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Plcoaecond Dynaaica of Reactions In the Liquid Phase: Studies of 

Iodine Photodisaociatlon and Development of New Laser Techniques 

Mark Alan Berg 

Abstract 

Iodine photodissociation and recombination was studied a a jaodel 

for processes common to chemical reaction in the liquid phase. 

Picosecond transient absorption measurements from 1000-295 nm were used 

to monitor the dynamics in a variety of aolvents. Most of the atoms 

which undergo geminate recombination ware found to do ao in <15 pa, in 

agreement with the results of existing molecular dynamics simulations. 

Vibrational relaxation times vary from ~15 pa near the middle of t&* 

ground state well to ~150 pa for complete relaxation to v-0. The 

prediction of atrong resonant vibrational energy tranafer to chlorinated 

methane aolvents was not supported, but some evidence for thia sechaniam 

waa found for alkane solvents. Current theory is unable to explain the 

large variation (65-2700 pa) of the excited A*-state lifetime in various 

solvents* 

A 10-Hz amplified, aynchronoualy-pumped dye laser used to perform 

these experiments is described and characterised. Stimulated electronic 

Raman scattering was used to ahlft the amplified pulses to the 

vibrational infrared. Pulses were shifted to 3040-1950 cm**1 with a 

asxlaaa of 11 vJ/pwlse. The same tachaleae was also mood to shift doth 

broad bandwidth aad marrow a—lirts-tm palees with a awcm hcsadst taalag 

raage of MSO-M0 ca*1 aad am ce 120 aJ/pmlae. Mfferaace freaweacy 

alsiac of a ptcooecoad amis* with a aaaaaecsad dty* laoer palao aaa aaad 



to produce picosecond pulses in the far-infrared (20-200 cm" ). Quantum 

efficiencies of 0.1-0.3X were observed over the entire frequency 

range. Features unexplainable with simple non-linear optical theory 

were observed, in particular large pulse-to-pulse energy fluctuations. 
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INTRODUCTION 

Tha attempt to understand tha elenentary processes a aolaeule 

undargoas during a cheaical raactlon lias at the heart of physical 

chemistry. Reactions in the liquid phase are lass well understood than 

gas-phase reactions, because of the greater conceptual problem* of 

dealing with many-body dynamics, and because of the technical difficulty 

in working on vary fast tinescales. Here a very staple nodal reaction, 

iodine photodissoclation and recombination, has been investigated and a 

fairly detailed understanding of the reaction pathway developed* The 

results also provide one of the few experimental tests for theories of 

liquid-phase raactlon dynamics* These experiments were possible largely 

due to the development of a source of high quality picosecond light 

pulses* Work was also done on techniques to extend this source to the 

vibrational infrared and far-infrared portions of tha spectrum* It is 

hoped that thaaa tachniquea will aid not only in studying liquid-phase 

dynamics, but alao in many other araaa of both chemistry and physics. 

In the atudy of liquid-phase reaction dynamics, prograaa la tightly 

linked to technical developments, specifically the generation of high-

quality, picosecond laaar pulaea. Ideally the pulses should not only be 

shorter than the phenomena of 1stareat, bat also be narrow sod tunable 

In frequency, nigh In energy, stable pulsa-to-pulaa, and reliable. 

Currently the system bast meeting tans* criteria la am amplified 

aynchronemaiy-awmnad dye laser. Althengh tha basic scheme of 

amplification nam already ben* paallehed, thaaa aysfmna are new anamgh 

that tha metalla nf amslgn and •mantle* needed far apclanl anrtatnam.es 

at* net firmly metaellahed. far this rnaaea. tha eystea mead far than* 

http://anrtatnam.es
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experiments Is described and characterised In eoae detail In Chapter 1. 

The experlaents on Iodine photodlssoclatlon are described In 

Chapter 2. These consist of time-resolved absorption aeasureac.it* froa 

1000-295 na following photodlssociation in a nuaber of different 

solvents. The experiaents provide inforaation on solvent-induced 

prcdissociation, geminate recoablnation, vibrational relaxation, and 

electronic relaxation. This systea la the only liquid-phase reaction 

for which the relationship of these processes has been determined. 

Furthermore, experimental data on any of the processes individually is 

scant. Thus, these experiments provide a rare opportunity to test 

theories of liquid-phase dynamics. The comparison of the data to these 

thcoriea is contained in Section E of Chapter 2. 

Although observations at visible wavelengths have provided a large 

amount of information on Iodine photodissociation, a great deal aore 

inforaation on this and many other probleas Is potentially available in 

other regions of the spectrum. However, the sources of picosecond and 

even nanosecond light pulses are much scarcer outside the visible 

region. For this reason, two aethods of converting visible pulses to 

other spectral regions were developed. Chapter 3 discusses stimulated 

electronic Haaan scattering In cesiua vapor, which was used to shift 

picosecond, narrow-bandwidth nanosecond, and broad-bandwidth nanosecond 

pulses Into the vibrational Infrared. The nanosecond shifting was 

dlstinquished by an exceptionally wide tuning range (3040-1950 cm ) and 

by Its as* of swap pulses la the rod, which Is the frequency region aost 

easily generated. Flcoeecoad pulses war* also shifted, bat over a audi 

narrower frequency range. Absorption by caeiaa dinars and two-photon 

loatsatloa by atoaa and diners ax* anggeetea as the aajor factors 

http://aeasureac.it*


limiting parforaanca. 

Chapter 4 diacuaaca the ganaratlon of far-infrared (FIX., 20-

200 cm" ) picoaacond pulses by diffaranca frequency mixing of a 

picoaacond and a nanoaacond light pulse. Simple theory pradlcta nearly 

1002 conversion to the FIR at the intansltiaa used. In practice, 

typical convarsiona of 0.1-0.3Z ware observed. The conversion 

efficiency shows surprisingly little variation with the frequency 

generated* The FIR also had large pulse-to-pulse energy fluctuations, 

which arc contrary to simple theory. Despite these limitations, the 

lack of fast pulsed aoufcea in this spectral region makes thaac results 

quite lntereating. 

The material in Chapter 1 is not available in the lituratura, 

whereas accounts of the experiments described in Chapters 2-4 heve bean 

published. l" 5 
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DESIGN AMD CHARACTERIZATION OF AN AMPLIFIED 

SYNCHRONOUSLY-PUMPED DYE LASER 

A. Introduction 

For most picosecond experiments, it is desirable to have a laser 

which not only produces short pulses, but vhich is also tunable, stable 

pulse-to-pulse, has a high repetition rate and is easy to operate. For 

•any experiments, high peak power is also needed to produce non-linear 

optical effects and to produce a high concentration oc transient 

species. A synchronously-pumped dye laser meats all these criteria 

except high power* Pulses of 1-2 ps c&n be routinely generated at 

80 MHs and are easily tuned through the yellow to near-infrared portions 

of the spectrum. However, the energy is typically only 

1.0-0.1 nJ/pulse, and so it is desirable to amplify the pulses. The 

amplification of 10-10 required for many applications Is very high 

compared to that of typical laser amplifiers. The design of an 

amplifier with very high gala which also preserve* eh* desirable 

properties of the dye laser presents asiase difficulties. 

The feasibility of avch am amplifier wes firat demonstrated by 

Miges, et a!. 1 aad explicated with aimer varieties* by ethers.2 The 

design described mere Is based ea s slightly differs** system developed 

by ***»» et el. 3* 4 Site* these systems have eely bees la ess far a 

shttrt Use, the details ef eerigs seeded fer settoU. serfsnssac n aed s 
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thorough characterization of their operation la not available In the 
literature* This chapter Includes such Inforaation for the laaer system 
used in the experiments described in the remainder of this thesis. 

The system is centered around a syncronously-pumped dye laser 
(Fi*. 1). The dye laser is pumped by —100 ps pulses from a mode-locked 
Ar + laaer. When the cavity length of the dye laser ia precisely matched 
to that of the Ar laser, 1-2 ps pulses are produced at 82 MHz. The 

theory and operation of synchronously-pumped dye lasers has been well 
5-13 documented and the entire jystem is commercially available. The 

only unusual feature of this applieation is that high power from the dye 

laser is not needed. This allows the laser to be run near threshold, so 

that short pulses are easily obtained. 

An amplified, Q-switched Nd:YAG laser provides the power for the 

amplifier. The TAG laser produces 250 mJ of 532 nm light in a 10-ns 

pulse. A Molectron MY-34 laser is used, because of its nearly gaussian 

beam profile, which is transfered to the amplified pulse. The 10-Hz 

repetition fate of this laser determines the repetition rate of the 

entire amplifier. 

The amplifier itself consists of three slmillar stages (Fig. 1). 

As in Koch, et al.'s design, each atage Is longitudinally pumped, that 

is the pump beam la parallel or nearly parallel to the amplified 

beam. * Other design have used transverse pumping, in which the pump 

beam is perpendicular to the amplified beam* ' In the present system, 

dicb-oic mirrors ar* used to colllnearly combine and later separate the 

TAG and the picosecond pulses. The third cell is different from the 

first two in that the TAG and eye pule** travel la opposite directions. 

Between each pair of amplification cells, the picosecond pulse is 
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focoaad into a jat containing a dye which strongly absorbs at tba 

wavelength being amplified. These jets prevent fluorescence fro* one 

amplification cell from being amplified in the next cell. The 

picosecond pulse has sufficient intensity to saturate the dye*a 

absorption, allowing most of the picosecond pulse to be transmitted. By 

absorbing the leading edge of the picosecond pulse, these saturable 

absorbers also shorten the pulse and thereby counteract lengthening 

effects in the amplification cells. 

This chapter begins with a general desciption of the theory of dye 

amplifiers needed to understand the design of the amplifier 

(Section B). A more complete and quantitative discussion of the theory 

of the amplifier's operation can be found in the thesis of A. L. 

Harris. Section C is a detailed desciption of the amplifier 

construction and design. The characterization of the final amplified 

pulse is contained in Section D. 

B. Amplifier Theory 

Because of the large difference in the widths of the TAG pulse 

(10 ns) and the picosecond pulse (1 ps), the pumping of the 

amplification dye and tba extraction of the stored energy by the 

picosecond pulse cam be treated separately. In the pumping process, the 

TAG pals* excites the dye molecules over • l(V>ns period* The TAG poise 

la Interna* enough to strongly saturate the dye absorption, therby 

atablllalmg the amplifier agalmet flmctwatloae la the TAG energy. The 

fluorescence lifetime of the dyes normally mead a n •£ ma, ee the dye 
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could In principle store a major fraction of the energy In the TAG 

pulse. 

In practice the amount of stored energy, and therefore the gain, is 

limited by amplified spontaneous easrfsion (ASE). 1 5 As the gain of an 

amplifier is increased, eventually the spontaneous emmislon 

(fluorescence) from dye molecules at one end of the amplifier is 

amplified enough to seriously deplete the excited dye population. The 

amount of energy which can be stored is maximized by optimizing the cell 
14 length, the cell diameter, and the dye concentration. Still, for 

practical parameters, an amplification of 10-10 cannot be obtained in 

a single cell* Multiple cells are necessary, and the ASE must be 

stopped from travelling between cells. 

Several schemes have been used to block ASE between the amplifier 

cells, while allowing the picosecond pulse to pass. A recent commercial 

amplifier uses spatial filtering, which passes the picosecond pulse, 

while reducing the more highly divergent fluorecence. The major problem 

with this technique Is that it does not shorten the picosecond pulse to 

compensate the broadening which occurs in the amplifier. Absorbing 

glass filters have also been used to block ASE. the picosecond pulse 

bleaches the absorption and passes through. The absorption of the 

leading edge of the pulse helps to shorten it. Unfortunately the 

absortion of the glass only recovers slowly, so ASE is transmitted for a 

significant time after the picosecond puis* passes* Furthermore, the 

glass Is susceptible to permanent damage from the high Intensities 

used. The present system uses a jet of a dye solution as a saturable 
1—4 absorber.* The mala* shortening effect ts atill obtained, mat dyes 

with relaxation timea of 30 pa are available, furthermore, a liquid 
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cannot aoffer peraanent optical damage. Tha major drawback of tha 

saturable absorber jet is that complete transmission cannot ba obtained 

in practice. The dye can ba readily bleached froa 10 to 20Z 

transmission, but for unknown reasons, higher transmission is not 

obtainable. This fact has a profound affect on the design of the 

amplifier m» will be discussed further on. 

The other major consideration in the amplifier design is the 

difference between the small signal and large signal regimes. In the 

small signal regime, the signal (here the picosecond pulse) Is small 

enough that the fraction of dye molecules de-excited is low. This is 

slmlllar to the Beer's law limit in absorption. In this limit 

amplification is exponential with distance, and the gain can ba very 

high (10 5-10 6) in a typical call. The amplification is also linear with 

the signal intensity so there is no change in the pulse shape. 

Unfortunately, the fraction of the energy stored in the dye which is 

transfered to tha picosecond pulse is small. Furthermore, the gain is 

exponentially dependent on the excited dye population and therfore 

highly dependent on the TAG pulse energy. This Introduces a significant 

source of pulse-to-pulse Instability. 

The other extreme is the large signal or saturated regime. Here a 

significant fraction of tha dye population is de-excited by the 

picosecond pulse. The gain is reduced and becomes non-linear with the 

signal intensity. The pals* Is reshaped, since the leading edge 

experiences a high gain typical of the small signal limit, while the 

peak experiences • lower gala. The poise broadening do* to this effect 

la redweed by the sharpeslag of the leading edge of the poise la the 

aatorable absorber. The trailing edge of the polae lo mot aa strongly 
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broadened because the excited state population Is depleted by the Main 

peak of the pulse. 

The advantage of the saturated regime is that the dye's stored 

energy can be efficiently extracted. The sub-linear dependence of the 

output energy on the input energy also stabilizes the output energy. 

Each stage in the current amplifier is saturated to son* degree. A 

balance aust be found in which the amplifier is sufficiently saturated 

for efficiency and stability, but not saturated enough to broaden the 

pulse excessively. 

The large saturable absorber losses and the properties of large and 

small signal amplification dictate the overall design of the 

amplifier. Because of the saturable absorber losses, most of the final 

energy of the pulse must be deposited in the final stage. Consequently 

nesifly all of the pump energy must go into the last cell; in the present 

case 90S of the YAG pulse pumps the third cell. To acheive sufficently 

saturated operation for efficiently energy extraction from the last 

stage, a fairly large input pulse is needed. The first two cells 

function primarily as preamplifiers to generate this pulse. 

The first stage is primarily in the small signal limit, giving it a 

very high gain. This gain is needed to reach an intensity which can 

saturate the first saturable absorber. This stage is not efficient, but 

efficiency is unimportant since so little of the pump energy Is invested 

here. The eecond stage ia more strongly saturated than the first, so 

its gain is lower. The second stage is sufficiently saturated that the 

losses in the first saturable absorber are unimportant. If the input 

pulse to the second stage were Increased by a factor of five by 

eliminating the saturable absorber losses, the output energy would only 
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increase slightly. This stage produces a pulse with sufficient energy 

to efficiently extract energy front the last cell. 

These < jnsiderations show why the aapllfler cannot be scaled up by 

adding another saturable absorber jet and a fourth amplifier cell at the 

output. The high losses in the additional saturable absorber would mean 

that most of the pump energy devoted to the third cell would have been 

wasted. Designs which incorporate four amplifier cells essentially have 

an extra preamplifier on the input to assist in getting enough intensity 
2 to saturate the first saturable absorber. Other, less effective 

methods are used to isolate the ASE from this extra cell. 

The other major design choice was the use of longitudinal pumping 

for all three cells. Systems have been successfully built which 
1 2 transversly pump the first cell. ' The large amount of energy 

deposited in the last cell requires the pumping of a large volume which 
is best done longitudinally. In the present design, the first two cells 

are longitudinally pumped for several reasons. First, longitudinal 

pumping produces a more uniform beam profile, particularly when the pump 

beam has a good profile. Secondly, transverse pumping requires the dye 

concentration to be set so as to match the pump absorption depth to the 

pump diameter. Longitudinal pumping allows the dye concentration to be 

aet independently to optimise the stored energy* Also, longitudinal 

pumping can use longer cells and therefore larger beam diameters. The 

•mall beams used In transverse pumping, as wall as the need to work at 

the very edge of the dye cell, makes cell damage a greater problem. 

These factors also make alllgnment more difficult with transverse 

pwplaf. 
The hemic theory of dye ampllflcatloe combined with practical 
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considerations has determined the general design of an efficient, high-

gain amplifier. In tha following section, tha apaeific design and 

operating paraaeters of tha system constructed ara described. 

C. Detailed Design and Operating Paraaeters 

A modelocked Spectra-Physics 171-07 Ar laser was used to pump the 

dye laser* This model is capable of producing 7 W of CW power at 

5145 A, which is much acre than was actually needed. The standard 

aodelocking crystal and aount were used, but seperate electronic 

components were purchased to reduce cost and improve quality. A highly 

stable aodelocking frequency near 40.6 MHz was generated by a PTS 160 

frequency synthesiser. An ENI 300L 40-dB KF power amplifier in 

conjunction with a 20--dB attenuator produced sufficient RF power for 

modclocking. Normally 800 aW of RF was applied to the prism. Although 

the exact power level is not critical, 800 mW gives better results than 

the 200-400 mW used in some commercial aysteas. A Bird Model 43 

directional power meter was found to be very useful in finding the 

resonant frequency of the crystal. Noraally the minimum reflected 

power, which occurs at resonance, was about 20 aW. Tha modelocking 

crystal was mounted in a temperature-controlled oven maintained several 

dagraas above room temperature. 

