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Time-Resolved  Infrared  Spectral  Photography: A New 
Technique 

A new  technique for photographic  or  multichannel  photoelectric  recording of broad  band  infrared  absorption  spectra 
with  approximately 5-ns time  resolution  is  described. The technique is based  on  resonant  four-wave mixing in alkali metal 
vapors. 

A. Introduction 
The ability to record a transient  broad band  infrared ab- 
sorption  spectrum has great applicability in studies of 
pulsed chemical  reactions,  such  as  those induced by flash 
photolysis or  laser irradiation.  Efforts to develop  this ca- 
pability have led to  the  demonstration of several  tech- 
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Figure 1 Level  diagrams  for  the  Raman  generation  and  four- 
wave  upconversion processes; u, and  vi,-broad band visible 
and  ir continua; up and  v,-narrow  band  visible laser and its 
Stokes beam;  vu-upconverted  visible  beam. 

niques. One  recent  approach  uses a pyroelectric  vidicon 
tube in conjunction  with an  optical multichannel analyzer 
(OMA) [l]. Another  approach utilizes an infrared up- 
conversion technique [2] whereby infrared  radiation is 
mixed with laser light in a nonlinear  crystal  to  produce 
radiation at  the sum frequency  that  can then  be photo- 
graphed. Still another  approach, applicable only to  repeti- 
tive events, is based on  Fourier transform spectroscopy 
~31.  

We recently  introduced a new technique for single-shot 
recording of broad  band  infrared absorption  spectra [4]. 
Our method is similar to  that  described in Ref. [2] in that 
it uses nonlinear  optics for infrared upconversion.  How- 
ever, unlike the  case of Ref. [ 2 ] ,  in which quadratic non- 
linearities of noncentrosymmetric  crystals  are utilized, 
we use resonantly enhanced third-order optical non- 
linearities of metal vapors [ 5 ] ,  both  to  produce a pulsed  ir 
continuum that  probes  the sample and  to  upconvert this  ir 
continuum  into the visible. These  two  processes  are dia- 
grammed in Fig. l .  Our method, which has a  time resolu- 
tion of 5 ns, provides a new approach  to  the problem of 
recording transient broad  band  ir spectra. 

This  paper  describes  the  present  state of development 
of our  technique of broad band infrared spectral photog- 
raphy. The technique has  the  potential  for probing much 
of the 2- to 20-pm spectral region, the so-called “finger- 
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Table 1 Alkali  resonance  lines  and  corresponding np + ns infrared  frequencies. 

Alkali Resonance  lines Infrared  transitions 

Transition  Wavelength 
(nm) 

Transition  Frequency  Wavelength 
(cm") (pm) 

cs  455.7 
459.4 
387.7 
389.0 
361.2 
361.8 
347.8 
339.9 

341 1 
3230 
1475 
1392 
77 1 
727 
454 
29 1 

2.93 
3.10 
6.78 
7.18 

12.% 
13.76 
22.04 
34.35 

Rb 5 s  + 6P3/* 420.3 
5 s  -+ 6P1,2 421.7 
5 s  -+ 7P3/, 358.8 
5 s  + 8P3/2 335.0 

6P3/2 + 6s 3659 2.73 
6PlIZ + 6s 3582 2.79 
7PZi2 + 7s 1559 6.42 
8P3/2 + 8s 807 12.39 

K 4s -+ 5P3/* 404.5 5P3/, -+ 5s  3693 2.71 
4s + 5P,/, 404.8 5PlI2 "+ 5 s  3674 2.72 

print" region of organic  molecules. The basis for this con- 
tention is as follows. If a sufficiently intense  broad band 
visible or uv continuum  beam vC is applied to  an alkali 
metal vapor in the region of any  resonance line indicated 
in Table 1 ,  stimulated electronic Raman scattering 
(SERS) results, producing  a broad  band ir  Raman Stokes 
continuum vir in the region of the  corresponding infrared 
np * ns transition [4]. The ir continuum  tends  to  have  the 
same  spectral bandwidth as  the  visiblehv pump contin- 
uum,  and  its  spectral  center of gravity shifts by the  same 
amount (in cm") as  that of the  pump continuum  when the 
latter is shifted  away  from the  np  resonance lines. How- 
ever,  since  SERS  thresholds  increase fairly rapidly as 
pump continua  are shifted away  from  resonance  lines,  it 
has not been determined how far this procedure may be 
extended. 

By application of pump continua  centered  at ~ 4 0 5  nm 
in potassium vapor  and =420 nm in rubidium vapor, we 
were able initially to  cover  the  range -3500 to 4000 cm" 
[4]. We have  since redesigned the  experimental  apparatus 
to  produce a  more  intense visiblehv continuum beam. 
Working with the basic 6p + 6s Raman Stokes transition 
in Rb (-3600  cm"), we are now able  to  cover continu- 
ously the ir  range from -2600 to 4000 cm", which  in- 
cludes  the  important CH vibrational stretch region. Be- 
cause  we  use  the third  harmonic of a Nd3+:YAG laser 
(A = 0.355 Fm)  to  pump  the  dye  continua in our  appa- 
ratus, we are presently limited to studying  ir  regions that 
can  be reached with Stokes radiation based on the follow- 
ing alkali transitions: Cs: 7p + 7s,  8p "+ 8s; Rb: 6p + 6s; 
K: Sp "+ 5s. Two  as  yet  untested modifications suggested 
later (Section E) may  enable other ir  regions to be  probed 
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using the  same Nd3':YAG driver. Aside from this, it 
would appear  that longer-wavelength  ir regions can be 
reached in a  straightforward manner with the  use of the 
recently developed XeCl excimer  laser (A = 0.308 pm)  to 
excite dye  continua. 

In Section B details of the  experimental  apparatus  are 
given; we hope to  encourage  others  to use  and perhaps 
improve this  technique. In Section C we first present  and 
discuss  static ir absorption spectra obtained by this tech- 
nique. These  spectra reveal some unusual aspects of the 
various  mechanisms operative in both  the Raman genera- 
tion and upconversion processes, which the  theory in 
Section D later  addresses. To illustrate that  the  method 
can  be  used to record transient  spectra, we also  present 
recently obtained spectral photographs of the  laser-in- 
duced isomerization of methyl  isocyanide in Section C. 

An assessment is made of the overall strengths  and 
weaknesses of the method in Section E. At present, the 
most important defect appears  to be the  occurrence of a 
persistent  random  spectral  noise,  whose origins we have 
been unable to  trace. As seen in many of the  displayed 
spectra, this  noise  seriously detracts from the quality of 
the single-shot spectral  photographs. 

B. Experimental  technique 
Our technique  for ir spectral  photography  uses  resonant 
third-order  nonlinearities of alkali metal vapor in two 
complementary  processes  (see Fig. 1 ) .  In  the first pro- 
cess,  SERS  produces a  broad  band ir continuum from a 
broad  band visible continuum. In the  second  process, 
which occurs  after  the ir continuum beam has probed the 
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Figure 2 Diagram of experimental  apparatus. 

sample,  resonant four-wave mixing upconverts  the ir 
spectrum  back into  the  visible, where it can be recorded 
photographically or photoelectrically. 

