considered as an absorption coef-
ficient, or absorption cross section, at a given fluence. The parameter B in
eqn. (2) characterizes the multiphoton absorption of radiation at the low
pressure limit, i.e. in collisionless conditions. However, the term A(P/P,)",
which is responsible for the non-Beer-Lambert behavior, describes an in-
crease in the absorption coefficient caused by an increase in the density of
absorbing molecules. Since the number of collisions increases with the square
of the gas pressure or density, it is probable that this latter term arises from
the effect of collisions on the IR multiphoton absorption process. The data
listed in Table 1 indicate that the contribution of the A(P/P,)" term to the
total value of the absorption coefficient is a feature characteristic of the
laser line absorbed. For some laser frequencies the main contribution to the
absorption coefficient arises from B (e.g. for the P42 and P12 lines); for
others, the A(P/P,)" term dominates (e.g. for the R14 and P24 lines).

Plotting the value of the absorption coefficient against the pressure of
phosphine always leads to concave curves, which means that n can vary
between zero and unity. The upper limit of unity corresponds to the situa-
tion when the A(P/P,)" term in the optical density is directly proportional
to the number of two-center collisions. If n is equal to zero then each iso-
lated molecule absorbs radiation and collisions do not influence the absorp-
tion process. Of course, in this case the absorption coefficient becomes
independent of P and we can expect A to be equal to zero. Presumably, for
any value 0 <n <1 only certain collisions affect the absorption process and
‘thus the appropriate term in the optical density is not directly proportional
to the number of collisions.

Similar dependences to those presented above have been observed in
multiphoton absorption studies of other systems [4,5,7,8,10-15,17 -
20] although some authors of the cited papers have proposed more complex
forms of mathematical expressions for approximation of the experimental
data.

3.3. Effect of a foreign gas on the multiphoton absorption process

Since an increase in the pressure of phosphine causes an increase in the
absorption coefficient, it might be expected that a similar effect would occur
when foreign gases are added. Indeed, the addition of helium, neon or
nitrogen at a constant pressure of phosphine usually causes an increase in
the amount of energy deposited. This phenomenon was investigated thor-
oughly for the case of helium and the results of these studies are presented as
points in Fig. 3. For other bath gases investigated it was generally observed
that the larger is the collision diameter, the more pronounced is the effect on
the multiphoton absorption process.

In considering an appropriate expression for the description of the
multiphoton absorption of IR radiation in this case, we conclude that the
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Fig. 3. Dependence of the fraction of energy absorbed per pulse by phosphine on the
partial pressure of helium (P(PH3) = 30 Torr).
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most convenient is a modification of egns. (1) and (2) by the addition of an
appropriate term to the absorption coefficient. This term, introduced ac-
cording to the absorption additivity law, should describe a possible increase
in the amount of energy absorbed caused by collisions of the absorbing
molecules with molecules of the foreign bath gas. Thus, in the presence of a
bath gas, expression (2) takes the form

1 ; Eo % %A( P)n +B+C(PF)miLP 3)
n e ——————— = — —
(Eo— Eaps)r P, P,

where subscript F denotes a foreign gas. It can be shown that the combina-
tion of eqns. (2) and (3) can be written in the form

EO abs P
ln[ln% —_ 2 ] =In(CLP) + m ln( ) (4)
(EO abs)F‘ PO

Values of the constants C and m giving the best fit of eqn. (3) to the experi-
mental results shown in Fig. 3 are listed in Table 1. They were derived from
eqn. (4) by applying a least-squares method. The constants C and m, similar
to A, B and n, are characteristic of a given laser frequency. The m values
should also vary between zero and unity, and this is confirmed by our ex-
perimental data (Table 1). It is interesting, however, that absorption of the
P42 line is not affected by the presence of helium.

The effect of the presence of a foreign bath gas on the multiphoton
absorption process has been studied by several research groups [5, 9, 11, 13,
15,17, 18, 21, 22]; to our knowledge, however, no reports involving a
phenomenological description of the process have yet appeared.

The effect of the pressure and the presence of a bath gas on the multi-
photon absorption process is still not well understood. One possible explana-
tion of this effect might be that collisions cause broadening of the vibration—-
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rotation states of the absorbing molecule [5]. A second possibility is that,
with an increase of pressure, vibration—translation and vibration—-rotation
relaxation rates increase [5, 9, 13, 18, 23]. Finally, if the collision partner
for an absorbing molecule is sufficiently large and complex, intramolecular
vibration—vibration energy transfer may occur [18, 21]. Undoubtedly, any
of these processes will help to overcome the bottleneck for the IR multi-
photon absorption process and thus will cause an increase in the amount of
energy absorbed.

4. Further remarks

Equations (1) and (3) must be simpler forms of a more general relation-
ship expressing the amount of energy absorbed as a function of all the
parameters influencing the multiphoton absorption process. Unfortunately,
none of the equations proposed in the literature [§, 7 - 10, 18] can be
reduced to the simpler forms we have presented.