Tha unusual fraatura of tha Ar + laser's operation is that it was 

ran at a relatively low power of 350-400 mW, Instead of tha mora typical 

1 W. Oader these conditions, it was foaad that tha pulses vara shortest 

with tha high reflectivity outsat mirror normally meed for CW 
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operation. At energies near 1 V, a lower reflectivity mirror Is 

noraally used, when operating at low powers and with the low 

reflectivity airror, it appears that the intracavlty pulse is not 

Intense enough to deplete the gain . Gain depletion is frequently an 

important pulse shortening mechanism in modelocked lasers* 

rulsewidth and stability were also dependent on proper adjustment 

of the cavity length. The frequency was always set to the modelocking 

prism's resonance and the length adjusted to match it. When the cavity 

was too short, a satellite pulse trailing the main pulse by ~200 ps was 

easily detectable with a fast photodiode and sampling scope. Mien the 

cavity was too long, there was only a broadening of the pulse, which was 

not always detectable with the fast photodiode. However, if the cavity 

was shortened, the average power decreased slowly, Indicating more 

effective modulation. The cavity was normally shortened until just 

before the point at which a satellite pulse formed and the power jumped 

up. A pulse width of 110-120 ps was typically found on the sampling 

scope/photodiode combination. Since this system has a response time of 

~60 ps, the true pulse width is probably <100 ps. 

Adjustment of the cavity length as described not only optimizes the 

pulse width, but also improves the stability of the laser. Typically 

the noise was <3Z peak-to-peak. Soee 360-Bz ripple from the power 

supply was notlcable, particularly at very low powers. 

The eye laser used was a standard Coherent folded cavity laser. 

Only Bhodeadne 6C was meed la this laser. The laser could be tamed froa 

572-405 mm, with a mask at 574 urn. This Is alma ahlftad froa the aormal 

- CH tmmlac carve. Moat eftaa the laser was oseratec at 590 aa, which has 

oaly 1/2-1/3 the aaslaaa sowar. The amtpat sowar mas typically 
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15-20 aW; operation below 10 atf becoaes very unstable. At these low 

powers, the dye laser cavity length could be adjusted to just eliminate 

satellite pulses, while maintaining a narrow, smooth autocorrelation 

without evidence of a coherence spike. The full width at half maximum 

of 2.0-2.5 ps implied a pulse width of about 1.5 ps. A two-plate 

birefringent filter gave the best spectrum as is discussed in the next 

section. 

The Q-switched Nd:YAG laser which pumped the amplifier was a 

Molectron HT-34 and was operated in an entirely standard fashion. The 

pulse energy was 250 mJ at 532 nm. The oscillator gain was adjusted to 

give a symmetrical three-peaked temporal shape. The width of the main 

peak was 8-10 ns. The timing of the TAG pulse was synchronized to the 

picosecond pulse train to better than 1 ns by external electronics which 
14 are described in the thesis of A. L. Harris. The synchronisation can 

be destroyed if the Q-switch permits some lasing before it is opened. 

This problem seem to have been eliminated with the introduction of 

humidity Insensive polarizers in the oscillator. 

The amplifier itself consisted of three stages. The first two 

stages had a common dye circulation system, while the third cell had a 

seperate circulator. The circulation systems were constructed so that 

the dye solution only came into contact with highly inert materials: 

stainless steel, glass, teflon, polyethylene, and polypropylene. This 

prevents corrosion, reduces dye degradation, and prevents contamination 

from old dyes adsorbed into the materials. Each system consisted of a 

pump, a reservoir and a filter. Centrifugal pumps worked best as they 

provide a high flow rata* The total volume of each aye eyatea was -2 

liters. 
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The three dye cells vera all nearly identical. The aiddle of each 

cell was glass to allow visual overlap of the beans and to monitor the 

dye fluorescence. The 2"-diameter, anti-refection coated windows were 

held in stainless steel end caps. The dye solution flowed In across the 

face of each window to help prevent deposits of degraded dye on the 

windows. The flow exited at the top center of tbe cell tc aid in 

removing air bubbles. The windows were tilted at 20* from tbe normal to 

prevent reflection along the beam path. Each cell had a clear diameter 

of 1". The first two cells were 10 cm long and the third was 20 cm 

long. Originally all three cells were 10 cm, but the third cell was 

lengthened to try to increase the stored energy. The Improvement was 

slight. 

Ten percent of the TAG bean was split off from the main beam by an 

uncoated glass surface at 45* to the beam (Fig. 1). Thia beam was 

reduced and re-eollimated by a telescope to a 2-mm diameter and split by 

a dielectric beamsplitter. Forty percent (10 mJ) pumped the first cell; 

sixty percent (27 mJ) pumped the second cell. The remaining 90Z 

(225 mJ) was used at its f'tll 6-mm diameter to pump the third cell. The 

TAG polarization was vertical to the table and parallel to tbe dye laaer 

polarization. The gain la dramatically reduced for perpendicular 

polarization. 

The third cell waa pumped opposite to the direction of tbe dye beam 

for two reasons. Host importantly residual 532 am light waa prevented 

from contaminating the owtpwt beam. Also, mora energy was deposited at 

the outsat ami of the call, where it cam ha effectively extracted. The 

small timing change introduced by this arraagaaaat deea mot aaaa to be 

tnesrtaat. 
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The dye concentration for each of the cells was set to absorb 90-

95Z of the TAG beam. In the third cell this can simply be set by adding 

dye until the power does not increase. Greater care must be used in 

adjusting the dye concentration in the first two cells. If the 

concentration is too high, the ASE gain becomes too large. Even though 

little ASE is seen without the picosecond pulse, when the picosecond 

pulse is present, a significant amount of ASE developes before the 

saturable absorbers relax. This problem can be detected by monitoring 

the spectrum of the amplifier output. As the dye concentration of the 

first two cells is raised too high, a broad spectral component due to 

the ASE is formed. This problem can also lead Co very high (>2 mJ), but 

spurious, measurements of the output energy. 

The tuning ranges for the amplification dyes are relatively narrow 

(Fig. 2). The ranges are also peaked at fairly short wavelengths, as is 

typical of high intensity pumping. The choice of water or methanol as a 

solvent Introduces significant shifts in the tuning range, which are 

helpful in covering the entire wavelength range. Methanol generally 

produces higher energies, but water produces a better beam profile. The 

turbulence of the dye solution flowing through the third cell causes a 

speckled beam profile, and this effect is stronger with methanol. A 

better beam profile results In better focussing, which compensates for 

lower energy in some applications (Chape. III). The turbulence is 

difficult to remove, because a good dye flow was needed to prevent even 

more severe distortions of the beam from thermal inhomogoneltles in the 

dye solution. 

k final problem related to the amplification dye ia photochemical 

aecomaoaltlon from the taC beam. This problem la tampionIsl by the 
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relatively aaall amount of dya which la In tha syatea, due to the low 

concentrations uaed. Ivan with atabla dyea, tha dya aust be changed 

every day or two. Iba decomposition rataa observed are auch higher than 

llturature values and aey result fro* solvent impurities, 

unfortunately, the voluae of solvent needed prohibits tha use of higher 

quality solvents. Kiton Red 620 is the aost stable dye, while Khodaalne 

640 la 9 tiaea leaa atabla. Khodamlne 6G la intermediate in 

stability. In aqueous solution, tha addition of soapa is frequently 

recoaaandad to prevent aggregation. However at tha low concentrations 

used here, eo«p has no affect on the dya efficiency, but it atongly 

reduces tha dya lifatiaa. Tha addition of a triplet quencher (COT) and 

tha removal of oxygen do not hava any affect on tha dya lifetiaa. 

In contraat, tha aaturable absorber dyaa ara atabla over yaara of 

use. loth Malachite Green and tha vary alailar Cryatal Violat hava been 

used with marginally batter resulta with Cryatal Violet. Since Cryatal 

Violat alao abaorbes more stongly in tha spectral region of interest, it 

was usad aost of tha tiae» loth dyes hava a relaxation tiae of ~30 pa 

in ethylene gylcol. Less viacous solvents glv» a faatar relaxation 
19 tiae, but at the expenae of leas atabla jets. Tha dyes ware aada into 

highly concentrated solutlone in ethylene glycol and used in a standard, 

•rawstar angled Jet designed of tha type uaed in dya lasers. At low 

signal levels, aa absorption of -10 was aeaaured. At U g h 

iateaeitiee, the traaaateloa maturated at only 1S-2SX* Calculations 

aaggaat that the traasltlea should ha easily saturated to aaar 1Q0X 

traaaatMleu at the lataaaltlaa meed. 

la the aacead saturable afcaerbar, the lateaelty at tha fecue of the 

talaaeapa la high aaaagh ta aaaaa dielectric icsaMsaa la the Jet. The 
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breakdown occurs In pure ethylene glycol, with Insignificant changes 

with the addition of the dye. Breakdown is characterised by sparking in 

the jet, a sharp decrease in transmission, and degradation of the beam 

quality. The jet was normally positioned in front of the focus, just 

before the point at which breakdown occurs. 

The input to the first cell was a pulse of approximately 0.2 mJ in 

a 2-an beam. It was amplified by a factor of 7500 to give a 1.5 uJ 

pulse. Only the center of the beam was well amplified, so the beam 

diaaeter was slightly reduced. The beam was re-expanded by the 20 mm: 

50 am telescope around the first saturable absorber jet. The ~80Z loss 

in this jet brought the pulse energy down to 0.2 uJ as It entered the 

second cell. There it was aaplified to ~50 uJ. The 25 am: 80 am 

telescope on the second saturable absorber jet expanded the beaa to 6 am 

in the third cell. Loauea in the jet reduce the energy to ~10 uJ 

entering the third cell, where it was aaplified to a final energy near 

1 aJ (Fig. 2). 

D. Characterisation 

The output of the amplifier is a 6-aa diaaeter beaa consisting of a 

single plcoeecood pulse every 0.1 second. The beaa Is round and unifora 

la intensity, except for the solvent dependent speckle mentioned in the 

previous section. The spatial apeckle la randoa froa pulae-to-pulse and 

preeaaably ceases soae fuxalaeee when the beaa la focused. This effect 

la difficult to observe, however, bscnaaa the beaa caanot be focused la 

air without causing dielectric ecasfciswa. The araaMeaa ceases a faint 
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spark at the focus and severly degrades the bean profile. Even 

unfocused the beam can cause serious damage, such aa a permanent 

darkening of ordinary BK-7 optical glass. The damage mechanism may 

involve a two-photon absorption, since silica, which is transparent at 

the two-photon energy, is not darkened. 

In normal operation there is very little energy in the beam aside 

from the picosecond pulse. Uhamplifled dye laser pulses are so strongly 

absorbed in tb* amplifier that they cannot be dete^twd at the output. 

The nanosecond ASE from the third cell is intense, but it diverges so 

strongly that it is easy to separate from the colllmated picosecond 

pulse. ASE originating from the first or second cells can be well 

colliaated, but such ASE is very dim or non-existant In normal 

operation. Mora insidious is ASE formed during the time the saturable 

absorbers are bleached, since it does not occur when the picosecond 

pulse is not present. As discussed in the previous section, this ASE 

can be detected spectrally and ellimlnated by reducing *jte dye 

concentration is the first two calls. 

The pulse energy obtainable at various wavelengths is summarized in 

Figure 2. Tuning further to Che blue is limited by the availability of 

dichroic mirrors capable of sap vatlng the dye laser wavelength from the 

TAG wavelength. Further toning to the red should be possible with 

appropriate dyea. The energies given were routinely obtained during 

experiments where careful attention was paid to the ^lae energy, when 

leas time waa spemt om pmlae energy, rowtlma energies fall below 1 mJ. 

The mart? 1* aamaltlve the relative timing of the TAC malso amd the 

picosecond melss* Adjwataemt s« the timing to within 1 ma is sufficient 

to brig the amplified amiss smstgy ts within IOX sf it maatmmm. The 
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owtlaal tlalag for the picosecond pals* Is 1-2 as after the peak of the 

TaC salsa, depending on tba dye, aloca the dye lntegratee the TAC energy 

for soaa tla* period. 

The stability of tba syatea la generally good. The pulae-to-pulse 

energy stability was normally ±102 ram. The synctarooously-poaped dye 

laser noraally operates for aonths with only alnor adjustment. The 

aaplifler Itself Bust be alllgned dally and aoaetlaea during the day. 

It seea that the major source of ais-allignment Is the TAG laser, which 

often needs saall adjustaents during the day. 

Two iaportant properties of a laser pulse are the pulse width and 

the spectral width. Ideally the spectral with should be the ainiaua 

width consistent with the pulse width; the pulse is then called 

"bandwidth Halted". The pulse width is normally derived froa an 
20 21 autocorrelation measurement. » Ideally the .'ull width at half 

maximum (FWHM) of the autocorrelation can bs related to the FWHM of the 
21 pulse by a nuaerical factor which depends on the pulse shape. For 

example, for a gaussian pulse the autocorrelation should be a factor of 
2'2 broader than the pulse itself. For each pulse shape there is also a 

ainiaua product of the pulse FWHM and the spectral FWHM (the bandwidth 

product). Unfortunately, one pulse shape is soaetlaes assumed in 
calculating the pulse width and another in calculating the bandwidth 

product. It la more practical to calculate the bandwidth product as the 

product of the autocorrelation FWHH and the spectral FWHM. This product 

Is 0.62 for a bandwidth Halted gaussian and can be as saall as 0.1 for 

other pulse shapes. 

An additional complication Is tba occurence of a "coherence spike" 

oa the autocorrelation when tba pulse Is not bandwidth Halted. la this 



ease the width of the autocorrelation at 1/4 of marlmnm la approxlaately 
related to the palae width, while the width at 3/4 of • a r t — la 
approximately related co the coherence time. It haa seen suggested that 

autocorralation measurements often suffer from this problem, even when a 
22 23 coherence spike is not readily resolvable. * 

The spectrum of the amplified pulse is strongly dependent on the 

bandwidth of the tuning element in the dye laaer. Figure 3 shows 

spectra of the amplified pulae with a one-plate birefringent filter in 

the dye laser. The average epectrum is broad, but smooth. Examination 

of spectra of individual pulses shows severe modulation, which Is random 

shot-to-shot. This feature is most likely originally present in the 

pulse from the dye laser and Implies that the pulse is not bandwidth 

liaised. In fact, tha product of the autocorralation FHHM and the 

average spectrum FHHM is 1.1, whereas it should be <0.62. However, the 

product of autocorralation width at 1/4 maximum and the average width of 

the spectral aodulation is 0.66, a reasonable value. Similiarly, the 

product of the autocorrelation width at 3/4 width with tha average 

spectral width is 0.40, another reasonable value. Thus it appears that 

the pulse envelope is about 1.6 ps as measured by the 3/4-maximum width 

of the autocorrelation, and that this width corresponds to the width of 

tha modulation of the apectrum. However, the pulse has severe noise 

with a time scale of 0.5 ps as measured by the 3/4-maximum width of the 

autocorralation, and thla noise determines the overall spectral width, 

when tha cavity length of tha dye laaer la alsadjusted, the spectrum can 

also show strong, periodic modulatloaa which have beam attributed to 

etaloa affects. These arm also Indication* of poor malsa amallty. 

Tha eltwatlom Is mack different when * two-plate blrefrlmgeat 
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filter, audi has a a r r o w aaaewldth, la asad la the dye laser. with 

this filter, the ainfle salsa ewectraa Is eiagle peaked over 901 of the 

time (Fig. 4b). The product of the average width of single palse 

spectra and the autocorrelation FHBM Is 0.51, a number consistant with a 

bandwidth Halted pulse. Tba average apectrua (Fig. 4a) la slightly 

broader than the average width of the single pulse spectra because there 

is soma pulse-to-pulse shifting of tha peak wavelength. Thus, the two-

plate filter produces a auch wore bandwidth Halted pulse than the one-

plate filter. 

Although the spectrua with the two-plate filter is generally well 

behaved, there is soae broadening during the aaplification (Fig. 5). If 

the TAG beaa to the third cell Is blocked, the spectrua in Figure 5b is 

obtained. The spectrua is soaawhat broader than the input spectrua, but 

pulse shortening discussed below. With tha amplifier in full operation 

however, a shoulder developes on the long-wavelength side of the 

spectrua (Fig. 5c). Single-pulse spectra show that this shoulder often 

foras a distinct second peak (Fig. 4b). These effects are 

characteristic of self-phase modulation, which presumably occurs as the 

high intensity aaplified pulse travels through the third cell. The 

presence of modulation only on the long-wavelength side of the spectrum 

indicates that it is caused by a slowly relaxing aechaisa, most likely 

the rotational reorientlon of the dye solvent. 

Two unusual spectral features are not charteriatic of normal 

operation, but may be aaen whan operating under unusual circumstances. 

First, whan the dye laaer la operated with tha two-?late filter on the 

blue adga of the tuning curve, a apectrua with strong, periodic 

modulation can be produced (Fig. 6). Ivan mora peculiarly, tha 
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autocorrelation, also eevelopes stroeg, periodic moewlatloms. The 

spectral featere occurs when the dye laser cavity leagth Is severly 

mlsadjasted. A second distinct spectral peak developes and becomes 

stronger as the mismatch Increases. Finally when aodelocklng ceases, 

only the second peak remains. 

The amplified pulse autocorrelation with the two-plate filter is 

shown in Figure 7. It has a FKHM of 1.49 ps indicating a pulse width of 

1 ps, if a gaussian pulse shape is assumed. The autocorrelation is 

actually narrower than the autocorrelation of the input pulse, 

especially in the wings. The input pulse autocorrelation measures 1.25, 

2.3, and 4.46 ps at the 3/4, 1/2, and 1/4 maximum respectively, while 

the corresponding measurments for the amplified pulse are 1.0, 1.5, and 

2.65 ps. Narrow wing? in the autocorrelation suggest that the pulse Is 

bandwidth limited and that the FWHM of the autocorrelation is 

meaningful. The narrowing with respect to the input pulse suggests 

either that the pulse shape changes dramaticly during amplification 

and/or that the amplified pulse is shorter and more bandwith limited 

than the input pulse. The pulse shortening and re-shaping are 

presumably caused by clipping of the leading edge by the saturable 

absorbers and clipping of the falling edge from gain depletion, In 

conjunction with the pulse broadening effects of gain saturation. An 

overall shortening of the pulse Is consistent with the spectral 

broalening discussed above. As the input pulse is broadened by 

alsadjustlng the cavity length of the dye laser, the amplified pulse 

autocorrelation broadens in tough proportion* 
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Figure Captions 

Fig. 1. Schematic diagram of the amplified, syncronously-pumped dye 

laser. 