These  steps  are accomplished with the apparatus 
shown in Fig. 2 .  The pump  radiation for all six trans- 
versely  pumped dye cells is the third  harmonic  beam (A = 

0.355 pm) generated  from a Quanta-Ray  (Mountain 
View, CA 94043)  Nd":YAG oscillator-amplifier combi- 
nation. The vertically polarized uv pump  beam  was ex- 
panded to a diameter of approximately 12  mm and  sub- 
sequently apportioned into various  channels by means of 
coated beam  splitters. Each portion  was ultimately fo- 
cused with a cylindrical  lens onto a dye cell through an 
NaCl diffuser  made by wetting one  surface of an NaCl 
window and allowing it to  dry.  The  purpose of this  in- 
tentional blurring of the pump beam was to  produce a rel- 
atively uniform rectangular pumped region in each  dye 
cell. 

The visible continuum  was produced by a three-stage 
system.  The first cell C,, which produced  a  superflu- 
orescent beam = 1000  cm" wide, had windows tilted at 
approximately 10" to eliminate  reflection feedback.  Three 
lenses (L,, L,, LJ, a  pair of apertures  (A,, A,), and a pre- 
amplifier cell (C,) were  used to  produce a well-collimated 
amplified beam, which was  then sent  to  the final amplifier 
C,. Care was taken  to  keep  the  (C,, C,) and (C,, C3) cell 
separations large enough to  prevent interactive feedback 
between the various  cells. To  avoid very high pump  in- 
tensities at cell C,, the  continuum beam was compressed 
horizontally  but  not  vertically.  Cylindrical lenses L, and 
L, were  used for this purpose. 

The uv pumping  beam  and the  dye  laser beams  passing 
through the various dye cells were all vertically polarized. 

Two mirrors tilted at 45" to  the  horizontal, with centers 
vertically aligned,  were  used to  rotate  the plane of polar- 
ization of the continuum  beam from  the vertical to  the 
horizontal in the section of the  optical path occupied by 
the two heat-pipe ovens.  Lens L, was a 50-cm lens  that 
focused  the visible continuum beam  into the center of the 
Raman cell HP,.  For most of the  studies  reported  here, 
HP,  was a Rb-vapor  heat-pipe oven operating  at 2 1  kPa 
(9 torr). Both ends of HP, were terminated in Brewster 
angle windows,  the  output window  being of LiF  or BaF, 
to  pass  the broad band ir beam vir generated in HP,.  The 
input  window of HP, was also  made of BaF,, as  was  the 
30-cm lens L, that  focused  the ir  beam into  the  center of 
HP,. The 18-cm gaseous  sample cell was equipped with 
NaCl windows. 

The  tunable  narrow band dye  laser beam v p ,  generated 
in a standard  Hansch-type configuration  incorporating 
cell C, and subsequently amplified in cell C,, was pre- 
dominantly vertically polarized.  A Glan prism P, rejected 
any remnant horizontally  polarized component of vp. A 
100-cm lens L,, brought  beam v p  to a focus  at  the  center of 
the  upconverter heat-pipe HP,. In all this work we have 
used K vapor  at ~ 0 . 6  kPa (5 torr) in HP,. The portion of 
up transmitted through HP, could  be  almost  completely 
nulled by the Glan prism P, without  attenuation of the 
upconverted  beam uU, since  the  latter is generated with 
horizontal  polarization. 

Two polished silicon wafers (Si,, Si,), set at Brewster's 
angle for  the  infrared,  served multiple  functions. The vis- 
ible continuum v C  was  blocked by Si,; Si, coupled the 
beam vt into  the second  heat-pipe oven  and coupled the 
CO, laser beam into  the sample  cell when needed to initi- 
ate  reactions  to be monitored by spectral  photography. 
These silicon wafers afford broad band ir capabilities  not 
provided by the Glan prism originally used [4] to combine 
the beams. 

The  upconverted beam vu, collimated by lens L, and 
with its polarization  rotated back  to vertical,  was then 
sent to  an optional amplifier dye cell C, and finally, for 
recording, to a 1.5-m grating spectrograph with entrance 
slits  generally set  at 50 pm. A  cylindrical lens L, focused 
the beam on  the slit. All optical paths were adjusted  for 
proper timing of the visible continuum and dye  laser 
pulses  with respect  to the 5-ns uv pump pulse. The  pulses 
up and U, (vir) were also arranged to be synchronous  at  the 
position of the beam-combining element Si,. 

Continuum and  dye  laser  powers  were measured  with  a 
Scientech  power meter  (Scientech,  Inc.,  Boulder,  CO 
80303) with the  system  operating  at 10 pulses per  second 
(pps). Typically,  at  the  entrance  to HP,, the 2-mm-diame- 
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ter  continuum beam v, was measured  to  have -3-5 mJ of 
energy per pulse. The highest pulse energy we have 
measured for v, was 10 mJ, with  p-bis(o-methylsty- 
ryl)benzene (bis-MSB) in p-dioxane  used in cells C, and 
C, and p-bis[2-(5-phenyloxazolyl)benzene] (POPOP) in p- 
dioxane  used in cell C,. The maximum  energy per pulse 
produced  at 0.355 pm by the Quanta-Ray laser is 
= 100 mJ. For  the beam v,, the energy per pulse measured 
just  after  the amplifier cell C, was usually =1 mJ. Di- 
phenyl  stilbene (DPS) in p-dioxane was used in cells C, 
and C, in all of these  experiments.  Dye cells C,, C,, C,, 
and C, were  fused  quartz  cells, 1 cm  on a side, tilted at 
Brewster's angle for maximum transmission of the verti- 
cally polarized dye  laser  beams.  They were  equipped  with 
small magnetically  driven stirrers,  as was cell C,.  In  the 
case of cell C,, the  dye solution  continuously  circulated 
from a one-liter reservoir. As a general  rule,  dye solutions 
were changed  at  least  once a  day in the smaller  cells. 

The  procedure  for alignment is relatively  straight- 
forward and simply involves  overlapping v, and V, coaxi- 
ally in HP,. Convenient indicators  that  the Raman thresh- 
olds are  exceeded  are a narrow band yellow beam [5] 
(ve- 2vJ produced in the  second cell and  its  broad  band 
analogue, an orange  continuum  beam (v, - 2vJ produced 
in the first cell. Since these  beams propagate  coaxially 
with U, and vc, respectively, they can also  be  used for 
alignment purposes. 

With the ir continuum blocked,  the  narrow band laser 
beam V, is nulled by adjusting P,. Unblocking vir then 
makes visible the upconverted beam, which is  well colli- 
mated and generally bright enough  to be easily seen in a 
dimly lit room. Cell C, is used to amplify the  weaker por- 
tions of the upconverted beam spectrum.  These usually 
correspond  to  the limits of the ir  probing  range. 

