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the pore diameter, and 8 is a constant. Values of the param­

eters Dp and 8 for some acid media and temperatures are 

known? In most cases pore densities fall in the range 1010- 

1011 pores/cm2. This technique allows one to make a well- 

defined surface. These surfaces of well-defined particle di­

mensions can then be used to study the SERS enhancement 

effect as functions of the particle size and the distance be­

tween particles.

In conclusion, we have demonstrated that highly-enhanced 

Raman spectra can be observed from the surfaces of silver 

deposited in anodic aluminum oxide pores whose oxide lay­

ers were partly removed after the deposition of silver. This 

preparatory method for new SERS-active surfaces may have 

advantages in that the size of and the distance between Ag 

particles can be controlled.
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Coherent anti-Stokes Raman scattering (CARS) spectra of HC1, N2) and the V] fundamental of C2H2 have been measured 

in the gas phase. The measured spectra show rotational structures which originate from the Q-branch transitions. 

The spectra have successfully been simulated with proper selection rules, line positions, and relative intensities from 

room temperature Boltzmann population distributions. The vibration-rotation interaction constant a of HC1 in the 

ground electronic state has been measured from the rotationally resolved CARS spectra which is a=03076 cm-1. 

Possibilities of optical pumpin용 and of measuring state specific energy distributions of molecules are discussed.

Introduction

Rovibrational spectra of molecules in the gas phase pro­

vide rich information atx)ut molecular structures and the dy­

namics when the spectra can particularly be observed in a 

chemically changing system. Absorption or Emission of light 

due to spectroscopic transitions between the rovibrational 

states in the ground electronic state of the molecules would 

produce such spectra in the infrared? However, it is not 

easy to obtain the IR absorption spectra of the molecules 

in the gas phase because of intrinsically low absorption coef­

ficients of the molecules in this spectral region. Since the 

radiative lifetime in the excited rovibrational states are in 

general long (longer than 1 ms in many cases), it is even 

more difficult to measure the emission spectra of the mole­

cules in IR.2 Moreover, the fact that the blackbody radiation 

at ambient temperatures peaks in near IR decreases the sig- 

nal-to-noise in the IR emission spectra. Vibrational Raman 

spectra may be alternatives to study the m이ecular structures 

but the Raman scattering signals from the molecules in the 

gas phase are too small to be measured in the rotationally 

resolved spectra. However, with a recent advent of coherent 

high power lasers, a stimulated Raman scattering technique 

greatly enhances the signal. Various laser Raman spectro­
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scopic techniques have been thus far developed to obtain 

the rovibrational spectra under high resolution.3-4

Coherent anti-Stokes Raman Scattering (CARS) spectro­

scopy utilizes a nonlinear property of a medium with an 

aid of the intense laser light at a frequency of the ordinary 

Raman Stokes scattering frequency.5,6 With the two laser fre­

quencies tuned to the pump (g)i) and the Stokes frequency 

(g)2), the strong CARS signal at 2g)i-g)2 can be generated 

when the three wavevectors are phase-matched. Since dis­

persion of these three waves are not large in the gaseous 

medium, the phase matching condition can be r이ativ미y eas­

ily fullfilled compared to the one in the condensed media. 

The CARS spectra of some hydrocarbo均 and oxygen contai­

ning molecules in the flame have been measured, from which 

combustion processes have directly been studied.7,8 Recently, 

the rotationally resolved CARS spectra of O2 have been mea­

sured from photodissociation of ozone in the gas phase and 

the dynamics of the photodissociation has been studied in 

detail.9

In this report, the rotationally resolved CARS spectra of 

homonuclear, heteronuclear diatomics, N2 and HC1, and a 

linear polyatomic molecule, C2H2 in the gas phase are pre­

sented. The rotational population distributions are identified 

by using proper s이ection rules and room temperature Boltz­

mann distributions. Measured spectroscopic constants are 

found to be in good agreement with the ones previously 

measured in IR and Microwave.