Fig. 2. Amplified pulse energy at various wavelengths for different 

dye/solvent combinations. # - methanol solutions, ̂ - water 

solutions, a) K 590, b) R 610, c) KR 620, d) R 640. 

Fig. 3. Spectra of the amplified picosecond pulse using a one-plate 

birefringent filter In the dye laser. Calibration lines are marked by 

an X. The spectra are centered at 599 nm. a. average of ~100 pulses, 

b. tingle pulse. 

Fig. 4. Spectra of the amplified picosecond pulse using a two-plate 

birefringent filter in the dye laser. The full widths at half maximum 

are marked. Calibration lines are marked by an X. The spectra are 

centered at 582 nm. a. average of —100 pulses, b. single pulse. 

Fig. 5. Spectral broadening through the amplifier. Calibration lines 

are marked by an X. The spectra are centered at 582 nm. The full 

widtha at half maximum are marked, a. average spectrum after the dye 

laser* b. average spectrum without pumping the third stage, c. average 

spectrum after complete amplification. 

Fig* 6. Spectrum of Che synchronously-pumped dye laser at a wavelength 
which displays unusual anaulatium* A multi-peaked autocorrelation was 
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observed at the saae tine. The peak spacing Is 10.7 cm . A two-plate 

blrefrtngent filter was used In the dye laser. The spectra Is centered 

at 572 nm. Calibration lines are marked by an X. 

Fig. 7. Autocorrelation trace of the amplified pulse. The FJJHM of 
1.49 ps Implies a pulse width of 1 ps assuming a Gaussian pulse shape. 
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IODIME MOTOOISSOCIATIOaj AMD lECOHBIMTIOH U tOLBTKM; 

PICOSECOND mnuMics AND COMPAKISO*T TO LIQUID-PHASE UACTIO* THEORY 

A. Introduction 

Elementary raactlona in the llquld-phaaa are not only much faster 

than gas-phase reaction*, but alao Involve qualitatively new effect*. 

The beat known of theae la the "cage affect" or sore preclaely gealnate 

recombination. Fragment* from a molecular dissociation, which would 

seperate in the gaa phaae, hit the surrounding solvent and rebound 

toward each other. There is a high probability that the fragments in 

the liquid will recombine instead of aeperating. In addition, 

vibrational relaxation, which muat occur to complete a reaction, may be 

affected by the correlated forcea occuring in a liquid. Theae effecta 

are poorly underatood, particularly for the excited vibrational levels, 

which participate in chemical reactiona. Finally, the rapid 

perturbations in the liquid can cause rapid, non-radiative electronic 

state changes, which can affect the reaction dynamics. 

The iodine photodissoclation/recombinatlon reaction has served as a 

primary modal system for the study of such affects in liquid-phase 

chemical reactions. Because it Is a diatomic, the dynamics are simpler 

to treat theoretically. Also, the spectroscopy Is well understood. 

Fortunately, dissociative transitions are easily reached with available 

lasers* However, despite this apparent simplicity sad a loaf history of 
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2 study, disagreement about the timescales and importance of the aost 

basic steps la this reaction has arisen. Conflicts In both 

interpretation ' and In experimental results have occured. A 

series of picosecond absorption experiaents were undertaken to help 

clarify the situation. It wt found that geminate recombination occurs 
3 5 at least an order of magnitude faster than proposed by some. * 

Furthermore, the relative roles of solvent-induced vibrational 

relaxation, predissociation, and electronic relaxation are also 

determined. The experiments were performed in a series of altcane and 

chlorinated methane solvents to explore the range of possible behaviors 

and to provide a means of testing predicted trends in solvent effects. 

In particular, the prediction of an important role for resonant 

vibration-to-vibration energy transfer was tested and was found to be 

unable to explain many of the results. Several theoretical approaches 

to understanding the microscopic motions of reactive atoms and the 

energy relaxation of the recombined molecule were also evaluated through 

comparisons with the experimentally derived dynamics. 

The first, extensive studies of the iodine photodissociation 

reaction were carried out by Nbyes and coworkers, who studied the 

quantum yield of unrecoabined atoms with a scavenger technique and 

interpreted the results with simple diffusion models. More 

recently, laaer techniques have been used to study both the yield of 

unrecombined atoms and the rate of non-geminate recombination over a 
20—23 wide range of densities. These studies do not, however, provide 

direct information about the dynamics of geminate recombination. 

The first time-resolved measurements of geminate Iodine 

recombination were made by Chuang, Hoffman and Elsenthal. The iodine 
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M I primarily excited to tha bovnd • atata (fig. 1) by a pmlaa of 3-2 ma 

light, aad tha embsequeat raactlon waa monitored by aeaearimg tha 

abaorptlon at tba aaae wavelength. Tha • atata was fowad to mmdergo 

rapid («20 pa) solvent-induced predissoclatlon. Tba preelaeoclation amy 

occur to any of several dissociative atatas, but It has racaatly baan 

arguad that tha a(l_) atata la probably raaponslbla for most collision-
24 Induced pradiaaoclation (Fig. 1). Following prediaeociatlon, tha 

molecular absorption was found to partially return In 140 pa In CCl^ and 
25 70 pa in hexadecane. These absorption racorarias ware interpreted as 

a direct measurement of the recombination of Iodine atoms with their 

original partner* Similar measurements in a aeries of n-alkane 
26 27 28 

aolutiona ' and in liquid xenon have bean interpreted in the same 

way. 

Nesbitt and Hynes aubsequently auggeated that the recovery of the 

green absorption might be due to alow vibrational relaxation rather than 

geminate recombination. They pointed out that the Franck-Condon 

factors for absorption at 532 na from the iodine molecule's X state are 

atrong only for the lowest vibrational levels. If vibrational 

relaxation of the recoabined iodine molecule were alow, the absorption 

recovery at 532 nm would also be slow, even if the recombination process 

itself were faat. Calculations by Nesbitt and Hynes and othara have 
3 20—31 shown that relaxation times of 100 ps to 1 ns are plausible. * 

Holacular dynamics simulations have explicitly predicted that absorption 

should firat appear in tha near Infrared whan tha molecule la highly 

vlbratlonally excited and that It ahould shift smoothly to shorter 

wavelengths aa tha molecule vlbratlonally relaxes (Fig. 1).*» 1 0» 3 1 

Two nearly aiaultaneoua experimental efforts to coafirm the 
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predicted red absorption* mava obtained conflicting results. Bado et 

al. observed transient absorptions from 595-640 mm la alkane and 

haloalkane solvents which shifted to shorter wavelengths In an H.00 ps 

period. They concluded that the absorptions were doe to 

vibratlonally relaxing molecules and that geminate recombination Is 

faster than vibrational relaxation. Kelley et al. also observed 

transient absorptions from 590 to 750 on In alkane and chloroalkane 

solvents, but found no spectral shift with time. * They assigned the 

red absorption to recombined molecules trapped In the A or A' states 

(Pig. 1). Based on the lack of a spectral shift, they concluded that 

vibrational relaxation is fast and that geminate recombination requires 

~100 ps as originally proposed. 

The present data taken in a number of inert solverts extend from 

295 nm to 1000 nm with higher time resolution and signal-to-noise ratio 

than previously available. These data resolve two coaponents in the red 

absorption, one of which will be assigned to vibratlonally relaxing 

X-state molecules and one to molecules trapped in the A' state. Newly 

observed absorptions in the UV provide direct information on the 

vibrational relaxation and predissociatlon rate of the initially 

populated B state. Although the absorption decays in different classes 

of solvent initially appear quite different, it will be shown that they 

can all be explained in terms of a single model. 

This model for the origin of various absorption components 

clarifies the physics of the various reaction steps and for the first 

time provides a firm experimental basis for a theoretical understanding 

of the reaction dynamic*. First, the reaction model implies that 

geminate recombination Is predominantly completed in <15 ps in ell of 
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these solvents, sad that slow vibrational mad electronic energy 

relaxation account for the subsequent slow (100 p* - 3 as) traasient 

recovery. Molecular dynamics slaulatlons are shown to be consistent 

with the existence of a rapid recoablnatlon process, while hvdrodynaaic 

models have little predictive value. Secondly, the evolution of the 

vibrationally relaxing X-state population Is extracted from the 

absorption data with the use of calculated spectra fron vibrationally 

excited molecules. The suggested role of vibration-to-vlbration energy 

transfer to the solvent is not supported by the data in chlorinated 

•ethane solvents, although this nechanisa may play a role in the alkane 

solvents. Finally, solvent variations in the iodine molecule'* 

electronic-state lifetimes are not accounted for by present theories. 

The later sections summarize the reaction model and make 

quantitative comparisons with theories designed to account for the 

dynamics of the Individual reactions steps. Those sections are Intended 

to be self-contained so that readers less interested in experimental and 

spectroscopic details may read further beginning at section III E. The 

organization of the paper is as follows: section II discusses the 

experimental methods, and section III assigns the components of the 

absorption data. Section IV coapares the present results with the 

sometimes contradictory earlier work. Finally, section V examines the 

ability of available reaction models to account for the dynamics of the 

reaction steps as observed in this work. 
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•• experimental 

The iodine reaction was initiated with light at 590 net, a 

wavelength which gives 87Z excitation to the predlssociative • state and 

7X and 6Z, respectively to the directly dissociative a^ and A states 

(Fig. I ) . 3 2 At 590 na, aolecules are primarily excited from the v>l,2 

levels of the X state to the v-12-14 levels of the B state (Fig. I ) . 3 3 

Light pulses at 590 nm were generated by the amplified synchronously-

puaped dye laser described in Chapter 1. The amplified pulse of 0.8 mJ 

was approximately one picosecond long and had shot-to-shot energy 

fluctuationa of +10Z rms. 

The transient absorption apparatus used from 350-1000 nm Is 

diagrammed In Fig. 2. The amplified pulse was first split by a 

beamsplitter; 50Z formed the excitation pulse and 50Z was used to 

generate a probe continuum. ' The excitation pulse passed through a 

computer controlled delay line and through filters which blocked 

interfering emission at long wavelengths from the last amplification 

cell. The excitation polarization was controlled with a half-wave 

plate. 

A white light continuum, extending from 310 to >1000 nm, was 

generated by focussing the probe beam with a 6-cm focal length lens into 

a 5-cm cell of water. The continuum was recollimated and a bandpass 

filter (AX ~10 nm) selected a single probe wavelength. This light was 

spatially filtered to improve lta spatial quality and focussing 

properties. Two uncoated silica flats each reflected 10Z of this beam 

to form the reference and sample probe beams. The second flat also 

served to collinearly recombine the excitation and probe beams. A 20-cm 
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focal length leas focassoi both beaas into tbe saaple whicli was placed 

16 ca behind tbe leas. The two beaas foraed nearly identical 800 an 

spots (501 transmission disaster) In tbe saaple. 

For absorption aeasureaents at 295 na a different arraageaent was 

used (not shown). The entire laser pulse was reduced by a telescope to 

a colliaated 2-aa beaa and passed through a 1-aa XDP doubling crystal. 

The beaa was then re-expanded and the ~10Z which had been converted to 

295 na was separated by a dichroic filter. The visible beaa passed 

through a variable delay line. After a aasll portion of the UV was 

split off as a reference beaa, the UV probe and visible excitation pulse 

were collinearly recoabined on a second dichroic and focussed through 

the sample with the sane geometry described above. 

With either arrangement, the excitation pulse was blocked after the 

saaple with a combination of dielectric interference and absorbing glass 

filters. Both the reference and the saaple probe beaas were aeasured by 

identical 1-ca diameter photodiodes (EG&G DT-110). The current pulses 

from the photodiodes were digitised in 10-bit current-lntegrsting gated 

A/D converters, which were Interfaced to a minicomputer. The reference 

and sample signals were rstloed to correct for shot-to-shot variations 

in the probe Intensity and then averaged. A 1-ps tlae resolution in 

this experiaent is indicated by both autocorrelation aeasureaents of the 

initial laser pulse (see Chapter I) and by the fastest risetimes 

observed in the experiment. 

The absorption changes were often saall because the excitation 

density could not be further increased without generating • saall amount 

of continual in the saaple, which Interfered with aeasnrsasnts at the 

probe wavelengths. Thus, special care was needed in these experiments 
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to xadwca aoiee. Exsarlaente vara performed with oaa probe wavelength 

at a time, because tba dynamic range of multichannel detectors raatrlcta 

tba signal-to-nolse attalnabla. Because of spactral flmctuatioas of tba 

proba continuua vltbln tba pasa band of tba wavelength aalactlng filter, 

any optical element with a slop* In Its absorption had to ba duplicated 

In both tha aaapla and rafaranca beams. In particular, Identical 

aaaplas and filters ware placed In both baaas. With proper precautions, 

the ratio of sample to reference Intensities could ba measured In a 

single shot with a fractional error (s.d./mean) of aa low aa 2x10 . 

Typical decay curves containing 200-300 delay points were scanned 4-5 

times averaging 10-25 laser shots at each delay. The acans were then 

averaged to give a total of 50-100 laser shots per delay point, which 
4 reduced the noise to a few parts in 10 . Thus even with transmission 

changes of only IX, signal-to-nolse ratios of 30-100 could be achieved 

in 1-2 hrs of data collection. 

Data was taken for iodine solutions in CCl^, CHCI3, CHjC^, hexane, 

nonane, hexadecane, and cyclohexane. Alkane and chloroalkane solvents 

were chosen because of their low propensity for complex formation with 

iodine molecules or atoms, and the absence of contact charge-transfer 

absorption from molecules in the spectral region examined. ~ All 

solvents were Burdick and Jackson chromatography grade. Less pure 

spectral grade solvents showed additional ultraviolet absorption 

features attributed to Iodine-Impurity interactions. 3 5' 4 1 The iodine 

crystals (Mallinckrodt analytical raagant grade, >99.8Z I 2) were used as 

received. Iodine concentrations ware aat to give an abaorbance of 
0.*0±0.01 at 590 am In tba 5 am aaaple call <~5 *M ) . leduclng tha 

concentration by a factor of five cauaed no change In the decay curves 
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In bexane and C & 4 at either 635 nsj or 295 na. However, raising the 

concentration by a factor of five did cause sowe changes at 295 na. 

These artifacts could have been caused by excited state quenching or by 
42 the presence of diners. At the concentrations used, the excitation 

density is low enough that the non-geminate recombination tlac can be 
43 calculated to be >1 us, which can be entirely neglected on the tine 

scale of these experiments. 

The excitation intensity was relatively reproducible from day to 

day; the maximum absorption change on identical curves run on different 

days was reproducible to about ±302. Thus, absorbance changes at 

different wavelengths and in different solvents may be roughly 

compared. Exceptions are the data at 295 na which are estimated to be 

uncertain by a factor of two relative to the continuum probe data 

because of the different experimental setup. Several curves were also 

taken with 3x and 5x lower excitation intensity to Insure that no 

intensity dependent effects were present. 

Transient absorption curves were taken at 1000 nm, 860 nm, 710 nm, 

635 nm, 500 nm, 350 nm, and 295 na in moat solvents. In sddltion, 

absorption measurements were made at 370 na, 400 na, and 760 na in CC1, 

and at 400 nm in hexane. Attempts were made to collect deta at 430 na, 

but the absorption changes were too small for aeanlngful results to be 

obtained. Both perpendicular and parallel polarisation aeasureaents 

were aade for most wavelength/solvent combinations. Mo polarisation 

effects were seen* At soae wavelengths, a nonlinear interaction, which 

occurred when pump and probe pu'xses were temporally overlapped, caused 

an artifact near aero tiae when both polarisations were parallel. The 

artifact, was greatly reduced by using perpendicular polarizetioms. 
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C. Basalts 

In this section, the results are discussed beginning with the 

slowest transient absorption components and ending with the fastest. 

The slow, intermediate, and fast transient components in each solvent 

will be assigned to the recombined molecule's A'-state, X-state, and 

B-state dynamics, respectively. In order to allow quantitative 

investigation of the faster X-*tate and B-state dynamics, the slower 

A'-state component will be subtracted from the data. Finally, a 

reaction model is summarized, and an upper bound on the geminate 

recombination time is inferred. 

The transient absorption curves in the chlorinated methanes, the 

straight alkanes, and cyclohexane initially appear distinct, based on 

their overall kinetic behavior. In the chlorinated alkanes (Figs. 3-5), 

the absorption decays extend beyond 900 ps and clearly have two 

components, while in the alkanes (Figs. 6-8) the absorption decays are 

conplete within 200 ps and two components are not as clearly separated 

at the red wavelengths. Cyclohexane differs from the straight alkanes 

in that it has unusual double peaked absorption curves which are not 

seen In the other solvents (Fig. 8). As will be seen, however, all 

these differences can be explained in terms of a change in the relative 

time scales of the decay processes. 
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Slow Decays: A'-State Trapping 

The first transient absorption feature to consider is a slowly 

decaying component which appears tt red (635-1000 na) and 17V 

(400-295 na) wavelengths. In the chlorinated aethane solvents, this 

component is slow enough (>500 ps decay tiae) to be well-resolved froa 

other, faster decaying components (see e. g. Fig. 3). The decay tiae of 

this component is the saae in both the red and UV and Is wavelength 

independent within each ragion. This indicates that the slowly decaying 

absorption coaponent is due to a single state or to a closely coupled 

set of states. In the alkane solvents, a slow UV decay coaponent is 

again well-resolved froa an early tiae transient (see e.g. Fig 6), and 

it has a spectrum similar to the slow UV coaponent in the chlorinated 

aethane solvents. This absorption Is assigned to the saae state seen in 

the chlorinated aethanes, even though its decay tlae is much faster 

(~65 ps decay tiae). A corresponding coaponent with the saae decay tiae 

found in the UV also appears in the alkane red absorptions, although 

this coaponent is not as well separated froa the early components as it 

is in the chlorinated aethane solutions. The data thus Indicate that 

following photodissoclatlon In all of these solvents, a state is 

populated which absorbs at both red and UV wavelengths. 