C. Experimental  results 
Discussion of the photographically  recorded spectra can 
be conveniently  divided  into three  parts. We first present 
and discuss ir spectra obtained when  the  pump  continua 
are approximately centered  on  the K 5p or Rb 6p reso- 
nance lines,  as in Ref. [4]. As Table 1 shows,  the  2.7-pm 
region is probed in both cases.  Water  vapor  bands and 
combination  bands of CO, fall naturally in this  range. In 
the  second  part, we discuss spectra obtained  more re- 
cently.  Here a serious effort has been  made to shift the ir 
region to longer  wavelengths, as  far  as possible  from 
2.7 pm. Rubidium was used  exclusively in the Raman cell 
in this phase of our work. We have been able  to  extend 
the ir range  out  to  the  CH  stretching region (-3.2- 
3.6 pm).  In  the third part we demonstrate  that  the  system 
is,  indeed,  capable of recording transient nonrepetitive  ir 
absorption  spectra.  The  example  we  have  chosen is the 

t"--- ROO cm-' -1 
Figure 3 Diphenyl stilbene (DPS) continuum spectrum  (first or- 
der) photographed through ~ 0 . 7  kPa (5 torr) K vapor; two ex- 
posures shown. The absorption lines are the K 4s + 5p doublet. 

laser-induced  isomerization of methyl  isocyanide 
(CH,NC) to methyl  cyanide  (CH,CN). 

The 2.7-pm region: CO, and H,O bands 
Figure  3 shows  the V, continuum  spectrum obtained with 
the  dye  DPS in p-dioxane,  photographed  through 
=0.6  kPa (5 torr) of potassium vapor, with the grating 
spectrograph used in first order. This spectrum  was  ob- 
tained with the  apparatus of Ref. [4]. In this case, a spec- 
tral  band =800 cm" wide that  encompasses  the  two K 
resonance lines at 404.5 and 404.8 nm is observed.  The 
corresponding upconverted spectrum, with K vapor in 
HP,, is shown in Fig.  4(a). A relatively smooth  spectrum 
=400 cm" wide is observed.  Two  strong  dark lines corre- 
spond to  absorption  at the K 4s -+ 5p1,2,3iz frequencies. 
Between these, roughly twice as  close  to  the 4s + 5p112 
line as  to  the 4s + 5p3/, line, there  occurs a sharp  dark line 
which we attribute  to a  cancellation of the  5plIP  and 5p3/, 
contributions  to  the Raman  susceptibility. The up- 
converted output is rigorously proportional to for 
s + p + s Raman transitions, = X::,,, the  symmetric 
part of the Raman tensor.  The  observed cancellation in 
the  symmetric term of the Raman  susceptibility is a pre- 
dicted feature  for all alkali metal atoms [5, 61. 

The  spectra shown in Figs. 4(b) and (c) were photo- 
graphed with increasing amounts of CO, gas  admitted  to 
the 18-cm-long sample cell, which was  evacuated in the 
case of Fig.  4(a). Two well-known CO, band systems  are 
observed,  the 02"l band at 3609  cm" and the stronger 
lO"1 system, with band  head at 3716 cm". In both  cases 
the P and R branches  are clearly evident.  The  over- 
exposed line obscuring  part of the R branch of the 3609- 
cm" system is incompletely  nulled light from  the arbi- 
trarily tuned  laser  at ut.  

The bright  doublet on  the left-hand  side of each  spec- 
trum represents upconversion of lasing on  the K ir  transi- 
tion 5p312,1,2 + 3d. As in previous studies  made with nar- 
row  band laser excitation [ 5 ] ,  lasing on  these  transitions 
evidently occurs in the  second  cell,  and  perhaps also in 
the first, together with the  broad band  Raman  radiation 
when the DPS  continuum is applied.  The role of these 559 
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Figure 4 Upconverted DPS K-K spectrum (first  order) with sample cell (a) evacuated, (b) containing a small  unmeasured  amount of 
CO,, and (c) containing =67 kPa (500 torr) CO,. In all three cases two exposures are shown. 

lasing lines is quite  incidental to the ir photography  pro- The ir frequencies are  3165  and  3186  cm"; those corre- 
cess, but they do provide convenient frequency markers. sponding to the K 5p-5s doublet are  3675  and  3693  cm". 
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Figure 5 Upconverted DPS K-K spectrum (second order) containing increasing amounts (top to bottom) of CO, in the sample cell. 

Each of these  spectra  represents many superimposed 
shots.  Two  exposures  are  shown  for each pressure of gas 
in the  sample cell. 

With the spectrograph  used in second  order  to  obtain 
higher resolution, the  rotational  lines of the P and R 
branches of the CO, combination bands  are clearly  re- 
solved,  as shown in Fig. 5.  At the peak of the P branch of 
the 3609-cm" band, adjacent CO, lines are known to be 
spaced = 1.7 cm" apart.  The  observed ir resolution is 
-0.5 cm", consistent with the resolution of our spectro- 
graph and  the =0.5-cm" linewidth of the tunable laser. 
Note  that V, has here  been tuned completely off the 3609- 
cm" band. Tuning of U, over a wide range does not 
greatly influence the  appearance of the  upconverted 
spectra. 

For  the  upconverted  spectrum of Fig. 6, a 0.6-kPa (5- 
torr)  Rb cell and  POPOP in p-dioxane  were  used to  gener- 
ate  the ir continuum, and  the sample cell was completely 
removed.  The  upconverter K cell and  the  narrow band 
DPS laser  at V, were  unchanged. The wavelengths of the 
Rb 6p312,112 "+ 6s transitions are  quite close to  those of the 
K 5p3,2,1,2 + 5s transitions, so that similar regions in the ir 
are  probed in Figs. 5 and 6. In Fig.  6  dark bands  corre- 
spond to 4s + 5p3,2,1,2 resonance  absorptions of K atoms 
in the  second cell and  to  absence of ir light at  the  exact 
6p33,2,1,2 + 6s frequencies of Rb. Between each of these 
absorption line pairs is a dark line due  to  interference 
nulls in for K in the  upconverter cell and in for 
Rb in the Raman cell. 

The myriad of sharp,  dark  lines  on  the high-frequency 
side of the  spectrum in Fig.  6 results from residual water 

vapor in the optical  path between  the two vapor cells.  A 
densitometer  trace of a  portion of the  spectrum in Fig. 6 is 
shown in the  upper portion of Fig. 7. The  correspondence 
with a published IUPAC  water  vapor  spectrum [7] (lower 
trace)  is  apparent. Water vapor lines may also  be  dis- 
cerned in Fig. 4. 

The  spectra shown in this section were all taken under 
time-averaged  conditions with the  lower-power  apparatus 
of Ref. [4]. Cell C, was not used for  any of these  spectra. 
More  averaging  was done  for  second-order  spectra  be- 
cause of a fall-off in reflectivity of the  spectrograph  grat- 
ing. One  result of this  averaging is that  the random spec- 
tral  noise  mentioned  previously is effectively averaged 
out, leaving well-resolved ir absorption bands  with  ap- 
parently correct intensity  distributions. 