By analogy with the low intensity behavior of absorbing systems it can
be assumed that the process of multiphoton absorption is governed by the
empirical differential law

ar- L 5
a_ € (5)
where [ represents the actual pulse intensity at a given depth in the absorbing
system and € is the absorption coefficient. Absorption of the electro-
magnetic radiation under the low intensity conditions is accomplished in
such a way that ¢ remains practically constant. In this case egn. (5) can
easily be integrated leading to the well-known Beer-Lambert expression.
Since, as was mentioned earlier, the amount of energy deposited in the
multiphoton absorption can be affected by several factors, one way to
handle the problem is to make € dependent upon all of them. Thus, at con-
stant temperature and for a given laser frequency, the absorption coefficient
can be expressed by the empirical relationship

1+ {A'(P/Po)" + B' +C'(Pp[Py)* {Io/I,)"
€=¢€g (6)

1+ (/L)

where €y, A', B, C', I, n, m and a are constants and I, is the incident pulse
intensity. The other symbols have been defined earlier. The constants I, and
P, have been introduced to render the appropriate power expressions dimen-
sionless. Of course, if the pulse duration is kept constant, the pulse fluence
Fy or the pulse energy E, can be used instead of I, ,

The absorption coefficient expressed by eqgn. (6) is dependent on the
incident pulse intensity only and thus the integrated expression takes the
very simple form

ln( Iy ) - E, 1+ {A'(P/Po)" + B’ + C'(Px/Po)" Y o/I) LP
1+ (o/le)

(7

To— Iy,
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This approach seems to be more convenient than that proposed by
Starov and coworkers [7, 10]. These workers assumed € to be dependent
on the actual energy of the pulse at a given depth. This requires, for more
precise calculations, the application of rather complicated integration pro-
cedures. Moreover, the equation proposed by these workers describes only
the dependence of € on the laser intensity. The parameters derived by this
method are functions of the pressure of absorbing molecules and probably
also of the pressure of buffer gas added [10]. A similar approach has been
described by Lussier et al. {5].

A more general method has been proposed by Lyman et al. [8]. These
workers assumed a fairly simple functional dependence of the multiphoton
absorption cross section on the incident fluence and the pressure of the
absorbing species. Unfortunately the integrated form based on this equation
does not reduce to the simple Beer-Lambert law under low fluence condi-
tions. Furthermore, the expression does not account for the dependence of
the absorption cross section on the presence of a foreign bath gas.

Let us consider now the behavior of egns. (6) and (7) under the bound-
ary conditions.

(1) When I, approaches zero, i.e. at low incident radiation intensity, €
approaches €, and eqgn. (7) reduces to the simple Beer-Lambert law. Thus €,
in eqn. (6) can be identified with the classical absorption coefficient.

(2) At high incident radiation intensity (I, > o0)

A'( )n +B+C|= mi
sat 0 Po P{)

Thus egn. (7) predicts saturation of the optical density under high power,
and this is actually observed in multiphoton absorption studies [1, 7, 8, 10].
As the absorption can be affected by collisions, €., and the optical density
given by eqn. (7) should increase with an increase in the pressure of absorb-
ing molecules and/or the pressure of the foreign gas added. This phenome-
non has been also observed experimentally [7, 8, 10]. Of course, under
collisionless conditions €,,; will reduce to the form ¢,B'.

(8)IfIpis equal to I, € = 2 €0+ 3 €4y

(4) At a constant incident energy fluence eqn. (7) reduces to eqn. (2)
or eqn. (3).

(5) At a constant pressure of absorbing molecules and a constant pres-
sure of a bath gas

e = coft »consamt (2) 1+ (22

Thus eqn. (7) represents a saturation-type relationship.

All features of the approach we have described indicate that it should
be very convenient for the empirical description of multiphoton absorption
in the IR region.
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Reviewing the data shown in Table 1, we notice that phosphine absorbs
radiation from a non-focused CO, laser beam rather weakly. The value of the
absorption cross sections are more than an order of magnitude lower than
those for SiF; [10, 24], SFs [8], SiH; [30] and even NH; [7, 10]. One
possible explanation of this fact is that the density of states in PH; is much
lower than that in the case of more complex molecules [10]. Another is
that the relaxation processes are slow. Both these factors would make it
more difficult for the molecule to overcome anharmonicity.

The low absorptivity of phosphine could explain the surprisingly high
resistivity of the compound to the action of non-focused CO, laser radiation.
According to Starov et al. [10], to observe noticeable decomposition of a
compound it is necessary that its absorption cross section be greater than
107'° cm? molecule™! at a fluence of about 1 J cm™2. This is never attained in
the case of phosphine. This could also account for the difference between
the behavior of phosphine [24, 31, 32] and silane [30 - 32] during interac-
tion with the high power laser field. Despite almost the same thermochemical
requirements for the decomposition of both silane and phosphine, only the
former dissociates easily in a non-focused laser beam.
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