Kelley et al. have previously observed the long decay component in 

the red, although they could mot resolve It froa the other absorption 

components in the alkane solutions. » They assigned the absorption to 

iodine molecules trapped in either the A or A' state (Fig. 1). These 

are the only two excited state* which correlate with can ground state 

atoas and which arc bound by significantly aore than H (1*40 o f 1 
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A state, 2500 esT 1 A' s t a t e ) . 4 4 - 4 6 This asslgnMnt Is supported by the 

Identification of trapping to both Che A and A' states following 

photodlssoclation of Iodine In aatrlces. Since the same state appears 

to be responsible for both the red and UV absorptions, the UV 

absorptions can also be assigned to the A or A' state. 

To more clearly illustrate the points just discussed, 

representative data is shown in Figs. 3-8. Figure 3 shows the long 

A/A'-staie decay component In CCl^ solution at red wavelengths, as well 

as an early tiae (<200 y») transient, which is discussed in the next 

section. The red absorption behavior is similar in other chlorinated 

•ethane solvents as Fig. 4 shows for 635 na absorption. Figure 5b 

illustrates the slow UV absorption coaponent in CCI4 solution. As 

previously noted, this coaponent has the saae decay tiae as the long 

coaponen: in the red absorption. In the chlorinated aethanes, the moat 

accurate A/A'-state llfetiaes were obtained at 635 and 710 na 

(Table 1). It was assuacd that the absorptions decay exponentially to 
4 zero as found by Kelley at al. Within both the UV and red regions, the 

A/A'-state absorption is strongest at short wavelengths and weaker at 

long wavelengths. An experiaental A/A'-state absorption sp«ctrua in 
CCI4 was determined by fitting exponential curves to the long tiae 

decays and extrapolating to aero tiae (see Fig. 11). 

The UV absorption of the A/A* state la hexanc appears as the longer 

decay coaponent at 295 na and 350 na in Fig. 6a. A saall coaponent at 

400 na is discussed la Sec. XIII. Slallar absorptions were observed in 

the other alkane solvents. The corresponding red absorption coaponent 
la hexane Is illustrated la Fig, 7. The red abaotptioa data show two 
decay components, the longer of which aatc>es the A/A'-state decay tiae 



47 

found In the UV (solid curves at 710 and 860 na). Since the early red 
absorption recovers sore slowly at shorter wavelengths (Figs. 3,7, and 
8), the 65 ps A/A'-state decay Is not resolved at 635 na. Because of 
the difficulty of separating the red absorption components in the 
alkanes, the 350 na absorptions give the best A/A'-state lifetimes in 
those solvents (Table 1). As in the chlorinated aethane solvents, the 
A/A'-state absorption is weaker at longer wavelengths within both the 
red and UV regions. The overall similarity of the behavior at different 
wavelengths identifies the longer absorption component In both the 
alkanea and chlorinated methanes as arising from the saue source despite 
the disparity in the lifetimes. 

In addition to the transient UV absorption components, a long, 
non-decaying UV absorption occurs in alkane solvents (Fig. 6b and 
Table 2). This absorption offset probably results from solvent-contact 
charge-transfer transitions of free Iodine atoms which have escaped 

~9 recombination.* The charge-transfer absorption spectrum Is known and 
is strongly solvent dependent. The UV free atom offset should not be 
substantial in chlorinated methane solvents except at 295 mm. In 
fact, long time offsets mast be assumed at 295 mm la the chlorinated 
aethane solvents to aeteh the A/A*-scat* lifetime found at other 
wavelengths (Table 2). 

At wavelengths aear the peek of the aolecular freaai state 
absorptioa (450-570 ma), tk+re la • act ahserstlea aecraaea (bleach) 
following ahotoelaaoclatlaa, erne te the leas af groaat acaca 
molecules. la cUorCaatwl awtheae ealvewtB, **ll*r at at* shewed that 
the ahaarettoa recovery aes a ceaaaaaat with the aaae llfatXaa as the 
A/A' state.4 This aetata •acaasa the A/A* state aecaya hacfc ta the 
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X state c—sing a retera of the grow* state molecular absorption. Im 

aaditloa, a partial bleach r—alas at long tlaes, becaase a fraction of 

the atoae eo not gealaately recoablae. In the chlorinated aethane 

eolation*, the recovery extends beyond the delay range meed la this 

experlaent (Fig. 9 ) , so that independent aeasureaents of both the decay 

tlae and the long tlae bleach are not possible. However, the data is 

consistent with the A/A'-state llfetlaes deteralned at other 

wavelengths, if a moderate long tlae offset Is assumed (Table 2). The 

bleach component due to trapping In the A/A' state la a large fraction 

of the total bleach implying that 50Z or more of the recombined 

molecules are initially trapped in this excited electronic state. In 

- the alkane solutions, the shorter tlae recovery component which obscures 

Jhe A/A'-state 635 nm absorption also obscures the bleach recovery from 

A/A*-state decay (Fig. 10). However, the data in these solvents is 

consistent with part of the recovery being due to A/A'-state decay. The 

long time bleach due to escaped atoms is easily measured In the alkanes 

and Is Included in Table 2. 

The question of whether the A state, A' state, or both is being 

monitored can now be adressed. If the rate of exchange between the 

A and A' states is fast in the liquid, nearly all the population would 

reside in the lower A' state. On the other hand, if the exchange 

between A and A' states is slow and their decay rates back to the 

X state are not identical, a multi-exponential X-state recovery would be 

expected. Since the UV absorption, red absorption, and green bleach all 

ahov the same single exponential behavior, It appears that only one 

excited trap state Is important. 

The identity of this state is Indicated by an ultraviolet 
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absorption 1M gas-phase iodise which has recently heea ssslgaai to the 
D'**.' traasltloa (Fig. 1).*' The llesld phase D'**.* spectres cee 

he spproxlmeted by assuming that It has the sase gss-to-lio.ld shift sad 

brosdenlag ss the D'*X traasitloa (Fig. I I ) . 5 0 In the Of, the egreesMt 

between the predicted aad experimental spectra (Fig. 11) shoes that the 

long time absorption can be reasonably assigned to the D*+A' 

transition. The red absorption must slso originate frost the A* state, 

since only one trap atate Is important. Several final atatea with the 

proper energy and symmetry for red absorption* from the A* atate exist, 
44 but it la not possible to decide which is the most Important. 

Abul-Hsj and Kelley slso conclude that the red absorptions are due to 

the A' state using somewhat different arguments. Although this 

aasignment la not definitive, only the A' atate will be referred to in 

the following aections. 

Intermediate Decays: X-State Vibrational Dynamics 

In addition to the A*-state absorption, all the absorption curvss 

show othsr features occurring at earlier tiaea. At the red wavelengthc 

(635-1000 nm), there Is s component which both rises end decsys quickly 

at long wavelength!, but which becomes slower st shorter wavelengths 

(Figs. 3 and * ) . In the alkanee, this component is resolved st longer 

wavelengths, but at 635 nm ita recovery la alow enough that it is 

difficult to distinguish from the A'-stste abaorptloa (Figs. 7, 8). The 

wavelength dependence of the rise aad decay tlaes iapllss e time 

dependent absorption spectrum which is initially peeked at long 
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wavelengths, bat shifts to shorter wavelengths with tin*. 

Jast each a sklftlag absorption apectraa has bean predicted to 

rasalt fro* vlbratloaally excited aolecules In the X state. 3 ,*» 1 0» 3 1 ly 

a classical Franck-Condon argument, the msTlmnm absorption strength 

occurs for a wavelength corresponding to a vertical transition between 

classical turning points. Since the X-state absorption is dominated by 

the B*X transition, the* wavelength of aaxinua absorption- for a given 

vibrational level can be related to the difference between the X and B 

potential curves (Figs. 1, 16). Thus when atoms first recoabine in the 

X state and are highly vibrationally excited, their absorption will lie 

at wavelengths >1 pa. As they relax, the absorption aaxiaun moves to 

shorter and shorter wavelengths, until it matches the normal ground 

state absorption when the molecules are completely relaxed. Since this 

is exactly the behavior experimentally observed, the early time 

component of the red absorptions can be assigned to molecules which 

initially recombine on the X state, but which are still vibrationally 

excited. 

These arguments also imply that there should be a branch of the 

absorption spectrum of the vibrationally excited molecules on the short 
31 wavelength side of the ground stste absorption spectrum. This 

absorption srises from the vertical transitions starting on the inner 

turning point (Fig. 1) and will be weak since the molecule classically 

spends less time at this turning point. A weak absorption component 

with the correct tlmescsle is seen at 400 nm in CCl^ and hexane 

solutions (see e.g. Fig. 12}. At the other DV wavelengths, absorption 

front excited vibrational levels Is masked by other, stronger 

absorptions. Based on the classical Franck-Coodon modal aad a knowledge 
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of the poteatlel carve** ea absorption at 400 as arise* srlaerlly fro* 

vlbratloaal level* between the levels responsible for 435 and 710 am 

absorption and would be expected to snow a tin* behavior Intermediate 

between the behavior at these two wavelengths. This Is, 1* fact, the 

ease. 

The effects of vibrational relaxation are also seen In the recovery 

of absorption at 500 nm* The curves for the chlorinated •ethane 

solutions (Fig. 9) show a abort time component which recovera just after 

the vibrational component of the 635 nn absorption decays (Fig. 4). In 

previous work, this component has been Interpreted a» a direct measure 

of the cage recombination time.2* , 2 6 ~ 2 8 However, the smooth 

progression of times for vibrational relaxation measured In the red to 

the time measured in the green indicates that this component actually 

represents the final stage of vibrational relaxation of thote molecules 

which originally recoabined on the X state. In the alkane solvents 

(Fig. 10), the A'-state electronic relaxation and the last stages of 

X-state vibrational relaxation occur on such similar tiaescales that 

separate recovery coaponents are not distinguishable. 

It is now possible to understand the origin of the unusual double 

peaked absorption curves seen in cyclohexane (Fig. 8). At the longest 

wavelengths, the curves are slnlliar to those in lineer alkancs, with a 

slow coaponent which has a decay tiae aatching the A*-state lifetiae 

deduced froa the HV data. However, the vibrational coaponent is slower 

than In the linear alkanes. At 710 and 635 na, the vibrational 

relaxation coaponent In cyclohexane is slow enough that it recovers more 

slowly than the A'-state llfetla*. This leads to double pesked 

absorption curves la which the first weak results froa the A'-state 
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absorption •ad t*» second peak from absorption da* to lower vibrational 
levels of the X state. 

tapld Decays: B-State Predlssoclatlon Dynasties 

The remaining features of the decay curves occur within the first 

20 ps. First, although a large fraction of the bleach occurs with the 

pulsewldth-limlted rlsetlae, the maximum bleach does not occur until 

20-50 ps later (Figs. 9, 10). It has been previously hypothesized that 

the bleach maximum is delayed because the initially populated B state 
2 has some absorption near 500nm. This residual absorption would not 

disappear until the B state predissoclates. The present data show that 

the bleach rise occurs in two stages, as required by this hypothesis. 

During the same time period, there Is a very strong absorption from 

400-350 nm (Figs. 5a, 6a). The absorption rises quickly at all 

wavelengths, but the risetime is pulsewidth-limited only at 400 nm. In 

CCI4, the absorptions at 400, 370 and 350 nm have progressively longer 

rise and decay times; hexane ahows a similiar shift between 350 and 

400 nm. At 350 nm, the other solvents have a delay in maximum 

absorption and a short decay component similar to that aeen in CCl^ and 

in hexane. Based on the pulse-limited rise at 400 nm, this absorption 

can be assigned to the first state populated, the B state. The decay 

time la then consistent with the predissoclation tlaescale deduced from 

the 500 nm bleach recovery. The final state for the UV absorption would 

be either the 0 or the E states 5 1* 5 2 (Fig. 1), both of which are at the 

correct energy and have the correct symmetry for aa allowed transition 
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froa the • state. 
The waveleagth dependence of the Vf absorption kinetics arc 

explalaad by vibrational relaxation within the B state. Using the sea* 

Fraack-Coaaon arguments used to explain the effects of X-atate 

vibrational relaxation. It can be seen that the absorption will be 

shifted to longer wavelengths In higher 1-state vibrational levels 

(Fig. 1). Thus, the Initially populated vibrational levels (v~12-14) 

will absorb strongly at 400 na, and the absorption will decline both 

fro* predlssoclatlon and from relaxation to lower vibrational states. 

The absorption at 350 na Is strongest for low lying vibrational states, 

however, so the absorption does not reach a aaxlaua until there has been 

soae vibrational relaxation. The curves at 295 na also show a saall 

early coaponent (Fig. 5, 6). Although In general It Is siallar to the 

early absorption seen from 350-400 na, it appears to be soaewhat too 

long (20-35 ps) to arise froa the B state. At present the origin of 

this absorption is still uncertain. 

In chlorinated solvents, the red absorptions (635-1000 na) also 

show an early tlae «20 ps) component. This coaponent is clearest in 

the high resolution data In Fig. 15. This coaponent becoaes stronger at 

longer wavelengths, so it is undetectable at 635 na, clearly resolvable 

at 760 na, and doainant at 1000 na. At 1000 na, this coaponent is so 

strong and the vibrational relaxation coaponent so faat, that a faint, 

but reproducible, shoulder on the CCl^ data is the only clue that two 

coaponenta exist* It is difficult to obtain precis* inforaation on this 

absorption, because it Is so strongly aixed with the rise of the 

vibrational and A'-etat* coapooents. However, Its rapid rise and decay 

suggest that it arises froa the B state. 
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Separation of Absorption Components 

The slowly recovering absorption froa A'-state aolecules and 

•scaped atoas coapllcate quantitative analysis of the faster I- and 

l-state dynaaics. For this reason, the slower contributions were 

subtracted froa the data* The A'-state decay tiaes and absorption 

magnitudes, as well as the offsets froa escaped atoas are fixed by the 

long tiae portions of the data (Tables 1 and 2). An exception occurs 

with alkane solvents at 500 na, and in soae eases at 635 na, where the 

A*-state and X-state contributions are not well resolved. In these 

cases, subtractions were not performed. 

The priaary complication to the subtraction was the assignment of a 

risetiae to the A'-state absorption. For simplicity, the rise was 

assuaed to be exponential, although it probably has a aore complicated 

functional fore. The fast, smooth rising edge at 635 na suggests an 

A'-state rise time which is definitely slower than 8 ps, but which is 

not much slower than 15 ps (Fig. 13). In addition, rise times as long 

as 20 or 25 ps are too slow to a*et the beginning of the single 

exponential portion of the A'-state absorptions at 350 na (Figs. 13 and 

14). In particular, the absence of a dip in the 350 na absorptions as 

the A' state rises indicates that this rise tiae cannot be much slower 

than the decay tiae of the B-state absorption at 350 na (10-15 ps). 

Using these considerations, an A'-state rise tiae of 10-12 ps was found 

for all solvents. 

Once the risetiae, t,, decay tiae, t d, A'-state absorption 

magnitude. A, and long tiae offset, C, have been determined, the 

function: 
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A «tp(-t/td) - (A + C) «xp(-t/tr) • C (I) 

which represents the A'-state and unrecombined atom contribution to the 

absorption was subtracted from the data. The curves In Figs. * and 7, 

as well as curves b and a in Figs. 13 and 14 respectively, are 

representative of the A*-state coaponent which was subtracted. Although 

the results of the subtraction are somewhat sensitive In the first 

10-15 ps to the assumptions made, they seem to be a reasonable, first-

order separation of the decay components. Further details of this 

subtraction are found in Appendix A. 

Typical subtraction results at red wavelengths are shown in Fig. 15 

for CCl^ solutions. The overall wavelength dependence of the 

vibrational absorption is clear, as well as the early time peak which 

nay be due to absorption from the B state. Similar results (not shown) 

Isolate the B-state component of the UV absorption. To quantify the 

X-state vibrational and B-state predissociation dynamics, the delay from 

zero time to the maximum and to the point where the absorption has 

decayed to 1/e of its maximum have been tabulated (Table 3). This 

method of characterisation is not unique and caution must be exercised 
23 in comparing to other authors. 
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Summary of the Model 

A aodel which accounts for the absorption data can now be 

summarized. Initially, iodine Molecules are placed in Tibrationally 

excited levels of the B state (Fig. 1). There is an immediate drop in 

the absorption at 500 nm, since the B state has a saaller absorption 

cross section than the ground state at this wavelength (Figs. 9, 10). 

At the sane tine there is the immediate appearance of a new absorption 

band in the UV arising from the B state (Figs. 5, 6). As the B state 

predlssociates and vlbrationally relaxes during the next 10-15 ps, the 

absorption at 500 na decreases even further, while the B-state UV 

absorption shifts to longer wavelengths and decays. Once the molecules 

have dissociated, the solvent dynamics forces them on to one of three 

routes: they may escape through the solvent to remain unrecombined, 

they may recombine on an excited state potential and become trapped in 

the A or A' states, or they may recombine on the X state. Those which 

have recombined on the X state vibrationally relax. Relaxation proceeds 

quickly through the upper part of the well, but more slowly near the 

bottom of the well, so that complete relaxation requires ~100 ps. As 

the relaxation proceeds, the X-state absorption spectrum shifts from the 

near IR toward the normal ground state absorption spectrum which peaks 

at -520 nm. Aa the vibrational relaxation is completed, a portion of 

the ground state absorption at 500 nm recovers in ~100 ps 

(Figs. 9, 10). A*-state molecules can then be seen by their absorptions 

In both the red and UV portions of the spectrum (Figs. 3-8). In a time 

which varies from 60-3000 ps, these states decay back to the X state, 

causing the decay of A*-state absorptions and a return of the ground 
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state absorption at 500 am. Those atoas which escape their original 

partner recoabine oo a microsecond tie* scale, and contribute to the 

long tie* ultraviolet absorption and to the long tine absorption bleach 

at 500 na. 