The 2600-3600-cm" region: N H ,  and CH stretching 
vibrations 
Figure 8 shows a series of upconverted  spectra taken on a 
dry day with no sample cell in place.  Here,  the  frequency 
of the  narrow band DPS laser u, is successively stepped 
to  shorter wavelengths as  one  proceeds along the  se- 
quence  from  top  to  bottom. Rubidium vapor was used in 
the Raman  cell, and all three  dye cells  involved in the 
generation of the continuum  beam  were filled with a 7.5 X 

molar  solution of Stilbene 420 dye  (Exciton,  Dayton, 
OH 45431) in 1: 1 H,O-CH,OH. Each  spectrum  represents 
four  superimposed  shots. Again, the  upconverted  beam 
was not amplified. 

In this sequence  the  narrow band laser line is seen  at 
the  right,  crossing first the  band corresponding to  the 
longer-wavelength Rb  resonance line and then the null in 561 
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t t t  
X 6 5  

Figure 6 Upconverted  POPOP  Rb-K  spectrum  (second order, sample  cell removed);  increasing  exposures (top to  bottom).  The  num- 
bers 8, 6, 5 refer  to  numbered  peaks in the IUPAC  calibration spectrum given in Fig. 7. 

the  Rb  Raman susceptibility at 3607 cm". The bright  line 
that  tunes  at  the left results entirely from  processes  oc- 
curring in the  upconverter  cell.  The  narrow band laser 
beam V ,  evidently induces  SERS  on both transitions 4s - 
5p - 5s and 4s + 5p - 3d in K cell HP,. The  narrow 
band Stokes beam produced by the  latter  process  is  then 
upconverted by four-wave mixing associated with the 
former  process. 

Figure 8 again demonstrates  the relative unimportance 
of exact  phase matching in the upconversion process.  It 
also  shows  the  random,  granular  appearance of the  up- 
converted light when a limited number of shots  are  used. 

D. S. BETHUNE ET AL. 

Figure 9 shows a sequence of spectra taken under  the 
same general  conditions as in Fig. 8, except  that  the num- 
ber of shots accumulated per  exposure  is varied.  It is seen 
that  at  least  ten  shots (fifth spectrum)  are  necessary  for 
good ir coverage  out  to -3000 cm", the  approximate PO- 
sition of the 4s - 5p + 3d Stokes  line,  seen  upconverted 
at  the left. Since this amount of light overexposes  the 
spectrum corresponding to  shorter  ir wavelengths, we 
were  eventually  led to  the use of an  upconverted beam 
amplifier dye cell C,, with its  dye  chosen  to  bias amplifi- 
cation towards longer visible (hence,  also ir) wave- 
lengths. The bottom  few spectra of Fig. 9 contain particu- 
larly good  representations of the positions of the  Rb  and 
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K resonance lines and their corresponding Raman  nulls. 
The  top  spectra display  the granular  spectral  character of 
the  upconverted light. The  dark line appearing on the 
high-frequency  side of the  upconverted K 5p-3d doublet 
appears in virtually all spectra covering  this  region. Its 
frequency  (23208 cm") coincides with the K 4d-5f tran- 
sitions.  Potassium atoms in the 4d states  are probably 
produced by photodissociation of K, dimers as  the beam 
vc passes through HP,. 

In Fig. I O  the wide range of ir covered with the use of 
dimethyl POPOP in cells C,, C,, and C, is demonstrated. 
The  three lines at  the left are  upconversions of lasing tran- 
sitions in the K cell HP,. The brightest of these  three lines 
is at 2730.5 cm" (6s,,, -+ 5p3,,). A spectral region 
= 1000 cm" in width can be spanned with a single contin- 
uum dye  solution, provided several shotdplate  exposure 
are allowed. Because of insufficient exposure,  the single- 
shot  spectrum  covers only  approximately 600 cm". 

In Fig. 1 1 ,  27 kPa (200 torr) of ammonia (NH,) have 
been added  to  the sample  cell. The prominent  NH, Q 
branch  at 3336 cm" is clearly seen,  even on single-shot 
exposures.  To be seen  clearly,  the lines  comprised by the 
P and R branches require  averaging. 

In Fig. 12, greatly averaged 27-kPa (200-torr) NH, 
spectra  are photographed in second  order. A  relatively 
high degree of resolution is evidenced by the  structure 
seen in the P  and  R branches.  This again shows that  the 
granular appearance of single-shot spectra  does not have 
a systematic origin in the  apparatus,  as would be the  case, 
for  example, if Fabry-Perot  etalons were  inserted in the 
optical path. Figure 13 shows a densitometer  trace of a 
similarly photographed NH, spectrum. 

Methane  at 40 kPa (300 torr)  was photographed in first 
order in Fig. 14 and in second order in Fig. 15. The promi- 
nent  CH, Q branch is at 3020  cm". For both cases,  the 
upconverted beam  was amplified by cell C,, containing a 
solution of bis-MSB in p-dioxane. Note  that  the amplifier 
tends  to harshen the  appearance of the random spectral 
noise. 

Figures 16 and 17 contain second-order time-averaged 
spectra of two larger  organic molecules,  tetrahydropyran 
and  quadricyclane. Remarkably strong Q branches  are 
observed in both  cases.  Considerable  destruction of 
quadricyclane  was  observed (Fig. 17) when =2.4 kPa 
(18 torr) of this gas, mixed with 22.0 kPa (15 torr) of 
SiF,, was irradiated with about 50 laser pulses  from  a 
20.5-J CO, TEA  laser tuned to  =I032 cm". The CO, 
beam was unfocused as it was  made  to irradiate the  gase- 
ous sample in cell s. 

H,O (s;ltur;ltcd) -- . 
1 1 1 1 1 1 1 1 1 1 1 1  

1900 3 8 x 0  3860 3x40 3x20 3x00 

Wavenumhcr (an") 

Figure 7 Comparison of densitometer trace of portion of spec- 
trum shown in Fig. 6 (upper) with IUPAC calibration spectrum 
(lower). 

0 Example of a  transient  spectrum: CH,NC -+ CH,CN 
To  demonstrate  the transient capability of the new tech- 
nique, the isomerization of methyl  isocyanide to methyl 
cyanide was studied.  This well-known isomerization is 
exothermic by 9.92 X IO4 Jimole (23.7 kcal/mole) [8]. It 
has been suggested as an ideal unimolecular  reaction for 
testing thermal explosion theories [9]. Recently we have 
observed  that this  thermal  isomerization can be  initiated 
by single pulses of  CO, TEA  laser radiation,  tuned to 
coincide with the v, band of the CH,NC molecule [ IO] .  