Experiment

CARS spectra have been measured in a static cell which 

is a cube made of stainless steel with two windows on each 

side. The cell has been evacuated with a mechanical pump 

whose pressure is about IO-3 Torr and then a few Torr 

of the gaseous sample has been filled at ambient tempera­

tures.

The pump laser, Wi is the second harmonic of an Nd : YAG 

laser (532 nm, green) from Lumonics (YM-800) of which 

about 10% of the beam is splitted from a quartz plate and 

directly introduced into the sample c이L The light at the 

Stokes frequency is an output of a dye laser (Lumonics HD- 

500) pumped by the rest of the green, which is tuned to 

the molecular rovibrational transition frequencies 

Pulse energies of the pump and the dye laser output are 

typically about 20 mj/pulse and 8 mj/pulse, respectively. 

Since the dye laser output is delayed about 6 ns from the 

green, the green light is optically delayed to obtain correct 

temporal overlap and to obtain the maximum CARS signal. 

The two laser beams are colinearly propagated and focused 

with a lense (f—200 mm) at the center of the c이L Since 

the CARS signal strength depends on the sample length, 

various lenses of different focal lengths have been employed. 

Another lense on the opposite side of the cell collimates the 

green, the dye laser output, and the CARS signal. The three 

beams are separated through a prism and the CARS signal 

is detected with a photodiode through a proper filter. A 

schematic diagram of the experimental apparatus is in Figure

1. As expected, the CARS signal strength depends on the 

square of the pump laser power and linearly on the laser 

power of the Stokes frequency.

HC1 is purchased from Aldrich, N2 and C2H2 are from

Figure 1. A schematic diagram of the experimental apparatus.

Kwaksan Sanso Co. in Korea and used without further puri­

fication.

Results and Discussion

CARS spectra of HCL N2, and the Vi fundamental of C2H2 

are presented in Figure 2 and Figure 3. As seen in the fig­

ures, the spectra reveal rotational structures which originate 

from the Q-branch transitions of different J values. The ordi­

nary Raman selection rules for linear molecules are A/=0 

(Q-branch), ± 2 (O,S-branch) but the 0- and S-branch transi­

tions are not observed in the spectra.10 In Figure 2, simulated 

spectra of N2 are shown under the measured spectra with 

sticks and with convolution of the Gaussian laser lineshape 

of about 0.6 cm ' linewidth. As shown in the figures, the 

measured spectra of N2, HC1, and C2H2 can be well repro­

duced by the simulation.

The CARS signal strength for a low density gaseous sam­

ple is given by

Fcars(s) = (8打2。2* 减/ h(Oi(o23)2(AN)2Wo/^n)2 

邛及2口/(2廿+ 1写]

where AN is the population difference between ground and 

excited molecular states and d히dSl is the ordinary differen­

tial Raman scattering cross sections.11 Thus the relative in­

tensities of the rotational transitions are proportional to the 

square of AN and d티d*  which are given by

/(/)oc(AMW</n)2oc [Sjexp(-BJ(/+ l)/kT)了

where 

§=(岁+1)+
(〃一 1)(2/+3)

for the Q-branch Raman transitions.12 The spectral line posi-
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Figure 2. Experimental and simulated CARS spectra of N2 at 

room temperature. Partially resolved Q-branch rotational transi­

tions are shown.
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Figure 4. Simulated spectra of Nz at 100 K and 500 K. The 

band origin is at 0 cm-1.
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Figure 3. Experimental and simulated CARS spectra of HC1 

and the Vi fundamental of C2H2 at room temperature (see text). 

Q-branch rotational transitions are assigned on top of the HCL 

spectra.

tions are calculated by term values of the rotational energy 

levels in the upper and lower vibrational states, which are 

given by

Ag)=(o1-(O2=(Si-BoW+1) - (Di -加尹(/+ D2

where B and D are the rotational and centrifugal distortion 

constants, respectively.