Mow that all the absorption features have been considered, it can 

be seen that the cage recoabination of the dissociated atoas aust 

proceed rapidly. As discussed in the last section, if there were a long 

delay between the predissociatlon of the B state and recoabination, 

there would be a dip in the UV absorption between the tiae that the 

B-state aolecules had disappeared and the A'-stat* molecules had 

reformed (Figs. 13, 14). In addition, the rapid rise on the absorption 

curves at 635 and 710 na laplies a rapid filling of the A'-state. 

Although there may be soae contribution to the red rise froa an early 

transient, It seems unlikely that the A*-state rises much slower than 

the red absorptions and that the additional transient edds on to give 

such a smooth curve (see Fig. 13). Finally, if molecules were reforming 

at the top of the X state over a long tiae period, it would not be 

possible to see a rapid decay of the population in the higher 8). 

Based on all these arguments, a limit of <15 ps can be placed on the 

time in which the majority of cage recombination occurs. This is nearly 

an order of magnitude faster than the time suggested by earlier 

experimental interpretations 2* 4* 2 6 - 2 8 and by some dlffuslonal 

theories. 2* 5 3' 5* 
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D. Comparison to Previous Insults 

Previous observations of the bleach recovery and the red 

absorptions nave disagreed with each other en both the experimental 
2 A~10 26*28 results and their interpretation.'* *»»*"-•«> The r c aults presented 

here for the A*-state llfetiae in chlorinated methanes are in good 

agreement with the results of Kelley et al. Their initial results did 

not detect the vibrational component in the red absorptions, probably 

due to lower time resolution and signal-to-noise. More recently 
12 13 however, our reports of a vibrational component ' have been confirmed 

in that laboratory. In the alkanes, Kelley et al. reported A*-state 

lifetimes based on red decay curves in which the vibrational component 

was not resolved and they mentioned difficulties with signal size in 

these solvents. Thus, the somewhat shorter times reported here are 

probably more accurate, since they were derived from high signal-to-

nolse ultraviolet absorptions free from vibrational components. 
7 8 The results of Bado et al. in the chlorinated methanes • , however, 

are quite different than those reported here. Recent experiments by 

Abul-Haj and Kelley indicate that these discrepencies are not due to the 

different excitation wavelengths used. The decay times of the red 

absorptions, although longer than in the alkanes, are not as long as 

reported here. Several factors in their experimental technique could 

have caused this dlscrepency. First, very concentrated iodine 

solutions, near saturation, were used, and we have seen distortions of 

OV absorption curves attributable to high Z 2 concentrations. Abul-aaj 

and Kelley have also observed quenching of the A' state at high 
concentration attributed to I j W ) • Ij * I*. la addition, I 2 diners 
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42 aad higher complexes fore wader these conditions* Secondly, the long 

decay components seen In some solvent* would not completely relax In the 

tin* between pulses (4 ns) In lado et al.'s experiment*. Finally, the 

formation of I3 has been observed at high saaple concentrations within 

tens of nanoseconds after photodissodation, and nay cause artifacts 

when high pulse repetlcion rates are used. 

In contrast to the data in chlorinated solvents, the sore rapid 
7 8 alkane data of Bado et al. ' are not significantly different froa those 

presented here, if consideration is given to their lower tiae resolution 

(~30 p»). We resolve two components in the red absorption, one due to 

vibratlonally relaxing X-state molecules, and the other due to A'-state 

molecules, which would be unresolvable In Bado et al.'s experiment. 

However, the vibrational coaponent gives the overall curve a strongly 

wavelength dependent character, which accounts for their interpretation 

that the red absorption is entirely due to vibrationally relaxing 

X-state molecules. Although we are in agreement with the concluaions of 

Bado et al. on the importance of ground state vibrational relaxation, 

their data auat be viewed with some reservation until the possible roles 

of I3, 1^, and l^-dlaers in those experiments has been determined. 

Chuang et al* reported a slight polarization anlsotropy during the 

rise of the 532 urn bleach in hexadecatie, which waa attributed to 

rotational reorientation. Ha have not reproduced this result. A 

rotational diffusion model predicts a reorientation time of 2.7 pe/cP 

tor Iodine. 5 5 Oslag xero-fraeweacy solvent viscosities, the 

reorientntloa times showld range froa O.t pa la aaxama t* t.2 pa In 

hex.dacane. Motion oa the faet and of this rang* weald be uaremolvee 

with the »r«a«at elm* reeelatlea, bat amtlem m the elew and s m — H be 
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easily seen. However, the relaxation times predicted in nigh -viscosity 

solvents such as hexadecane amy be too long* The rotation may be 

sensitive to the high frequency viscosity, which can be expected to be 

lower than the bulk viscosity in long chain solvents. Thus it seen* 

aost likely that the reorientation tine for the iodine is only 1-2 ps 

and that the polarization anisotropy cannot be seen with the current 

tlae resolution. 

In several papers, attempts have been Bade to extract the quantua 

yield of non-gealnately reconbining atoas by comparing the aaxiaua of 

the bleach in aolecular absorption in the green to the long time loss of 

absorption. » * This procedure aasuaes that no aolecular states are 

absorbing when the bleach aaxiaua is reached. With the present model 

for the reaction kinetics, this assuaption is not necessarily justified, 

since at the bleach aaxiaua aolecules aay be in the A or A' states, may 

not have completely predissoclated, or may have vibrationally relaxed 

sufficiently to start reabsorbing. In addition, the strong solvent 

variation of the peak bleach strength reported in one papar are in 
26 disagreeaent with the values found here. 
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C. Comparison with Theoretical Models 

The pieceedlng sections have used the transient absorption data to 

develop a detailed qualitative picture of the photodlssoclatloa/ 

recombination reaction. Using this nodel, quantitative data can be 

extracted on the elementary reaction steps. These results can be 

compared to existing theories for liquid-phase miction dynamics and may 

help direct future theoretical developments. First, the experimental 

upper bound on the geminate recombination time is very useful in 

assessing the large amount of theoretical work on this process. Second, 

the time dependent absorption data on the vibrationally relaxing X-state 

population provides quantitative information on vibrational relaxation 

through a wide range of vibrational levels. On a rough level, solvent 

comparisons of the absorption data itself give evidence on the likely 

pathways for relaxation. For a more precise examination of vibrational 

relaxation, an approximate derivation of the actual population 

distribution from the absorption data is developed. Both the solvent 

dependent relaxation rates and the population distribution are compared 

with quantitative models of vibrational relaxation in this system. 

Finally, the two electronic relaxation processes, A'-state relaxation 

and B-state predissociation, are examined and compared with the few 

available theoretical models for electonic relaxation. 
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lacomblaatloa Dynamics 

The aspect of Iodine photodiraeclatloa which has received the most 

theoretical attention is the gealnate recombination of dissociated 

atoms. Two methods have been used: hydrodynamic aodels which use only 

a few equations to represent the solvent's infloence; 2» 2 7» 5 3» 5*» 5 7~ w 

and molecular dynamics simulations, which calculate the exact motions of 
63—65 many solvent molecules* It is interesting to ask whether the 

conclusion that recoabinatlon occurs in (15 ps is consistent with 

theoretical results and whether some theoretical approaches are more 

useful in understanding this result. 

Bydrodynaalc aodels have been popular, partly because of their 

computational ease and also because it is relatively easy to form 

simple, physical interpretations of the results. However, there are 

serious questions, both theoretical and practical, about the application 

of these equations to the dissociation dynamics of small molecules such 

as iodine. One objection is that the iodine mass is comparable to that 

of the solvent, while Langevin and related equations require that the 

solvent be light compared to the Iodine. In addition, the 

hydrodynamic equations only hold when the solute-solvent force 

correlation time is much shorter than the correlation time of the solute 

velocity. This condition is violated during the initial high velocity 

aeparation of the dissociating atoms. Even the MTGLE method, which 

atteapta to reduce this problem, must introduce ad hoc "cage breakout" 

assumptions. Thus hydrodynamic aodels cannot be applied to the early 

portions of the dissociation process, but are usually applied to the 

dynamics after the velocities have tbermallsed. Thus, the major part of 



the racoaHaetlom mrocaes amy occur Before the hydroeymaalc models 

become applicable. 

There are alao eerlooe practical problaa* In msing hyerodyaamic 

models to predict the tlae scale of geminate recombination. The reaulta 

are very sensitive to the Initial conditions, which are determined by 

the complicated early time dynamics. In addition, the other parameters 

co—only Introduced, such as the solute atom diffusion constant and ita 

distance dependence, the reaction diaaeter and the intrinsic reaction 

rate conatant, are not independently known or are poorly defined. A 

wide range of recombination times can be obtained with reaaonable 

parameters; estimates of the SOZ recombination time have appeared from 
53 57 1-150 ps. * Thus, hydrodynaalc models do not provide a reliable 

prediction of the recombination time acale. 
Molecular dynamics simulations of the photodlssociation process 

provide a more promising approach to understanding geminate 
recombination. Although simulations to date have been limited to a 

small number of solvent molecules and to short simulation times, useful 

information has been obtained. The most striking conclusion is that 

geminate recombination should occur rapidly. Bunker and Jacobsen found 

that approximately 85Z of the atoms recombined within 4 ps in their 

simulations. In Murrell et al.'a work, 80Z of all recombinations 

occurred in <S pa over the entire range of densities examined.6 

Similarly, Lipkua et al. found that on the X-state potential, 50Z of all 

recoabinationa were complete in <1 pa for all densities considered." 

On tha A-state potential, they found that the recombination lifetime was 

-10 ps. Thus for recombination on both the X state and tha A state, 

partitioning between free atoms and recombined molecules occurred on a 
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tlae scale of «10 pa. la —ssort of these Simulatioas, the < f H t n 

yields of escaped atoas as a faactloa of density calculated froa thee* 

alaalatloas agree well with experimental aaaauraaaata. ' 

These results indicate that the asjor portion of the xacoablnatioa 

occurs on a short enough tlae scale that the use of hydrodyn*aic aodels 

is suspect. In addition, molecular dynamics, in contrast to 

hydrodynamics, makes a reasonably definitive prediction that 

recombination should occur in <10 ps. One reservation to these 

conclusions is that the role of multiple potential surfaces has not been 

included in the simulations. A recent model has found that the presence 

of multiple potential surfaces in iodine may slow the recombination rate 

by a factor of five, because the atoms may frequently recombine on one 

of the seven unbound potential surfaces. Even considering the 

possible slowing effects of multiple surfaces however, the MOO ps 

recombination times previously reported * ' were hard to reconcile 

with the molecular dynamics results, while the time of <15ps deduced 

from the current measurements indicates that the molecular dynamics 

results are quite reasonable. 

Vibrational Relaxation: Classical Analysis and the Relaxation Mechanism 

Vibrational relaxation in liquid* is poorly understood, especially 
between excited vibrational levels* The time dependent absorption 
spectrum of vibrationally excited Iodine molecules is a rare source of 
information on this problem* In this section, a simple classical model 
of absorption froa axcltad vibratloatl levels is used to compare 
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albcacloaeZ relaxatloa la different solvents* The raaalta caat eoubt oa 

the theoretical areeictloa that vibratioa-to-vibratloa (T-V) traaafer to 

the eolvent eomlaates relaxation In the loear portion of the X-atate 

well* It la suggested that vibration-to-rotation (THt) aaehaniaaa 

abould be Included or that vibration-to-translation (V-T) tranefer baa 

been undereatlaated. The following section dlacuaae* correction* to the 

dasalcal model and perf oraa a aore precise analysis of vibrational 

relaxation in CCI4 solution. 

In a classical Franck-Condon picture, only vertical transitions 

between turning points are allowed (Fig. 1). Since the B+X transition 

doainates iodine's visible absorption, the difference potential as a 

function of X-state vibrational energy can be used to associate an 

X-state vibrational energy with each absorption wavelength (Fig. 16). 

Using this classical approximation, Fig. 17 shows the vibrational 

dynamics derived from the absorption component due to vibrationally 

excited molecules. In all of the solvents studied, the vibrational 

relaxation time is substantial; 50-200 ps are required to reach the 

ground vibrational level. Relaxation through the upper half of the 

potential, however, is fairly rapid with the peak absorption from levels 

with -6000 cm" of vibrational energy appearing in 10-15 ps and decaying 

to 1/e of their peak value by 20-30 ps after photodiasociation. Among 

the chlorinated aolvents, the absorption at 710 nn (v~9, E ..-1800 cm ) 

peaks and dectya most slowly in CCI4, somewhat feater in CHCI3, and is 

almost a factor of three faster in CHjClj. in the alkane aolvents, the 

three linear alkanea show virtually identical relaxation rates, while 

cyclohexane is aubstantially alower. 

Meabltt and Hynes have calculated the relaxation rate for iodine in 
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CC1 4 wslag a claaalcal trajectory simulation and ass—fag uacorrelated 
binary collisions with the solvent.3 They fooad that V-T transfer is 
relatively rapid in the wpper part of the potential, bet chat relaxation 
to the ground vibrational level takes wore than one nanosecond if the 

solvent has no Internal vibrations. Brooks, Balk, and Adelaaa reach a 
29 aialllar conclusion using an MTGLE aodel. When near-resonant 

vibration-to-vlbration (V-V) energy transfer to the 217 ca node of 

CCI4 was Included, Kesbitt and Hynes showed that the relaxation in lower 

levels proceeded wore rapidly, with ground state recovery in -100 ps. 

Using aolecular dynamics simulations, Bado et al. have also predicted a 

strong dependence of the vibrational relaxation rate on near-resonant 
31 energy transfer to the vibrational nodes of the solvent. 

The present aeasureaents in chlorinated solvents do not behave 

according to sialic V-V energy transfer predictions. The lowest 

frequency aodes In CCl^, CHCI3, and CH 2C1 2 are 217 en - 1, 261 ca" 1, and 
—1 68 

282 cm respectively. The iodine aolecular vibrational frequency is 
213 ca** in the ground vibrational level and decreases to 170 ca at 

—1 69 
6000 ca above the ground level. Thus the energy gaps for V-V 
transfer in the lower half of the well are 4-47 ca in CCl^, 48-91 cm"1 

in CHCI3, and 69-112 ca in CH 2C1 2. These changes between the solvents 

are large coapared to the 20-25 ca~ resonant transfer width. Thus 

the V-V relaxation tiaes would be expected to increase in the orde. 

CH 2C1 2>CHC1 3>CC1 4. A calculation of resonant energy tranafer rates 7 0 

using the expression which Mesbitt and Hynes applied to CCI4, conflras 

that the expected V-V rates should be 3-4 tlaes slower la O K I , and 8-10 

tiaes slower in CHjClj through the entire lower half of the X-state 

potential. In contrast with this prediction, the vibrational relaxation 
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tla* Is actmally slowest 1 B CC1 4, slightly faster la GKI3 mad 

dramatically faster in CHjClj (Fig. 17). This soggestr either that T-V 

transfer Is not laportant In any of the chlorinated •ethane solvents or 

at least that other mechanisms dominate the rates in C8CI3 and CH 2C1 2. 

One alternative mechanism Is vibratlon-to-rotatlon (V-*) 

transfer. In the gas phase, V-t transfer is greatly enhanced In small 

hydrogen containing molecules, because of their low moment of Inertia. 

In fact, the self-relaxation in gas-phase CH2<312 has been found to be 

dominated by V-R transfer. Moore has proposed a simple model which 

treats V-R transfer in the same manner as V-T transfer, except the 

rotational velocity of the hydrogen atom is substituted for the 

translational velocity of the entire molicule. The relevant parameter 

in this model is an effective rotational mass, defined as the lowest 

moment of inertia divided by the longest aoment arm squared. As with 

V-T transfer, "lighter'* molecules increace the relaxation rate. In the 

present case, the rotational masses are 142, 60, and 8.5 amu in CCI4, 
72 73 CHC1 3, and C H 2 & 2 respectively. * The low rotational mass compared 

to the total mass for CHCI3 and particularly for C H 2 & 2 suggests that 

V-R transfer is more effective than V-T transfer. Furthermore, the 

trend In the rotational masses matches the trend in relaxation rates. 

These facts indicate that transfer of vibrational energy to rotation-

like motion of the solvent may determine the iodine relaxation rates in 

these systems. 

Also, the role of V-T transfer In lower vibrational levels should 

not be entirely rejected on the basis of theoretical modeling. The 

ability to predict liquid-phase vibrational relaxation rates, especially 

between excited vibrational levels, is not well established. In 
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addition, sodels of V-T transfer are extremely sensitive to the 

Interaction potentials assumed. 

la contrast with the results In chlorinated •ethane solvents, the 

vibrational relaxation rate in alkane solvents behaves aore aearly as 

expected for V-V transfer. As lado et al. have pointed out, the ring 

structure in cyclohexane substantially reduces the density of low 

frequency torsional and vibrational aodes In comparison with the linear 

alkane*. With fewer low frequency aodes in proximity to the iodine 

vibrational frequency, the vibrational relaxation in the lower part of 

the well should be slower in cyclohexane than in normal hexane. This is 

the observed behavior. In the straight chain alkanes, the relaxation 

rate does not vary with the length of the alkane chain. This may occur 

because the number of low frequency aodes which can effectively interact 

with the iodine does not change with chain length, since the number of 

low frequency aodes per unit volume is approxiaately constant. 

The contrasting results for vibrational relaxation rates in these 

different solvents demonstrate that the role of V-V transfer is not yet 

understood. Studies in simpler solvents such as Xr and CO- should help 

to clarify the role of V-T and V-R transfer and thereby contribute to an 

understanding of V-V transfer. The bleach recovery in fluid Xe has been 
28 previously observed, but preliminary aeasureaents in this laboratory 

show different dynamics. More work is necessary to understand 

vibrational relaxation dynamics in this simple solvent. 



C. Vibrational Relaxation: Quanta* Spectral Analysta 

So far the vibrational absorptions have been discussed assuming 

that the absorption at a given wavelength can be directly associated 

with the population at a particular level of vibrational excitation. 

This assumption la baaed on a crude, classical Franck-Condon model and 

oversimplifies the true quantum mechanical spectrum. In order to assess 

the importance of quantum effects, a calculation of the absorption 

strength for a given wavelength versus the amount of vibrational energy 

In the X state was performed. Franck-Condon factors and R-centroids 

were calculated for the B«-X, H^X, and A«X transitions. A continuous 

spectrum waa obtained for each X-state vibrational level by assuming 

that each transition wss broadened to a 200 cm gaussian line in the 

liquid phase. Broadening of thia magnitude is consistent with the 

absence of vibrational structure in the visible absorption spectrum. 