The v 1  band of CH,NC, associated with the  symmetric 
stretch of the CH, group, lies near 2966  cm" [ I  I]. This 
range can be covered using the dye N,N'-bis(p-butoxy- 
benzylidene)-a,a'-di-p-toluidine (BBOT) in ethanol in C, 
and C,, and  Stilbene 420 [in water + 3% NPlO  surfactant 
(Exciton)] in the amplifier C,. The  top  strip in Fig. 18 
shows  the upconverted spectrum of CH,NC. In agree- 
ment with an earlier  study by Thompson and Williams 563 
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Figure 8 Series of spectra  (first  order)  showing  changes in appearance  of  upconverted  light as the narrow  band dye laser  frequency ut is 
stepped. Each  spectrum  represents  four  accumulated shots. The  frequencies  of  the  bright-line  doublet at  the left  are 3165  and  3186  cm" 
(left to right). 

[ll], the P, Q, and R branch  contours of the v1 band  are the v1 band  belong to  the v 5  band.  The isomerization  prod- 
clearly shown, but the P and R lines  are not resolved.  The uct CH,CN also  has a v1 band centered  at -2955 cm", 
sharp lines on  the high-frequency side of the R branch of but the  absorption band is too  weak  to be observed  here. 564 
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12730.5 t 3208 cm-l 

Figure 9 Series of spectra  taken under the  same basic  conditions as in Fig. 8,  except  that up is fixed. The  number of accumulated  shots 
per  exposure is 1,  1, 3, 2, 5 ,  10, and 20 (top  to  bottom).  The 4s 5p + 3d Stokes line is  at -3000 cm". The  dark  absorption band at  
3208 cm" is  due  to absorption of the  ir continuum by the 4d states of K in HP, (see  text). 

Figure 10 Upconverted dimethyl-POPOP Rb-K spectra with accumulated  shots  per  exposure of 1 ,3 ,5 ,7 ,9,  and 20 (top  to bottom). No 
upconverted beam amplifier was used.  The  three lines at  the left are  at 2676.8, 2730.5, and 2749.2 cm". 
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320st t 3336 cm-' 

Figure 11 Dimethyl-POPOP  Rb-K upconverted light spectra with =27 kPa (200 torr) NH, in the 18-cm sample (first order,  upconverted 
beam not amplified).  Accumulated shots  per  exposure  are 1, 1 ,3 ,5 ,3 ,  and 10 (top to bottom).  The NH, Q branch  at 3336  cm" and  the K 
4d + 5f absorption  at 3208  cm" are  indicated. 

320St 

Figure 12 Dimethyl-POPOP  Rb-K upconverted light spectra with =27 kPa (200 torr) NH, in sample  cell (second  order,  upconverted 
beam not amplified). Shots  per  exposure  are 25, 50, 100, and 200 (top to  bottom). 

Figure 18 shows  the time-resolved upconverted  spectra after  the -0.5-J CO, laser  pulse  has initiated the  thermal 
of CH,NC [=I3 kPa (100 torr) initial pressure]  taken at isomerization. Two effects  can be clearly Seen from  these 

566 intervals of 1 ,  8, 17, 30, 100, and 265 p s ,  respectively, spectra.  First,  the intensity of the v 1  absorption  band 
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Figure 13 Densitometer  trace of an  NH, spectrum similar to  that  shown in Fig. 12. 

t2730.5 t3020 t3208 cm" 

Figure 14 Methane  spectra [first order, 40 kPa (300 torr)]; 10-pm slits. Cells C,, C,, and C, have 5 X IO-, molar  solutions of Stilbene 
420 in 1:l H,O-CH,OH. Amplifier cell C, is used with a solution of bis-MSB in p-dioxane.  The prominent  CH, Q branch  at 3020 cm" is 
shown.  Shots  per  exposure  are (a) 1, 2, 3,  and 5 ;  and (b) 10 and 20 with a neutral density 1 filter on  the  spectrograph slit. 

weakens  as time increases.  Second,  the  absorption band ser pulse. This broadening is due to the  increase in tem- 
contours of the P and R branches  broaden  substantially, perature  from  the energy released in the isomerization 
with maximum broadening occurring =30 p s  after  the la- process. As shown by Gerhard  and Dennison [12], for a 
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Figure 15 Methane  spectra  [second order, 40 kPa (300 torr)]; 50-pm slits. Same  dyes  as in Fig. 14. Shots  per  exposure  are 10, 20, 30, 
and 50 (top to bottom). 

Figure 16 Tetrahydropyran  (THP)  spectra  (second order); 50, 100, and 150 (top  to  bottom)  shots per exposure with sample  cell (a) 
evacuated; (b) containing 0.4 kPa (3 torr) THP; and  (c)  containing 0.2 kPa (1.5 torr)  THP. 

parallel band  transition in a symmetric  rotator ( e . g . ,  the V ,  
band of CH,NC) the  separation  between  the maxima of 
the P and R band contours is proportional to the square 
root of the  absolute  temperature. Using  this  relation and 
the measured  separations  between  the P and R bands, we 
obtain the  instantaneous  temperature  as a function of 
time;  see Fig. 19. About 30 ps after  the  laser  pulse,  the 
temperature rises to  about 673 K ;  it then  gradually cools. 
(We note  that this  measured  time behavior of the  gas  tem- 
perature  was integrated over a volume that may have 
been larger than the effective interaction volume of the 
laser  beam.  Thus,  the local temperature  at  the  center of 
the  latter may have risen  substantially faster  than in- 
dicated. To show  the  true rise in temperature  determined 
by the isomerization rate,  the reaction  should  be uni- 

568 formly  initiated with an unfocused CO, laser beam of 

cross  section much larger  than that of the  probe  beam. 
Unfortunately, this  condition was  not quite fulfilled in our 
experiment.)  The maximum measured  temperature of 
673 K indicates this to be the  approximate  “threshold 
temperature”  for thermal  isomerization to CH,CN;  this is 
in reasonable agreement with thermal  data [ 131. Mole- 
cules of CH,NC hotter than this threshold temperature 
rapidly isomerize to CH,CN and  are  thus not detected by 
the ir probe. A true  determination of the kinetic temper- 
ature could be made by seeding the CH,NC gas with a 
small amount of stable foreign gas (such as methane) that 
has  strong  ir bands in a convenient range. 

D. Theoretical  considerations 
In this  section we give a theoretical description of the 
SERS process  that  generates  the  broad band infrared ra- 
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Figure 17 Quadricyclane spectra (second order); 16 and  24 shots per exposure (top, bottom) for sample cell containing (a) 2.4 kPa 
(18 torr) quadricyclane plus 2 kPa (I5 torr) SiF,; (b) as in (a), but sample gas previously irradiated  with =50 pulses of CO, laser radiation 
(vco, = 1032  cm");  and (c) as in (a), but sample cell evacuated. Cells C, and  C, contain BBOT in ethanol: C,, Stilbene 420 in H,O plus 3% 
NPIO;  and C,, POPOP in p-dioxane. 

diation.  It is of interest to try to explain why the infrared 
radiation has a smooth profile, even when the broad  band 
pump overlaps  the  resonance  lines of the metal vapor, 
and why the upconversion of the infrared occurs  both 
smoothly and efficiently over a large spectral  width,  even 
in the  presence of resonance lines  and their  accom- 
panying dispersions. 