The CARS spectra of N2 is well reproduced by the simula­

tion with the convolution of the Gaussian laser linewidth 

of 0.55 cm-1 at 300 K as represented in Figure 2. The rota­

tional constants are adapted from the literature.13 In the 

simulated spectra, the intensity variation of 1:4 is clearly 

shown for the odd : even J values according to the nuclear 

spin statistical weights for homonuclear diatomics of the nu­

clear spin of 1= 1. This intensity variation is also shown in 

the spectra of C2H2 as 1:9 for the even : odd J values since 

C2H2 has an inversion center with two nuclei of 1= 1/2 (Fig­

ure 3), The alternating intensity variation in the even and 

odd J's helps resolving the rotational transitions under our 

spectral resolution of 0.6 cm'1. In the case of HC1, the rota­

tional transitions are completely resolved as shown in the 

figure. The assignments of each rotational transition are on 

top of the spectra. From the line positions, the vibration-rota­

tion interaction constant has been measured from the plot 

Aco vs J(J+1) as a=0.3076 cm-1 since Bi~Bo= —a neglec­

ting the centrifugal distortion. The measured a is in good 

agreement with the value measured from the high resolution 

IR spectra.14

Studies of chemical reaction dynamics require measuring 

the rovibrational distribution of the reaction products among 

quantum states.15 Various high resolution spectroscopic tech­

niques have been employed such as laser induced fluo­

rescence, resonance enhanced multiphoton ionization, and 

so forth to measure the distribution. However, it is not easy 

to measure such a distribution of the products if the products
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are specially homonuclear diatomic molecules whose absorp­

tion frequencies do not lie in the easily accesible spectral 

region. In Figure 4, the sim니ated CARS spectra of N2 at 

two different rotational temperatures are presented. The 

spectra show distinct shapes for different rotational tempera­

tures from which the rotational population distributions can 

be deduced. As shown in the figure, the CARS technique 

can serve as a sensitive measure of the rovibrational distri­

bution of the molecules of interest in the ground electronic 

states. In addition to the precise energy distribution of the 

products, the initial states of the reactants should be speci­

fied to study chemical dynamics in detail. The stimulated 

Raman scattering can pump the molecules in the desired 

rovibrational states by tuning the Stokes frequency. Thus 

the initial states of the reactants can be prepared as well 

as identified in this process. In our laboratory, various chem­

ical and photochemical reaction dynamics have been studied 

by this technique.
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A diamond-like carbon (DLC) film was produced on a TiO2 substrate using a plasma enhance chemical vapor deposition 

(PECVD) method. The CH4-H2 plasma was produced by applying 400 V DC. The DLC film with the best crystalline 

structure was obtained when the concentration of CH*  in H2 was 0.75 percent by volume and total pressure was 

40 torr. The presence of the diamond structure was confirmed by Raman spectroscopy, X-ray diffraction, and scanning 

electron microscopy methods. It was found that the diluting gas H2 played an important role in producing a DLC 

film using a PECVD method.

Introduction

The hard or diamond-like carbon films have attracted a 

rapidly growing interest in the past few years because of 

their unique properties. Their characteristic properties are1*" 3 

high electrical resistivity of the order of l^-lO12 Qcm, ex­

treme hardness, high optical transparency over a wide spec­

tral range, especially in IR region, chemical inertness to both 

acids and alkalies, and a high refractive index.

Diamond-like carbon (DLC) films are metasta아e amor­

phous materials. They can be synthesised by various 

methods such as ion beam deposition (IBD),4 sputtering,5 

chemical vapor deposition (CVD),6 and rf- or Jc-plasma CVD 

methods.7 These methods employ a variety of carbon bearing 

solid or gaseous source materials.8 The gas-phase synthesis 

of diamond has clear advantages over the high-pressure and 

high-temperature method. It is possible to grow the film on 

large area substrates and highly pure diamond-like carbon 

can be obtained. DLC films contain sp3-, sp2- and even spl 

coordinated carbon atoms and sometimes have medium 

range order. Depending on the precursor materials, many 

of these films contain a significant amount of hydrogen from