The final results are only weakly sensitive to the extent or the form of 

the broadening function. The strong R-centroid dependence of the B+X 

transition moment was included. Further details on the calculation 

are given in Appendix B. Figure 18 ahowa examplea of the reaults. 

The quantum mechanical tranaition strengths have aeveral features 

in common at all wavelengtha. The tranaition atrengtha all have a 

strong peak which Ilea slightly higher in vibrational energy than the 

classical prediction, because the main peak of the vibrational 

wavefunction lies Inside the classical turning point. On the high 

vibrational energy side of thla peak there la a long, slowly decaying 

tall, due to overlap of the oscillatory portions of the wavefunctions. 

Because of this tall, the absorption at a given wavelength should start 
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to rise before the population has relaxed as far is the point of 

classical absorption, ly the same reasoning, the absorption bleach will 

begin to recover before the population reaches the bottom of the 

potential well. In contrast, the transition strength drops sharply on 

the low vibrational energy side of the aain peak, due to the rapid drop 

In the wavefunctlon outside the classically allowed region. This 

implies that the absorption decay at each wavelength is a reasonably 

accurate indication of the population which has relaxed .below the 

classical absorption point. Finally, th* width of the aain peak in the 

transition strengths broadens as the wavelength of the transition 

increases. 

Incorporating the more accurate quantum transition strengths into 

the analysis of the vibrational absorptions can be done as follows. The 

spectrum at each time can be represented as: 

A(X,t) - j" dE S(X,E) P(E,t) (2) 

where A(X,t) is the absorption data at a given wavelength, X, and delay 

time, t; P(E, t) is the population as a function of vibrational energy, 

E; and S(X, E) is the transition strength. Exactly inverting this 

expression to find F frost S and A is difficult when t and S are 

arbitrary functions and A is only sampled at a few values of X. 

However, consideration of the actual characteristics of t and S allows 

an approximate inversion of this formula which includes the major 

corrections from the quantum calculation. 

The energy scale is first broken into segments, each of which 
isolates the transition strength peak for one wavelength. In CC1 4 
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enough wavelengths were Measured that these regions cover the energy 

region froa 0-8000 csT • aext, at each probe wavelength the function S 

la approximated by a function S* which is constant over each energy 

region (Fig. 18). If the analysis is restricted to tines when all the 

population has relaxed below 8000 cn~ , S' can be set equal to zero 

above 8000 ca . Equation 2 now gives 

u Hi 
A(X,t) ~ I S1(X) / dE P(E,t) (3) 

j-1 Ej-1 

n 
Ax(t) ~ I SV, Pj(t) (4) 

j-1 

where Ŝ J is the value of S' at wavelength X in energy region j, E. is 

the upper edge of energy region j (EQ-0), and: 

P,(t) - / J dE P(E,t) 
J Ej-1 

If the energy regions are well chosen, S' duplicates the important 

features of S, and this approximation can be expected to be a good 

one. If at each time A Is known at n values of X, and n energy regions 

are selected, the problem reduces to a set of n equations in n 

variables, which can be solved by standard matrix techniques (Kq. 4). 

Several factors which are Important in obtaining a good inversion are 

discussed la detail la Appendix C. 

Klgure 19 ehowe the remits of applying this proceeare to the CC1 4 
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data. Tha average population density for each energy region Is plotted 

at the center of that region. Prior to 50 pa, reliable results cannot 

be obtained, partly because son* of the population has not relaxed below 

8000 cm , and partly because of interference from other early tine 

absorptions. From 50-200 ps, tha total population reaalns constant to 

within 10Z even though there Is no explicit constraint on the population 

froa one tin* point to the next. It is encouraging that this staple 

Inversion produces reasonable results and particularly that it conserves 

total population. Its success indicates that the assignee at of the 

early absorption features to vibrational relaxation in the X state is 

quantitatively consistent with the absorption data at a'.l wavelengths. 

Nesbitt and Hynes have calculated the tine-dependent I 2 vibrational 
3 population distribution using a binary collision nodel. Froa the 

calculated distribution, they depredicted the recovery of the ground 

state absorption, which can be conpared directly t<-> the experimental 

results at 500 na (Fig. 15). The calculated recr ?ery has the correct 

qualitative features, but is faster than the actual decay. A nore 

coaplete coaparlson can be made by directly comparing their population 

distribution (Kef. 4, Fig. 10) and the experimentally derived 

distribution (Fig. 19). The experimental distribution at 50 pa has 

relaxed further than the calculated distribution. This Indicates that 

relaxation Is faster than predicted through tha upper part of the 

well. On tha other hand, the experimental dietrlbution still has a 

significant warelaxed tall at 150 pa whan the nodal system is completely 

ralaxad. Tims relaxation of tha last -2000 cm proteose more slowly 

than predicted. Taeea diacrepancic* indicate a weaker dsssadsact of 

relaxation rata em vlecatleaal level and laaa of • "bottleneck' affect 
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than that found In Kssbltt and Bynes's model. This bottleneck arose 

because V-T transfer was predicted to slow below v~*0, while V-V 

transfer was not predicted to becoae efficient until below v>40 (Kef. 3, 

Fig. 9). The disagreement of the calculated and experimental 

distributions suggests that the relative roles of V-T and V-V transfer 

at various levels of vibrational energy are not yet understood. 

In order to assess the importance of different quantum corrections 

to the transition strengths, the population distribution at 50 ps was 

also calculated with the classical model and with a model incorporating 

the quantum mechanical peak shifts and broadening, but without the high 

energy tall (Fig. 20). Although the classical model correctly gives the 

general features of the population distribution, a more sophisticated 

treatment is needed for even sei&i-quantitatlvly correct results. In 

particular, ignoring the high vibrational energy Call in the transition 

strengths causes an overestimation of the population at lower 

vibrational levels. 

Lifetime of the A' State 

The lifetime of the A' atate varies dramatically in the solvents 

studied, from 500-2700 ps in chlorinated solvents to 65 ps in alkane 

solvents. In models of the A'-state lifetime, it has been generally 

assumed that the molecule must be activated high in the well to a region 

near the curve crossing with the X state In order to relax. Thus, 

changes In the A'-state lifetime may roomie from either rhemgss in the 

height of the crossing point or from rhamgss la activation rate. Kelley 
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et al. proposed that the A'-mtate well depth varies as a result of 

changes in the molecular solvation energy as compared to the atomic 

solvation energy. They further proposed that the solvation energy Is 

largely due to charge-transfer Interactions, and that the well depth can 

be related to the i .miration potential of the solvent. As a result the 

A'-state lifetime should be related to the ionization potential of the 

solvent, and in fact the A'-state lifetimes are roughly ordered 

according to the ionization potentials. One difficulty with this 

proposal is that although charge-transfer transition wavelengths have 

been related to the solvent ionization potential, this relationship is 

based on the energy of the upper ion-pair state. The connection between 

solvent ionization potential and the lower-state solvation energy is not 
35 clear. It is even less clear how the difference between molecular and 

atomic solvation energies is affected by the solvent's ionization 

potential. As a test of the model it can be assumed that the activation 

energy (well depth) depends linearly on the solvent ionization potential 

and that the rate follows an Arrhenius law. With these assumptions, the 

log of the lifetimes should be linearly related to the solvent 

ionization potential. Figure 21 shows that the correlation is poor, so 

that the solvent ionization potential does not appear to be the most 

Important parameter in determining the A*-state lifetime. 
62 Dawes and Sceats have proposed that the electronic state curve 

crossing rate and the diffusive motion up the well to the crossing 

reglom are solvent dependent. Using a simple model for e*th the 

diffusive motion and the curve crossing, they conclude that the rate is 

transport limited. Thus the lifetime shewld decrease 1m lower viscosity 

solvents* The aodnl predicts A'-state lifetimes which a n •men longer 
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the* the «-~**rlaentsl rasmlts. If It Is sssaasl that oar assignment Is 

lacorrect ami that the A state Is actually belmg observed, the predicted 

tlasscale Is aore reasomable (fig. 22). Still, the slsdatlo* results 

do sot fit well. Am approximate, analytical model predicts the geaeral 

tread for the chlorinated solvents, bat this afreeaeat is hard to 

Interpret, since the analytical aodel is jnstifled based on its ability 

to aatch the simulation results, an even larger problem is the fact 

that the lifetimes in the alkane solutions are all approximately the 

same, even though the viscosity changes by a factor of ten. Dawes and 

Sceats have proposed that the frequency dependence of the viscosity may 

be important and that the high frequency viscosity would be sialliar in 
62 all the alkanes. In any case it is clear that the zero frequency 

shear viscosity does not correlate with the A'-state lifetime. At this 

stage, it appears that none of the essential features which determine 

the A'-state lifetime are well understood. 

Predissociatlon 

The early component of the UV absorptions (Fig. 5a, 6a) is due to 

ebsorption frou the excited B state. The absorption decay at any given 

wavelength is due to both vibrational relaxation and predissociatlon. 

The situation is complicated by the fact that the predissociation rate 

Is likely to depend on the vibrational level. 7 6 , 7 7 Thus it is not 

possible to accurately separate these two contributions to the decay. 

However, a rough tiaeseale of 10-15 ps for predissociatlon can be 

obtained. There are no draaatlc changes in different solvents. 
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there Is vlrteallv ao theoretical work oa lioal a* These 
predlssociatloa to compare to, bat cosaariaoas caa ha aase to gss-ahaas 
•easaraasats.7***7* For the vlbratloaal levels laltlallv excited la this 
experiment, the probability of predlssodstioa per gas-phaa klaetlc 
collision is 0.8-0.2 for Xe, which Is slalllar la else aad aass to 
CCl^* ly coaparison, the liquid-phase lifetiae of ~10 ps, 
corresponding to —100 "collisions", is suprislngly long. The observed 
lifetiae aay be explained bv a large drop in the predlssociation 
probability for vibrational levels below v~7. It is clear that 
further work Is nessesaiy to understand this phenomenon. 
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A detailed picture of the steps involved in a siaple 

dlssociatloa/recoablaatlon reaction has been developed froa picosecond 

absorption studies extending froa the near Infrared into the OT. The 

data present convincing evidence that the geainate recoabinatlon of 

dissociated atoas is fast (<15 ps). This conclusion is consistent with 

aolecular dynamics siaulations. In contrast it is argued that 

hydrodynaaic approaches to gealnate recoabinatlon involve questionable 

theoretical assumptions and produce few useful predictions. Many 

theories have predicted a long tine tall in the recombination 

probability. However, the current aodel is able to explain all the 

available absorption data assuming that all the rccoabinatlon Is 

rapid. While a long tine tail In the recoabinatlon probability cannot 

be rigorously excluded, there is no evidence to suggest that if one 

exists, it accounts for more than a minor fraction of the total 

recombination. 

Vibrational and electronic relaxation of the recomblned molecule 

have been found to be much slower than the initial recombination. The 

evolution of the vlbrationally excited population distribution has been 

approximated using realistic, quantum mechanical spectra of 

vibrationally excited molecules. Neither the population distribution 

nor coaparisons of vibrational relaxation rates in different solvents 

provide evidence for resonant energy transfer to solvent vibrational 

modes in chlorinated solvents, in contrast with predictions. On the 

other hend, resonant vibrational energy transfer amy be more laportant 
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la alkaae ealveats. la asdltioa, the few aoaala available ta aeacrlb* 

A'-state alactroale relasatloa are aaabl* to axvlala taa 40-fold raaas 

of llfetlaas observed la different solveats. to taeoriae have yet 

directly adresaad the B-state electroalc relaxatloa rata aad Its 

ralativa lack of solvent dependence. 

Xa conclusion, this study has presented a detailed qualitative 

picture of iodine photodiasociation and has aada significant steps 

toward a quantitative understanding of the reaction processes. However, 

the study of molecular dissociation and recombination in liquids is 

still a fertile area for further theoretical and experimental work. 

Large scale molecular dynaaics simulation* should help to give a better 

understanding of the solvent's role in geminate recoabination. Baaic 

developments are required in the theory of solvent-Induced 

predlaaociation and electronic curve crossing. The development of these 

theories will benefit froa new temperature and density dependent studies 

on iodine photodissociation. Experimental work is also needed in simple 

mono- and dl-atomic solvents to understand the relative roles of V-V and 

V-T vibrational energy tranafer. In addition, experiaenta with 

excitation to the directly dissociative A atate (~680 na, aee Fig. 1) 

should allow direct observation of the geminate recoabination event* It 

may be hoped that the deeper understanding of the iodine 

photodissociatlon reaction which will emerge from further work will 

provide a basis for a general understanding of liquld-phaae chemical 

dynaaics. 
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Appendix A . Subtraction of the A'-State Abeorptlo* 

Since tha recoableatloa dyaaad.ee la coaeleted rapidly aftar 

pradlaaoclatloa (Sac. Ill I), tba B-atata decay tiae, aad tha A'-*tat« 

and aacapad-ato« rlaa tlaata ara vary elallar. Therefore, the offaata at 

0V and fraan waveleagtha, both dua to atoaa which do not recoablne, vara 

aaeuaed to form with tha aaae rlaa tlaa am tba A*-atata (aee Xq. 1). In 

addition, In ordar to quantitatively aaaign tha X-state vibrational 

dynaaica baaad on tha graan and rad tranaiant curve*, it waa helpful to 

reaove tha B-atate abaorption which occura at early tiae at 500 nn. 

Aaauaing that tha decay tiae of the B-atate abaorption at 500 nn ie aet 

equal to the A'-etate rlae tiae, the B-atate abaorption wa* represented 

by B exp(-t/t r). Thia tara waa subtracted froa the 500 nn bleach 

curves, along with Eq. 1. The magnitude, B, is aoaewhat arbitrary, but 

has only a aaall effect on the aubtracted data for tines longer than 

20 pe, where the vibrational analysis is focussed. 

Appendix B. Transition Strength Calculations 

24 45 69 79 Tha rotationless potential curves » • * and transition 

aoaenta * are wall known for the iodine X, B, A, and H states. 

Evidence suggaeta that tha potentiala are not atrongly perturbed in the 
SO liquid. Analytical approxiaationa to these curves were aada as 

follows: 

http://dyaaad.ee
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* x{») - 1*«00 I 1 - « - l . » C W . « > ,2 

V,(*> - 5000 [ 1 - « -1-70CR-3.03) ,2 

1.62 7 - 3.51 ; 2.5 < K < 3.1 A 
|u | M (1) - -1.745R + 6.91 ; 3.1 < R < 3.3 A 

-0.781R + 3.74 ; 3.3 < If < 4.6 A 

-3241 + 2.95P -0 8 / R 1 1 ; R < ?.7873A 
A 1100 [ 1 - e - 2 ' 9 5 < R - 3 « 0 5 6 > J 2 ; R > 2.7873A 

I".!***- ° - 2 0 2 D 

as in Ref. 24 ; R > 4.200 A 
V. (R) -

1tl -180 ; R > 4.200 A 
u 

|u I - 0.369 D 
u 

where R la aeasured in A, energy is in cm" , and R is tha R-centroid. 
The X-state Korea parameters were chosen to optimize the fit to the 
cuter J*mb of the RKR potential, since this is most Important to the 
Franck-Condon calculations. Tha uae of approximate potentials vlll not 
reproduce the state-to-state interference effects, but these effects 
should be largely averaged out In the liquid. The bound Horse 

82 wavefunctiona were calculated analytically. The wavefunctions were 
calculated for y-0-50 in the X atate and for all bound levels in the 
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epper states. For Che aaboaai state*, eevefeectioe* vera ealealated 

•vary SO-60 cm ay lategrstlag Schrodlager'e eqaatloa froa 2.2 A 

outward* Iatef ratloa waa carried oat eatll tba wtvefeaetloe reached lta 

esraotocic behavior, so proper normalization could be performed. 

Franck-Condon and R-centrold lntagratlooa were done froa 2.2-3.74 A at a 

0.003 A spacing. 

The actual calculation waa dona in aevaral atagea. First, the 

program MWFUN calculated the Morse oscillator wavefunctions for each 

atate using the aubroutlne MORSE, which contains the aain algorithm. 