Let us first discuss qualitatively the  case of SERS with 
a broad  band  pump in the  absence of linear or nonlinear 
dispersion. This  problem has  been studied  both experi- 
mentally [14a, b] and  theoretically [14b, 151 by many au- 
thors  over  the last decade. In this case, it is found that  the 
threshold  and gain of SERS are independent of pump 
bandwidth, and that the Stokes  spectrum is virtually a 
replica of the pump spectrum, with the  same  spectral 
bandwidth. 

These  facts can  be understood by considering the  cou- 
pling between  Stokes waves at different  frequencies in- 
troduced by four-wave mixing processes of the form 

where Ep(w) is the  Fourier  transform of the pump pulse, 
PNL is the nonlinear  polarization, and  subscripts S and P 
refer to  the  Stokes and pump  quantities. In the  absence of 
dispersion,  the nonlinear  susceptibiliy is a constant 
and the  Stokes waves generated by these nonlinear  polar- 
izations are all phase matched. 

In SERS  the coupling leads  to  the  cooperative  growth 
of a Stokes wave with a spectrum related to  the pump 
spectrum by 

where C is independent of the  Stokes frequency os and 
Aw, is the Raman shift frequency of the medium. Equa- 
tion (2) implies that all pairs of pump and  Stokes  waves 
Ao, apart in frequency drive the Raman  excitation with 
the same  phase. 

In the dispersive case  two new elements  enter  that 
modify the simple result described  above.  First,  linear 
dispersion introduces  phase  mismatch, which tends  to  de- 
stroy the coupling due  to  cooperative four-wave mixing of 
the  various Stokes waves.  Equally  important is the dis- 
persion in the Raman susceptibility which resonantly 569 
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Figure  18 Changes in the upconverted spectra (second order) of = I 3  kPa (100 torr) CH,NC as it  thermally explodes (isomerizes), 
various times after the application of a =0.5-J pulse of CO, TEA laser radiation ( u  = 960 cm"). Each spectrum represents 16 superim- 
posed shots; 50-pm slits; same dyes  as in Fig. 17. 

enhances  the four-wave mixing processes. We show  that 
these  two competing  effects compensate  each  other, re- 
sulting in a Raman gain that is remarkably flat, even for a 
broad  band  pump that  overlaps  resonance lines. In addi- 
tion,  the  factor C in Eq. ( 2 )  must be frequency  dependent 
and is peaked  near  the  resonance  lines, skewing the 
Stokes  spectrum toward them. 

Taking the equation for  the  Fourier transform of the 
slowly varying Stokes wave amplitude E,(z, os), we have, 
in the  steady  state  case, 

where n, is  the index of refraction n(o,), c is the  speed of 
570 light, z is measured along the propagation direction,  and 

k(o , )  = nso,/c. The nonlinear  polarization P,,(z, os) is 
given by 

P,, exp [-ik(w,)z] = ~ ( ~ ) ( - w ~ ,  -up, o:, o) ! 
x [E;(o,)E,(z, w$,(o) exp (-iAkz)]dw,dw;, (4) 

where w = wp - OJ; + os, Ak = k(o , )  - k(w) + k(w,) - 
k(w;) ,  and EP(op) is the  Fourier transform of the pump 
electric field. The nonlinear  susceptibility is 

x (-os, - u p ,  OH' 0 )  
(3) 

Ne4 I(nslxlmp)(mpIxIms)l~ 

= (TI (ol - op)(Ao,  - wp + 0 6  - iy /2 ) (w1 - o) 

= x  [(ol - o,)(6o -- i y / 2 ) ( w 1  - a)]-', ( 5 )  

where e is  the electronic charge; ns and ms are  the alkali 
ground and excited s states; N = (Nns  - NmS)  is the  net 

( 3) 

D. S .  BETHUNE ET AL. IBM J. RES. DEVELOP, VOL. 23 NO. 5 SEPTEMBER 1979 



ground state  number  density; w1 = wmp,ns (the resonance 
line frequency); AmR = (the  electronic Raman  shift); 
y is the  Raman linewidth (FWHM); and Sw = Am, - up + 
0: is the detuning of the pair up, w ;  from exact  two-pho- 
ton resonance. Combining Eqs. (3)-(5), we have 

-F$(o,)E,(z, wi)Ep(w)  exp (-iAkz) 
dwpdwi. (6) 

As mentioned earlier,  we  expect  the  Stokes  spectrum to 
be proportional  to  the pump spectrum.  It will be conve- 
nient to define a function f ( z ,  w,) by 

Substituting into  Eq. (6), we have 

Ep(os + af - 27ri 
(wl - W, - AwR) dz ( 2 ,  0,) = ~ X:' 

C 

c.,(W1,)Ep(W,, + Sw).f '(z. w ,,,( + f iw)E, , (w,  + Awl< - 6w) 

(wl ~ w,)(6w - i y / 2 ) ( w l  ~ w,, + 6 w ) ( w ,  - w 5  + 6w ~ Awl{) 

x exp (- iAkz)dw,d(Sw), (8) 

where opR = wp - Am,, and the integration  variable w i  
has been  changed to SO. 

At this  point we must specify the properties of the 
pump light more completely. A temporally  smooth  pump 
intensity envelope with pulse width T is assumed here. 
This determines  the  extent  to which the pump wave am- 
plitudes are  correlated  because of the  exact relationship 

1 E;(wp)Ep(wp + Sw)dwp = IE(t)l' exp (iSwt)dt, (9) 
2T 

where t is time and E(t) is the  Fourier transform of EP(w). 
The  components  are therefore correlated  for Sw < T-'. In 
the  steady  state limit y >> T- ' ,  we can thus make the 
approximation 

where Z(wp) is the peak  intensity per  bandwidth. With this 
approximation,  Eq. (8) reduces  to 

where nPR is the refractive  index corresponding  to (up,. 

This is our basic equation describing the SERS process 
with linear and nonlinear  dispersion  included. 
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Figure 19 Temperature of the reacting CH,NC gas  as a func- 
tion of time, determined from the separation of the P and R 
branches. 

First, we consider  the  case  where  the pump band is 
tuned  very far  from  resonance, so that (wl - wp) is much 
greater  than  the  pump  laser  bandwidth Awc (the  subscript 
c  refers to  continuum).  Then Ak == 0 and  the  factors multi- 
plying Z(wP) in the integral are nearly constant.  The func- 
tion f is then  independent of frequency  and grows ex- 
ponentially with gain r, 

where I is the peak pump  intensity. In the broad  band 
case, w,, n,, and wp are  interpreted  as  the values at  the 
peaks of the  Stokes and  pump spectra.  It is clear from Eq. 
(12) that  the width of the pump has  no effect on the  gain, 
and that all Stokes  frequency  components grow  with es- 
sentially the  same gain. The  overall  Stokes  spectrum in 
this case is given by 

where C' is independent of os and can  be  estimated  from 
the  spontaneous Raman scattering  cross  section.  The  res- 
onance  denominator in the  pre-factor is of the  same  form 
as  one finds in the resonant Raman  cross section. 

While the nondispersive  form of the  broad band Raman 
scattering given by Eq. (13) works well even fairly near 
the  resonance lines,  a somewhat modified treatment is 57 1 
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Figure 20 Phase-matching bandwidth Am,, from Eq. (15) for 
Rb vapor; N = 10"/cm3, zo = 1 cm. 

needed when we overlap the  resonance lines. We begin 
by defining D ,  the derivative of the wave vector mismatch 
Ak(w,) with respect  to wP: 

where D, = n-croNnsfmp,ns, ro = 2.818 X cm,  and 
fmp,ns is the oscillator  strength for  the ns + mp transition. 
[Spin-orbit  splitting modifies D in a simple way;  see  Eq. 
(191.1 

If we define a characteristic length z,, which describes 
the length over which the  growth of the  Stokes  wave  oc- 
curs, we can define an  approximatephase-matched  band- 
width AwPM(wp) by the relation 

Am,, = n/z,,D. (15) 

The length zo might be given oy the  vapor  length,  the 
beam confocal  parameter, or the depletion length for  the 
pump.  The bandwidth AmpM has  the physical significance 
that  the  set of pump waves in a band of width =AwpM all 
contribute  to  the growth of the  Stokes  wave  at (up - Am,) 
through  phase-matched four-wave mixing processes.  Fur- 
thermore,  since a set of Stokes  waves in a  band of width 
AwpM around a given wave (w,) are all coupled to  one  an- 
other  and  to a common set of pump  waves, we do  not 
expect  the  Raman gain to vary  rapidly within a frequency 
span AmpM around ws.  With this in mind, we make  the 
approximation thatf(z, wPR) in the integral in Eq. (11) can 
be  replaced  by its value at  the  center of the phase-match- 
ing band.  Since Ak = 0 when up, = os, we replace 
f ( z ,  up,) with f (z ,  0,) and  remove it from  the integral. 

572 With the additional approximations  that (wpR/npR) varies 

slowly over a range AwpM, we also replace wpR/npR with 
ws/n,, the value it  has when Ak = 0. Finally, we observe 
that  the  resonance  factor R = (wl - IN,)-' in the integral in 
Eq. ( 1  1) is essentially equal  to D. Thus  Eq. (1 1 )  becomes 

x ! Z(wp) exp (-iAkz)d(Ak), (16) 

where w p  is considered to be a function of Ak in the in- 
tegral.  We  integrate with respect  to z(0 + 30) to  get  the 
total gain G,. Since  the  exponential growth is  due  to  the 
real part of the integral, we  use 

Re loffi exp (-iAkz)dz = d ( A k )  

and find 

This gain depends  on  the  spectral density rather  than  on 
the integrated intensity,  and while it follows the  pump 
profile, it  shows  no  sharp  peaks  or  dips  at  the  resonance 
line position because of the  balance  between  resonant  en- 
hancement  and  phase mismatching as we move over  the 
resonance. This  balancing persists  even with a  spin-orbit 
split doublet, in which case 

1 

D = Do (19) 

so that I(o,) in the 
integral of Eq. (16) is multiplied by F(w,) = RDo/D, which 
can  be put  into  the form 

where ~ 1 1 2  = wmpllz.ns and w3/2 
Wmp,,, ,ns 

where w 0  = (2w1/, + w 3 J / 3 .  The  notch function F has a 
null one-third of the way between wlI2  and 0312, the  fre- 
quencies  corresponding  to  the  resonance line doublet. 
The  Stokes intensity spectrum in the highly dispersive 
"on resonance"  case is given  by 

where G, is taken  from  Eq. (18). [With spin-orbit  split- 
ting, the  factor (wl - os - Am,)-' is replaced  by R from 
Eq. (19), where now wp is  replaced by (os + Aw,).] 

Comparing the gains Tz [Eq. (12)] and C,, we see  that 
Tz increases  as (wl - and  depends  on  the  total  pump 
intensity I ,  whereas G, is independent of (wl - wp) and 
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depends  on  the  spectral density f (w,) for  the very near  or 
on resonance  case.  This  exact  behavior  has recently  been 
beautifully demonstrated by Korolev et a / .  [ 161 in Rb va- 
por,  where a pump  with bandwidth varied between 0.2 
and 20 cm" drove  SERS  between  the Sp and 6p states. In 
their  experiment  the measured  threshold power varied 
along a parabola when the  pump  was  tuned,  except very 
near  resonance,  where  the  parabola was truncated  and 
the threshold was  constant.  The threshold in the flat re- 
gion increased with pump bandwidth, while it was  inde- 
pendent of bandwidth in the parabolic regions  away from 
the  resonance line. 

For  our  purpose we need a criterion for determining 
where  the change from one regime to  the  other  occurs. If 
d ( A k ) / d m ,  is nearly constant  over  the pump bandwidth, 
the definition of Am,, in Eq. (15) can be  used. If AmI,, >> 
Amc, the  expressions  for  the nondispersive case can  be 
used. If AmpM << Am,, we can use  the "high dispersion" 
results of Eqs. (18) and (21). The function AwPM(wp)  is 
plotted for Rb vapor where N = 1017 atoms/cm3  and z,, = 

1 cm  in Fig. 20. 

For  the more  general  case of a very  broad  pump over- 
lapping resonance  lines, the  simple  approximations using 
d ( A k ) / d m  break down. As  mentioned earlier, some  phys- 
ical feature must set a length scale z,,. The delta  function 
in Ak then  has a width of =T/z, .  Formally, we introduce 
into Eq. (16) a cut-off function Z ( z )  to limit z to a length 
= z 0 .  For  example, if a sharp cut-off at z,, is used, we must 
replace the delta  function in Eq. (17) with sin ( A k z , , ) / A k ,  
which leads  to a  total gain 

For  other  forms of Z ( z ) ,  we replace sin Akz, /Ak in Eq. 
(22) with 27r Re [ Z ( A k ) ] ,  where Z ( A k )  is the  Fourier  trans- 
form of Z ( z ) .  

Figure 2 1 (a) illustrates the  type of experimental spectra 
obtained in the case  where  the  pump slightly overlaps  the 
Rb 5s-6p resonance lines. The  upper  curve is a densi- 
tometer  trace of the spectrum of Stilbene 420 (7.5 X 

molar in 2: 1 H,O-CH,OH). The lower trace  shows 
the upconverted spectrum  obtained with the  same Stil- 
bene 420 continuum using the K upconverter.  The  strong 
skewing of the  spectrum  towards  the  resonance line is ap- 
parent.  The absorption lines and nulls due  to the Rb  and 
K vapors  are  evident,  and  measurement  shows  the nulls 
are indeed  quite accurately  one-third of the way between 
the  pli2  and  pZi2  components of the  doublets. 