MORSE uses the function B repeatedly in its calculation. The progran 

INTG1 calculated the wavefunctions for the unbound portions of the 

potentials. Franck-Condon factors and R-centroids were then calculated 

froa the wavefunctions using the program FCFACT. The program VIBDIS 

then found the relative transition strength as a function of vibrational 

energy at a given absorption wavelength using the output of FCFACT. For 

the X+B transition, VIBDIS also calculated the R-centroid dependent 

transition moment. The transition strengths resulting from continuous 

and bound portions of the potentials, as well as from different 

transitions were then added using the program TRANAD. The FORTRAN code 

for each of these programs follows. 
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c 
c 
c 
c 
c 
c 
c 

c 
c 

c 
c 
100 
103 
110 

c 
c 
115 

c 
c 
120 

c 
c 
125 

c 
150 

g n nocMMCxno A FILE cora ims HOME OSCILLATOR 
mmunmucum a taxes or n . t w FIRST 10 wow or THE rax 
COXXUI A WADER. THE NkVEFDXCTIOM M E STOKED XX ACCENDINC 
VIBRATIONAL ROME*. XOXXOOTIXE MORSE tOX F Z U MORSEI) IS 
• S B TO CALCULATE T W XXVUUXCT10X1. M 
IMPLICIT iamaot <v> 

(MOST HATCH 

N 
LOGICAL 
OIWXSIOX IDENT(3>. HF0XCTCS12) 
comox / M U C / HFUNCT, x i , STEP, XSTEP, K 

PARAMETERS OEFIXIKG T W CALCULATION 
XI - 2.2 (INNER SXMtTIXS PT OF HFUNCT (ANGSTROMS) 
STEP • 0.003 ISPACING XT MUCH HFTJXCT IS CALCULATED 
•STEP » 512 IKOMBER OF PTS IS HFUNCT 

GET STATE TO BE CALCULATED 
FRIST 10S 
FORMAT CtSTATE TO BE CALCULATED (X, B, X) < ') 
ACCEPT 110, STATE 
FORMAT (LA) 
IF (STATE.EQ.'X') GOTO 115 
IF (STATE.EQ.'B') GOTO 120 
IF (STATE.Eg.'A') GOTO 125 
PRINT *, 'PARAMETERS NOT IX PROGRAM - TRI AGAIN' 
GOTO 100 

X STATE PARAMETERS 
RE - 2.C7 
A • 1.S5 
D • 14600. 
K - 775 
GOTO 150 

B STATE PARAMETERS 
RE " 3.03 
A - 1.70 
D - 5000. 
X - 420 
GOTO 150 

A STATE PARAMETERS 
RE - 3.05« 
A - 2.95 
D - 1100. 
X • 74 
GOTO 150 
N • SS.735 
HBAR - 1.0536E-Z7 

IEQUILBRIUM DISTANCE (ANGSTROMS) 
(MORSE PARAMETER (1/ANGSTROMSI 
IDISSOCIATION EXERGT (1/CM) 

•CALCULATION SCALING FACTOR 

iEQUILBRIUM DISTANCE (ANGSTROMS) 
!MORSE PARAMETER (1/ANGSTROMS) 
(DISSOCIATION ENERGY (1/CM) 

ICALCULATION SCALING FACTOR 

'.EQUILBRIUM DISTANCE (ANGSTROMS) 
(MORSE PARAMETER (1/ANGSTROMS) 
!DISSOCIATION ENERGY (1/CM) 

•CALCULATION SCALING FACTOR 

!REDUCED MASS (AMD) 
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6 • 7. * sg*r<2. * H * D) * l . m n - M / <A * MAM c 
C GET RANGE OF V TO RC CALCULATED 
20 nunc is 
IS FOWttI CADRE* INITIAL AMD FINAL VIBRATIONAL LEVELS: ') 

ACCEPT *, VI, VF 
IT (VF.GE.VZ1 GOTO 25 
PRINT *, 'MRONG ORDER. TXT AGAIN.' 
GOTO 20 

C 
C OPEN OUTPUT FILE 
25 PRUT 30 
30 FORMAT ('»C0MPLErE OUTPUT FILE NAME ') 

CALL ASSIGN (1, DUMMY, -1) 
PRINT 32 

32 FORMAT ('SFILE IDENTIFIER - 'I 
CALL GETSTR<5, IDEMT, «) 

C 
C NRITE HEADER 

WRITE (1) (IDENT(J), J - 1,2) 'IDENTIFIER 
WRITE 11) VI, VF 
HRITE (1) Rl, STEP, MSTEP 
HRITE (1) 0 (EXTRA WORD 

C 
C CALCULATE AND STORE KAVEFUNCTIONS 

PRINT *, 'TYPE 0 TO INTERUPT PROGRAM' 
DO 35 V • VI, VF 
PRINT *, 'V • ', V 
CALL MORSE (RE, A, G, V, D) IHFUNCT PASSED THROUGH COMMON 
DO 33 J - 1, MSTEP 

33 HRITE (1) HFUNCTCJI 
ITEST « IFEEK ("177562) (LATEST KEYBOARD ENTRY 
IF (ITEST.EC."121) GOTO 40 

35 CONTINUE 
C 
C CLOSE FILE 
40 CLOSE (UNIT > 1) 

STOP 
END 



SUBROUTINE HOMCdtE, A, C, V, O) 
C 
C THIS SUBROUTINE CALCULATES THE NAVEFUCTIO*, MFUNCT, FOR 
C THE VIBRATIONAL LEVEL, V, OF A MORSE OSCILLATOR. THE 
C HORSE POTENTIAL IS DEFINED ASt 
C 
C E(R> « D * tEXPC -A(R - RE)3 - 2 EXPC -AIR - RE)3J 
C D • DISSOCIATION ENERGY 
C RE - EOJIILBRIUM DISTANCE (ANGSTROMS) 
C A • H SQRT(M/2D) <1/ANGSTROMS) 
C H - VIBRATIONAL FREOOENCT AT BOTTOM OF V 
C M « REDUCED MASS OF OSCILLATOR 
C G - 2C « Z * S0RT(2KD> / (A * tatwr) 
C 
C THE SUBROUTINE REQUIRES THE FUNCTION B. 
C 

INTEGER V 
DIMENSION HFUNCT(S12) "SHOULD MATCH NSTEP 
COMMON /MBLK7 KFUNCT.Rl,STEP.NSTEP,X 

C 
C ***** FUNCTIONS ***** 
C 

X(Z) - G * EXP(-A * (R - RE)) 
C 
C ***** CONSTANTS ***** 
C 

DELTA • l.E-10 !3T0P CALCULATION HHEN HFUNCT < DELTA 
C2 • 0.6316188 '.1/ SQRT<SQRT(2 PI)) 

C 
c ********************** 
c 
C INITIALIZE MFUNCT 

DO IS J * 1. NSTEP 
15 HFUNCT(J) - 0. 
C 
C FIND TURNING POINTS 

V12 • V • 0.5 
CI - SQRT(4 * (G * V12 - V12**2) / G**2) 
RINNER * RE - (AL0GC1. + CI) / A) !INNER TURNING POINT 
ROUTER • RE - (ALOGU. - C D / A) (OUTER TURNING POINT 

C 
C ***** CALCULATE HFUNCT ***** 
C 

CV • C2 * SORTtA * <C - 1. - 2 * V>) >R INDEPENDENT PART 
INSTEP » INTC (RIMER - Rl) / STEP) • 1 !# OF PTS. Rl-RUNNER 

C 
C FIRST CALCULATE FROM RINNER IN TOMARO Rl 

DO 20 J • INSTEP. I. -1 
R - Rl «• (J - l» * STEP 

D PRINT *. •**, X(R) 
HFUNCTU) • CV * R(XIR>. V, C, K) 
IF <ABS(MFONCT(J» - DELTA) 2S.2S.2C "STOP IF MFUNCKDELTA 

20 CONTINUE 
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c NEXT CALCULATE FROM RIRWER OUTWARD 
25 DO 30 J • INSTEP • l . WHET 

II • Rl • IJ - 1) * STEP 
O HUNT * , XIR) 

ITDMCTiJ) • CV * K X ( R ) , V, G, K) 
IF (R - ROOTER) 30, 30, 35 ICOMTIMUE IT RXMWER< R <R0OTER 

35 IF (ABS(MFUMCT(J>) - DELTA) 40.40,30 >ST0P II WURCKDELTA 
30 CONTINUE 
C 
40 RETORN 

CRD 
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c c c 
FUNCTION X X , X, C, XT) c 

C CALCULATE! THE FUNCTIONS 
C 
C S « SQRT(N1) * EXP{-X • CC - 2N + 13 LN(X) + CG - N3 
C - CG - II - 1/23 Uf(G - X)} * L(G - 2M 1-1, H, X) 
C 
C MHERE L IS THE LAGUERRE POLYNOMIAL. A RECURSION FORMULA IS 
C USED. FOR USE WITH SUBROOTIHE MORSE IN CALCULATING MORSE 
C OSCILLATOR HAVEFUNCTIONS. 
C 

c 
C 

REAL M 
3RTE - 1.648721 ! SQUARE ROOT OF E 
E • 2.7182S2 IE 
HCY) > EXP(((T - 0.5) * ALOG(T) / 2.) - K) {FUNCTION 
SCALE - 0. 
K - XT 

C 
C CALCULATE BIN - 0) 
10 Bl - EXFUG - X + (G - 1.) * ALOG(X) - CG - 0.5) * ALOG(G) 

1 + SCALE) / 2.) 
IF <X> 15,20,23 

15 PRINT *, 'ERROR IN CALLING 1. N < 0' 
STOP 

20 B - Bl IB(X. 0, G) 
RETURN 

C 
C RESCALE IF Bl UNOERFLOHS 
23 IF (ABS(Bl).GT.5.0E-39) GOTO 25 
22 SCALE - SCALE • 20. 

PRINT A. ' SCALE >', SCALE 
GOTO 10 

C 
C CALCULATE •(» - 1) 
25 HO • H(G - 1.) 

HI - H(G) 
D " I. / IX * SRTE) 
V • C - 2. * N - 1. 
12 • 1. + V - X 
B - 3 2 * D * H 1 * B I S H 0 IBtX, X, G) 
IF (N.EQ.ll RETURN 

C 
C INITIALIZE REMAINING PARAMETERS 

F • 1. / (X * X * E> 
RTI • 1. 
M • G - 1. 
SI - V 

C 
HI • SO 



XF (N.UE.SO) »1 - • 
o PRINT *, ' BI-', a c 
C RECURSION FOR B<1 < N < SI) 

DO 30 I - 2, Bl 
K • M - 1. !H « G - I 
51 « SI + 1. !S1 » I - 1 + V 
52 » S2 • 2. !S2 - 21 • V - 1 -
H2 • HI !H2 - H(H + 2) 
HI • HO IHl - H(M + 1) 
HO - H(M) 
RTI1 - RTI IRTI1 - SfiRTtI - 1) 
RTI - S8RT(FtOAT(D) 
B2 - Bl !B2 • B(* - I - 2) 
Bl • B IB1 • B(N • I - 1) 
A3 • RTI * HO 

D FRIMT *. "S2- ', S2, ' HI-', HI, ' D- ', 0 
Al • S2 * D * HI * Bl 
A2 » SI * RTI1 * F * H2 * B2 

0 PRINT *, 'Al« ', Al, ' A2- ', A2, 
B - (Al - A2> / A3 IB - B(V - I> 

'A3- ', A3 
D PRINT *, '1C, I, •>»', B 
30 
C c 

CONTINUE 30 
C c RESCALE X 

IF (N.LE.SO) GOTO 100 
K - X - 115 
HI - H(H + 1) 
HO - H(M) 

c c RECURSION FOR 1(50 < N> 
DO 40 I • 31, N 
H » H - 1. IN • G - I 
SI • SI • 1. IS1 - I - 1 • V 
S2 » S2 + 2. fS2 « 21 + V - 1 -
H2 • HI IH2 - H(M + 2> 
HI • KO IHl » 
HO - H(H) 

HlH + 1) 
RTI1 • RTI IRTI1 - SORTCI - 1) 
RTI - SORT<FLOAT(I)> 
B2 « Bl IB2 • B<N - I - 2) 
Bl - B !B1 - B(N • I - 1) 
A3 • RTI * HO 

O PRINT *, *S2« *, 82, • HI-', HI, • D- ',0 
A l * S2 * D * HI * Bl 
A2 • SI * RTI1 * F * H2 * B2 

O PRINT *, 'Al- ', Al, ' A2- •, A2, • A3" *, A3 
B « (Al - A2> / A3 !B • BIN • I> 

0 PRINT *. '•(', i, 'I-', • 
40 CONTINUE 
C 
100 XF (SCALE.CQ.O.) RETDM 

• • • * EX»«-SCAtE / 2.) 
D PRINT *, ' B-', B 
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c 
C tHtfl PROGRAM INTSSRRXD SGNKXBKMSERS RtfUAIIOR 
c oonaao moH s c POINT M. n SUPS or SHE N, 
c fw NMIRT ran. a s ranruL n 
c i> racnw rvo, « nc no or ma.r 
C CORRBXLT tMB POTENTIAL FBRCTION IS Z> 
c •or a m am m n—im i r ammim THE VALCE 
c or co« m M WON war or unci . 
C TWO POORS ARC •EBB) TO SORT OB 
c TNTTORATTON - n « M , M D n » ao*H 
C IT IS ASSOHED TH*T PMO., IDT TOO MOST INPOT Fl. 
c B i j w o c o r P I i s ORTHPORTART A S LONG AS A * 
C UNDERFLOW Oil Ml OVERFLOW CONDITION DOCS NOT 
C EXIST. FOR A SLOWLY VARYING POTENTIAL. PI ON 
C THE ORDER OT ONITT IS APPROPRIATE, SOT FOR RAPIDtT 
C WANTING OR STOP POTENTIALS PI ON THE ORDER 
C or l.E-35 MAT BE NECESSARY. 
C THIS PROGRAM INTEGRATES THE EQUATION STARTING 
C AT THE ENERGY CO, EO IS TWR INCREMENTED 
C IT THE AMOUNT EINC, AND THE EWACTOW, IS 
C INTEGRATED AGAIN. THIS CONTINUES rOR 
C ILEVEL INTEGRATIONS. 
C CORRENTLT 512 POINTS ARE STORED IN THE 
C OUTPUT FILE. ISAVE DETERMINES THE SPACING 
C OF THESE POINTS. 
C SFACING>H*ISAVE 
C 

INTEGER*4 ISTR 
DIMENSION A(6144) 
INOMS - S12 !# OF POINTS SAVED 
CON ' 5.3224 !2*M / HBAR**2 (CM / AUG**2) 

C 
C ************ INPUT PARAMETERS ************** 
C 

PRINT 20 
20 FORMAT ('*# OF INTEGRATION POINTS (INTEGER)! ') 

ACCEPT *, HPOIMT 
PRINT 25 

25 FORMAT <'CINTEGRATION STEP SIZE (AUG)i ') 
ACCEPT *. H 
PRINT 30 

30 FORMAT <'«STARTING POINT (ANGS)i ') 
ACCEPT *. RO 
PRINT 35 

35 FORMAT ('•STARTING PARAMETER POi ') 
ACCEPT *, EPS 
PRINT 40 

40 FORMAT ('SINITXAL ENERGY U/CM) t ') 
ACCEPT *, EO 
PRINT 45 

45 FORMAT ('SENERGT INCREMENT (I/CM): ') 
ACCEPT *, EINC 
PRINT 50 



50 FORMAT {'«* OF ENERGY LEVELS (INTEGER)> '1 
ACCEPT *, ILEVEL 
H U T 55 

55 FORMAT <'$OOTPUT FILE NAME ') 
CALL ASSIGNU.DUMMY,-1) 
PRINT co 

CO FORMAT C'tFILE IDENTIFIER (4 CHAR AT MOST)^ ') 
READ<5,911> ISTR 

511 FORMAT(AS) 
PRINT 70 

70 FORMAT ('^FRACTION OF POINTS SAVED {INTEGER)! '1 
ACCEPT *, ISAVE 

C 
C ********* HRITE OUTPUT FILE HEADER ************* 
C 

MlITE(l) ISTR !FILE IDENTIFIER 
HRITEIl) 1, ILEVEL 
WRITEd) RO. H*ISAVE, INDHS 
WtlTE(l) ILEVEL 
HRITE(l) EO 
NRITE(l) EINC 

C 
C ************* CALCULATION ***************** 
C 

PRINT *, 
DO 173 II1-0.ILEVEL-1 '.ENERGY LEVEL 
E - EO + III * EINC !ENERGY ABOVE DISS. 
PRINT *, III • 1, E 
A(2)-EPS 
A(1)«0. 

C 
C INTEGRATE SCRODINGER'S EQ. 

DO 10 I>3,NP0INT 
1 • 10 t (I • 1) * H 
A(I>-(2. - H * H * CON * (E - FV(R)>) * A(I-l) - A(I-2) 
IF (AID.LT.l.E+U) GOTO 10 
DO 15 J • 1, I (PREVENT OVERFLOW 

15 A(J) * A(J) / A(I) 
10 CONTINUE 
C 
C NORMALIZATION CONSTANT 

K-NPOINT 
16 K-K-l 

IF <A(NPOINT)*A<X).GE. 0.) GOTO 1C 
N1»K ILAST ZERO CROSSING 

C 
17 K«K-1 

IF (A(NPOINT)*A(K).LT. 0.) GOTO 17 
N-Nl-K !PENULTIMATE ZERO CROSSING 

C 
SUH-0. 
DO 11 I-O.N-1 •INTEGRATE LAST HALF PERIOD 

11 SUM-SUH+ACNl-X) 
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FACTOR'AIS (. 507S*M/SOM) 
c 
C NORMALIZE ILOOP»H-(INUHS-l)*I»AVE 

OO 12 I-l.ILOOP,ISAVE 
A<Z)»FACTOR * A(I ) MtZTE(l) A(Z) 12 CONTINUE 173 CONTINUE CALL CLOSE(l) C STOP END 
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PROGRAM FCFACT 
C 
C THIS PROGRAM CALCULATES D C FRANCK-CONDON FACTORS AMD 
C R-CENTROIDS FOR TRANSITIONS BETMEDI THO STATES WHOSE 
C VIBRATIONAL NAVEFUNCTIOM HAVE BEEN STORED OS FTSK. THE 
C . HESHES ON HHICH THE HAVEFUHCTIONS HAVE SEE* CALCULATED 
C MOST K THE SAME. F-C FACTORS AMD R-CEMTROIDS ARE STORED 
C ON SEPERATE FILES AMD ARE MOT SQUARED. 5/27/15 MM 
C 
C FUNCTIONSt 
C SQUADtEX) 
C 
C 51 LOHER VIBRATIONAL LEVELS, 100 UPPER LEVELS 
C 512 POINTS / MALFUNCTION MAX. 
C IF FCF • 0, RCENT » -1. 
C • 

IMPLICIT INTEGER <V> 
VIRTUAL HFU*L(512. 51), HFUNU<512> 
VIRTUAL FCF(51, 101), RCEMT<51, 101) 

C 74X OF VIRTUAL MEMORY REQUIRED 
REAL INTCRD(512) 
DIMENSION IDENTLO), IDENTUO), IDENTF(4)r IDENTR(4) 
L0CICAL*1 FCNAMEdfi), RNAMEdS), ERR 
COMMON /SILK/ INTGRD IFOR SUBROUTINE SQUAD 

C 
C ********************* INPUT ************************** 
C 
C ********* INPUT LONER STATE MAVEFUNCTIONS ********* 

PRINT 15 
15 FORMAT <'(COMPLETE LOHER STATE FILENAME ') 

CALL ASSIGN (1, DUMNT, -1) 
C 
C READ HEADER 

READ 11) (IDENTL(J), J - 1, 2> (FILE IDENTIFIER 
IDENTLO) " 0 (STRING TERMINATER 
PRINT 20 

20 FORMAT <'»FILE IDENTIFIER - ') 
CALL PRINT (IDENTL) 

C 
READ <1) VIL, VFL (INITIAL AND FINAL VII. LEVELS 
READ <1) Rl, STEP, NSTEP 
READ <1) IDOMMT (EXTRA HORD 

C 
C READ LONER STATE HAVEFONCTIONS 

DO 25 VL - VIL + 1, VFL • 1 
DO 25 J - 1. NSTEP 
READ 11) NFUNLtJ. VL) 

25 CONTINUE (HEM VIBRATIONAL LEVEL 
C 

CLOSE IUBIT - II 
C 
C ********** OPEN UPPER STATE FILE ********* 
3* PRINT *. 