For qualitative comparison, Fig. 21(b) shows a  model 
pump spectrum (upper)  and the corresponding Stokes 

-1 1 

2 0 
I 

Figure 21 (a) Densitometer traces showing spectrum (single 
shot) of continuum beam vC (Stilbene 420,2: 1 H,O-CH,OH) pho- 
tographed through  Rb vapor (upper trace) and spectrum (ten 
shots) of corresponding upconverted beam (lower  trace). (b) 
Model pump spectrum (upper trace) and corresponding calcu- 
lated Stokes spectrum (lower trace). 

spectrum calculated  from Eq. (21), with G,. calculated 
from Eq. ( 2 2 ) .  In this case  the cut-off function Z ( z )  = 

exp ( - z / z , )  with z,, = 5 mm was used.  Thus,  the 
[sin ( A k z , ) ] / A k  function  was  replaced with a smoother 
Lorentzian, 2~ Re [ Z ( A k ) ]  = z , , / [ I  + ( A k z J z ] .  Although 
no  attempt was made to  accurately model the  spectra of 
Fig. 6(a),  and no structure  due  to  the upconversion pro- 
cess  has been  included, the  overall  shape of the Stokes 
spectrum in Fig. 21(b) does  show  considerable similarity 
to  the  upconverted  spectrum of Fig. 21(a). 

The combined  four-wave mixing and  SERS  processes 
responsible for  the upconversion in the  second cell are 
still incompletely understood. In the usual parametric  ap- 
proximation,  the narrow  band SERS  process  establishes 
a coherent 4s-Ss atomic  superposition over  some length of 
K vapor.  The infrared  then scatters from the oscillating 
atoms and generates both violet and orange sidebands of 
the  atomic 4s-5s oscillation frequency  at 05s,4s * mir. For 
an s + s SERS  process with the  narrow band laser  fre- 
quency v P  tuned  outside the  resonance line doublet,  the 573 
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narrow  band  Stokes radiation at us will have is parallel to 
ke. In this case  the  upconversion of the infrared is de- 
scribed by 

P,,(z, w,)  exp [ - i k ( w , ) z ~  

1 
X &(z)  exp ( i A k z ) ,  (24) 

where k(o,)  = n,w,/c and p(z) is  the spatially slowly vary- 
ing (ms, ns)  off-diagonal density matrix  element describ- 
ing the  Raman excitation driven by the  SERS  process, 
w ,  = w5s,4s + wir, and Ak = k(w,) - k(w,) + k(wir) - 
k(o,). For  spin-orbit split doublets, - oJ1 is re- 
placed  by [1/3(wm,p,12 - w,)" + 2 / 3 ( 0 ~ , ~ , , ,  - o,,-']. In- 
tegration of Eq. (23) with respect  to z leads  to  an up- 
converted intensity spectrum, 

where p(Ak)  is the  Fourier  transform of p(z). There  are 
two main features of interest in Eq. (25): the  resonant en- 
hancement  near  the K resonance lines  and the  factor 
[p(Ak) ] ' ,  which governs  the  bandwidth limitation of the 
upconversion  imposed by phase matching. The  verJ 
striking broad band nature of the upconversion process, 
together with  its high efficiency, is evidence  that  phase 
matching is not important. One  possible  explanation for 
this is that  the  SERS  process  has very high gain (several 
hundred cm"). This may give a short "active  region," 
where p(z) is largest and  the  Stokes  wave grows  rapidly 
while the pump  intensity  falls. If this region were  only  a 
few millimeters  long, p(Ak) would be correspondingly 
broad and fairly large wave  vector mismatching  could  be 
tolerated. 

E. Conclusion 
We have tried to illustrate the  characteristics of this  new 
ir technique with the spectra  presented in this  paper. The 
advantages of the technique  lie in its ability to  record in- 
stantaneously information contained in a  broad spectral 
range. The isomerization of methyl  isocyanide indicates, 
in our  opinion,  the type of reaction  to which this tech- 
nique may best be  applied.  Dynamic  changes  occurring in 
various  media  can  be detected,  provided  the  latter  are  not 
too rarified; e . g . ,  the  technique would seem  to  be readily 
applicable to  the field of combustion engineering.  An- 
other straightforward  application is in the study of laser- 
induced  pyrolysis of polymers. We have, in fact, recently 
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-3000-cm" bands of a polyvinyl film upon  pyrolysis  with 
a CO, TEA  laser pulse. The  technique would also  be 
clearly suitable  for studying the  development of gain in 
chemical laser  systems.  For  example, hydrogen  fluoride 
elimination reactions [17] could be  studied in this way. 
The possible presence of two-photon gain in infrared sys- 
tems  could also  be monitored conveniently with our  tech- 
nique. 

The main disadvantage of the  technique  stems  from  the 
presence of random spectral  noise in the  upconverted 
spectra.  Ten  to twenty shots  per  exposure  are required 
for  decent averaging of the  spectral  noise, i.e., for  the 
true linear features of the  sample  absorption  spectrum  to 
become apparent. This  noise is also  seen in the  spectrum 
of the  orange continuum  beam V, - 2v,,. There is evi- 
dence [Fig.  2l(a)] that  the noise  originates in the visible/ 
uv continuum beam  and is then accentuated by the Ra- 
man process occurring in HP,. 

One  question, discussed in the  introduction,  concerns 
other ranges of ir that can be  probed in the  same  manner 
as  the 2600- to 4000-cm" region. In this connection,  two 
specific suggestions for  alternate  broad band Raman 
sources can  be  made.  One is to  use high-pressure  molecu- 
lar hydrogen as  the Raman scattering medium. With in- 
tense  broad band  continuum beams produced by red and 
near-infrared dyes,  one might be  able  to reach the  =5-pm 
region via two consecutive Stokes  shifts, followed by 
four-wave mixing to  generate  an  ir  continuum, effectively 
at the third Stokes  frequency.  The  upconverter cell could 
still be an alkali metal vapor.  One advantage of this 
scheme  is  that it uses the  stronger  second harmonic of the 
ND3+:YAG laser  system. 

Another way to  extend  the ir range  that still retains  use 
of the well-engineered Nd3+:YAG  laser is a two-step Ra- 
man pumping scheme [16]. One  could  simultaneously ir- 
radiate an alkali metal Raman cell with two  laser  beams. 
One  beam would populate the lowest-lying  p states, e g . ,  
3p in the  case of Na.  The  other  beam,  an intense visible 
continuum beam, would then generate  broad band SERS 
in a sequence  such  as 3p + nd + np in Na. This would 
produce  broad band ir radiation centered  at  frequencies 
well removed  from  the ir  ranges  listed in Table 1 .  In Na 
with n = 5,6,  the  generated ir would be at =5  pm, 10 pm,  
respectively. A  variant of this scheme would be based 
upon broad band  stimulated electronic hyper-Raman scat- 
tering, represented by a sequence  such  as 3s + 3p -+ 

nd +np in Na. 
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