PRUT 31 
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35 FORMAT f'SCOMPLETE UPPER SHOE FILENAME ') CALL ASSIGN (1, DDHHT, -1) C 
c READ m m 

READ (1) <IDERTU(J>, J « 1, 2) !FItE IDENTIFIER 
IDENTOO) - o (STRING TERMXIUXER 
PRINT 40 

40 FORMAT <'*FILE IDENTIFIER - •» 
CALL PRINT (ioomr) 

c 
REM) (1) VXD, Vra IXKTUL AMD FINAL VII . LEVELS 
READ (1) RIO, STEPU, NS'llPU 
IF (ABS(R1 - RlU) .GT. l .E-04) GOTO 43 
IF (ABS<STEP - STEPU).GT.l.E-06) GOTO 43 
IF (NSTEP.NE.NSTEPU) GOTO 43 GOTO 43 I MESH PARAMETERS MOST RE IDENTICAL 43 PRINT *, 'MISMATCH » MESH PARAMETERS. - TRT A REM FILE' CLOSE (IKT - 1) GOTO 30 C 45 READ (1) MELEVL !t OF COMTIMUDH ENERGY LEVELS IF (HELEVL.LE.O) GOTO 50 
PRINT *, 'CONTINUUM FILE' 
IF (NELEVL.ED.VFU) GOTO 4C 
PRINT *, 'ERROR IN FILE HEADER' 
STOP 

46 READ (1) EINIT !INITIAL ENERGY LEVEL (1/CM) 
READ (1) ESPACE (ENERGY LEVEL SPACING (1/CM) C C ********** OUTPUT FILENAMES ********** SO PRINT *, PRINT 53 S3 FORMAT «'$FC FACTOR FILENAME! ') CALL GETSTR (3, FCNAME, 15, ERR) PRINT CO 60 FORMAT CtFILE IDENTIFIERi •) CALL GETSTR (3, XDENTF, ft, ERR) PRINT 69 65 FORMAT ('$R-CENTROID FACTOR FILENAME! ') CALL GETSTR (I. RMAME, IS, ERRJ PRINT 76 70 FORMAT <*$FILE IDENTIFIERi •) CALL GETSTR (5, IDENTR, 6, ERR) C C C ******************* CALCULATION ********************* C DO 116 W • VIU • 1, WW • 1 IOPPER VIBRATIONAL LEVEL PRINT US, V0 - 1 U S FORMAT IT20, ' VUPPER • ', 131 C FCT - •. tSUM or FCF**2 FOB VI 

C RES 
00 SI * • 1. 
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READ (i) tramnsi 
si CONTINUE 
c 

DO 120 VL • VIL + 1 , VFL + 1 iLOWSK VIBRATIONAL LEVEL 
C 
C FORM FRANCX-CONDON INTEGRAND 

DO 125 J > 1, NSTEP 
IMTCRD(J) - MFDMHJ) * MFDNLCJ, VL) 

125 CONTINUE 
c 
C INTEGRATE FRANCE-CONDON FACTOR 

FCFIVL, VD) - SQDADCSTEP, NSTEP) 
FCT • FCT • FCF(VL. VD)**2 

C 
IT (FCTtVL, VDKRC.O.) GOTO 220 
RCEKTIVL, VD) - -1'. 1FREVEHT DIVISION ST ZERO 
GOTO 120 

C 
C FORM R-CESTROID IMTEBRAMD 
220 DO 225 J • 1, NSTEP 

R • Rl + (J - 1) * STEP 
IMTGRD(J) - trOlTO(J) * R * WUWL<J, VL) 

225 CONTINUE 
C 
C INTEGRATE R-CENTROID 
229 RCDTTtVL, VD) - SQOAD(STEP, NSTEP) 

RCENT<VL, VD) • RCENT<VL, VD) / FCF(VL, VD) INORMALIZE 
C 
120 CONTINUE INEM VL 
C 

PRINT 130, FCT 
130 FORMAT ('+FCT •', FB.5) 
110 CONTINDE tNEH VD 

CLOSE (UNIT • 1) 
C 
C ********************* STORAGE *********************** 
C 
C OPEN FRANCK-CONDON FILE 
300 CALL ASSIGN (1, FOAMS, 0) 

MUTE (1) tlDENTTlJ), J - 1, 3) 
HRITE (1) VIL, VFL, VIO, VFO 
HRITE (1> NELEVL 

C 
C OPEN R-CENTROID FILE 

CALL ASSIGN (2, RNANE, 0) 
NRITE (2) tlDENTA(J), J - 1 , 3) 
MUTE (2) VIL, VFL, VXD, VFO 
MUTE (2 ) NELEVL 

C 
C FOR CONTINUUM OFFER LEVELS 

IF (NELEVL.LE.O) GOTO 310 
MUTE 111 EMIT 
MUTE U> ESPACE 
MUTE 12) EMIT 
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MITE (21 ESMCE C 
C MITE FC FACTORS AMD R-CENTROIDS 310 DO ISO VL " VIL • 1, VFL • 1 DO 150 VD " VIO • 1, VFO • 1 MITE (1) FCFCVL, VDI 

MITE (2) RCERTtVL, VD) 150 CUMTIMUC C 
CLOSE (OMIT • II CLOSE (OMIT » 2) C 

c ****************************************************** 
c 
r GOTO 30 (MEM UPPER STATE 

STOP 
D O 
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PROGRAM VIBOIS 
C 
C VIBOIS CALCULATES THE DISTRIBUTION OF VIBRATIONAL LEVELS 
C OBSERVED AT A CIVEM NAVELEHCTH. THE FRANCK-COMDON FACTORS 
C FOR THE TRANSITON HOST ALREADY BE STORED OR OZSR. TMS 
C RELATIVE CONTRIBUTION OF EACH (MORSE) VIRRATIOIIAL LEVEL 
C IS BOTH PRINTED AMD STORED OR DISK. MR 
C MODIFIED FOR OSE HITH CONTINUUM STATES. S/l/SS MR 
C TO USE A REM UPPER STATE, CHANGE THE UPPER STATE PARAMETERS, 
C INSERT A FUNCTION TO CALCULATE THE UPPER STATE ENERGY, 
C AND CHANGE END IN CALCULATION-DISCRETE STATES SO IT IS THE 
C UPPER STATE ENERGY. NOTE DEFINITION OF EINIT FOR 1U STATE. 
C 
C FUNCTIONS - MUST MATCH STATES INVOLVED 
C EMC ENS ERA H SfiUAD(EX) 
C 

IMPLICIT ZNTEGER(V) 
PXAL M, INTGRDI512) 
INTEGER FMAME(4) 
VIRTUAL FCF(51, 101), RCENTOl, 101) 
DIMENSION TRANSTI51), IDENTF(4>, IDENTR(4>, NAME(8) 
COMMON /SILX7 INTGRD 

C 
C UPPER STATE PARAMETERS (1U-STATE) 

TEU • 1254*. (UPPER STATE TE (1/CM) 
DISSU • -ISO. (UPPER STATE DISSOCIATION ENERGY (1/CM) 
TRNMOM * 0.13* * 2. (TRANSITION MOMENT (DEHYE**2) * DEGENERACY 

C 
C ********************* INPUT ************************** 
C 
C OPEN FRANCK-CONDON FILE 

PRINT IS 
15 FORMAT ('tCOMPLETE NAME OF FILE CONTAINING F-C 

1 FACTORS ') 
CALL ASSIGN (1, DUMMY, -1) 

C 
READ (1) <IDENTF(J), J • 1, 3) 
IDENTF(4) • 0 (FILE TERMINATER 
PRINT 22 

22 FORMAT <'«FC IDENTIFIER - ') 
CALL PRINT (IDENTF) 

C 
READ (1) VIL, VFL. VIU, VFO 
READ (1) NELEVL 

C 
C OPEN R-CENTROID FILE 

PRINT 17 
17 FORMAT ('tCOMPLETR NAME OF FILE CONTAINING R-CENTROIDS') 

CALL ASSIGN 43. DUMMY, -1) 
13) (IDENTR(J), J - 1, 3) 
»<4) • 0 (FILE TERMINATER 

PRINT 24 
24 FORMAT I'•R-CENTROID IDENTIFIER - 'I 

CALL PRINT (IDENTR) 
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READ O ) VUJt, VTUt, VXOI, VFDR 
READ (3) MELEVR 

C 
C TEST FILE AGEEMENT ZF (VIL.NE.VXLR.OIl.VFL.IK.VFLR.OR.VXO.ME.VIfnt.OR. lVFtf.ME.VFDK.OR.RELEVL.ME.MIXEVR) GOTO 3b 

GOTO 3C 
35 WIRT * , 'MIS-MATCHED FILES' 

STOP 
C 
C CONTINUUM FILES 3< IF (NELEVL.LE.O) GOTO 25 

READ (1) EMIT 
READ (1) ESPACE 
READ (3) EINITR 
READ (3) ESPACR IF ((EMIT - EINITR>.GT.l.E-04> GOTO 35 
IF ((ESPACE - ESPACR).GT.l.E-04> GOTO 35 
EMIT - EMIT • ISO. !1U STATE OMLT! 

C 
C READ FRAMCX-CONDON FACTORS AMD R-CEHTROIDS 25 DO 30 VL - VIL • 1. VFL + 1 

DO 30 VU - VIO • 1, VFD + 1 
READ (1) FCF(VL, VU) 
READ (3) RcnrnvL, vu> 

30 COMTIMUE CLOSE (OMIT - 1) C C TRANSITION HAVELENGTH PRINT *, 10 PRINT S 5 FORMAT CSTRANSITION WAVELENGTH (MM) I *) ACCEPT *, WHAMS DRAMS • 1.0E7 / HTRANS (TRANSITION ENERGT (1/CH) C C OPEN OUTPUT FILE PRINT 20 20 FORMAT ('•COMPLETE OUTPUT FILENAME! ') CALL GETSTR (S. NAME, 14) 
CALL ASSIGN (2. NAME. 0) 
PRINT 45 45 FORMAT CSFILE IDENTIFIER - ') 
CALL GEX*TR(S, FRAME, 7) C C ********************* CALCULATION ******************** C C INITIALISE TRANST 
DO 110 J • 1 . 51 

110 TRANST(J) - 0 . 
C 
C DISCRETE S I M M IF (NELEVL.GT.4) 00X0 ISO ICONTINUUM STATES 00 12* VL > VIL, VFL 
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C 

C 

c 
120 
c 
c 
190 

DO 120 VU > VXU, VFD 
0 0 * EHMVU) 
DELTAE * D D - ENX(VL) - ETRARS 
TRNMOH » AM2(RCENT(VL + 1 , VU • 
NT - H< DELTAE) 

•.UPPER m m 
! ENERGY MISMATCH 

1>) (TRANSITION HOMER 
IHEICHTZIIG FUNCTION 

TRAKSTCVL • i) • TRANSTCVL + i> + 
1 Iff * FCF(VL • 1 , VU + 1>**2 * TMMOH 
CONTINUE 
COTO 200 !OUTPUT 

CONTINUUM STATES 
DO 155 VL • VIL, VFL 
DO 1«0 JE - 1, NELEVL 
E • EMIT «• IJE - 1) * ESPACE 
EOT • TEU • DISSU + E 
DELTAE « ENU - ENX(VL) - ETRANS 
TRNKOM - AM2(RCENT.<VL + 1, JE • 
D - 1.153* / SQRTtE) 
NT - H< DELTAE) 

tENERGT (1/CM) ABOVE DISS. 
IENERCT ABOVE VX-0 
[ENERGY MISMATCH 

1)1 I TRANSITION MOMENT 
!DENSITY OF STATES 
IHEICHTING FUNCTION 

C 
160 
C 

155 
C 
C 
c 
C 
200 

c c 
210 
c c 
212 

213 
21S 
C 

INTOUXJE • 1) 
1 TRNMOM * D 
CONTINUE 

• FCFJVL + I, JE + 1>**2 * HT * 

(NEM JE 
INTGRDtl) - MTGRD<2) IINTECRATE TO E - 0 
TRANSTCVL + II • SQUAD!ESPACE, NELEVL + 1) 
CONTINUE (HEM VL 
*********************** OUTPUT *********************** 

MUTE HEADER 
NRITE <2> (FNAME(J), J • 1, 3) 
MUTE (21 VIL, VFL 
WRITE (2) HTRANS 

IFILE IDENTIFIER 

MUTE (21 0 (EXTRA HORD 
MUTE TRANSITION STRENGTHS TO DISX 

DO 210 VL • VIL •»• 1, VFL • 1 
MUTE <2> TRANST(VL) 
CLOSE (UNIT - 2> 

PRINT RESULTS 
PRINT *, 'ILPR C 
PRINT 212 
FORMAT r•FILENAME - •> 
CALL PRINT (NAME) 
PRINT 213, MTRANS 
FORMAT <' TRANSITION AT 
PRINT 21S 

(' VL 

I PRINTER ON 

F5.0, • NM', 
/> 

/) 



TSOH • 0 . 
DO 220 VL - VII., VFL 
PRUT 217, VL, DK(VL) , TRAMTCVL + 1) 

217 FORHJtt ( ' ' , 1 2 , X, F S . l , X, C12.S) 
TStM « TSOH + TRMST(VL + 1) 

220 CONTINUE 
C 

PRINT 225, TSUK 
225 FORMAT (/, ' TOTAL •', «C, G12.5) 

PRINT*, 'ILPRN' !PRINTER OFF 
PAUSE 'RETURN FOR NEH WAVELENGTH' 
GOTO 10 

C 
STOP 
END 
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PROGRAM TRAMD 
C 
C THIS PROGRAM ADDS TRANSITION STRENGTH FILES. 6/1/S5 MB 
C 

IMPLICIT INTEGER (V! 
ZNTEGER FNAME(S) 
DIMENSION IDENT(«>, TRANS<S1) 

C 
DO 5 J • 1, SI 

5 TRANS(J) - 0. 
C 
C ***************** READ AND ADD OLD FILES ************* 
C 
10 PRINT 15 
15 FORMAT ('^COMPLETE FILENAME ') 

CALL ASSIGN (1, DUMMY, -1) 
C 
C READ HEADER 

READ (1) <IDENT(J), J * 1,3) 
IDENT(4) • 0. (STRING TERMINATES 
PRINT 20 

20 FORMAT ('IFILE IDENTIFIER - '> 
CALL PRINT (IDENT) 

C 
READ CD VI, VF 
READ (1) HTRANS 
READ (1) IDUHMY 

C 
C READ AND ADD TRANSITION STRENGTHS 

DO 25 V » VI • 1, VF • 1 
READ (1) T 
TRAHS(V) > TRANS(V) + T 

25 CONTINUE 
C 

CLOSE (UNIT - 1) 
C 
C REPEAT? 

ANS - •N" I DEFAULT - STOP 
PRINT 30 

30 FORMAT 4'«ADD ANOTHER FILE?') 
ACCEPT 35, ANS 

35 FORMAT <1A> 
IF (ANS.EQ.'Y') GOTO 10 

C 
C ********************* milt, NEN FILE ******************** 
C 

PRINT *, 
PRINT 110 

110 FORMAT f'tSOH FILE NAMEl ') 
CALL GETSTRCS, FNAME, IS) 
PRINT 111 

u s ronHRX r»son m i IDENTIFIER - •> 
CALL COSTRIS. IDENT, t> 
CUt, ASSIGN!1. FNAHE, • ) 



C MUTE HEADER 
HRITE Cl> <IDQfT<J>, J - 1 , 3> 
MRITE (1) V I , VF 
HRITE (1> WERAIM iTRAMISION MAVELENGTH 
WRITE (1) 0. '.EXTRA WORD 

C 
C HRITE TRANSITION STRENCTHS 

DO 120 V - VI • 1. VF + 1 
NRITE (1) TRANS(V) 

120 CONTINUE 
C 

CLOSE (UNIT - 1) 
C 
C ****************** PRINT RESULTS ******************* 
C 

PRINT 213, HTRANS 
213 FORMAT (' TRANSITION AT ', F5.0, ' NH', /) 

PRINT 215 
215 FORMAT (' VL ENERGY STRENGTH', /) 
C 

TSUM - 0. 
00 220 V - VI, VF 
PRINT 217, V, ENX(V), TRANS(V * 1) 

217 FORMAT C ', 12, X, F8.1, X, G12.5S 
TSUM • TSUM + TRAMS(V + 1) 

220 CONTINUE 
C 

PRINT 221, TSUM 
225 FORMAT (/, ' TOTAL -', SX, C12.5) 

STOP 
END 



Appendix C. Vibrational Population Dl^tribetion Calculation 

The data inversion to find the population distribution requires 

several provisions to obtain reasonable results. First, to get the 

total absorption at a given wavelength, the absorption of the ground 

state at that wavelength must be added to the absorption change Measured 

by the data. Thus one number must be chosen which represents the total 

population relaxing in the X state, but which is the same for all 

wavelengths and all times. Th* total population should be such that the 

total absorption at 500 nm is near the maximum bleach observed. 

Furthermore, none of the populations calculated should be negative, nor 

should the lowest level populate before the higher levels. These 

conditions restrict the value of the population to a narrow range. 

Variation of the population within this range causes small variations in 

the population in the lowest energy region and negligible changes 

elsewhere. 

For the data obtained using a 12-ps A-state risetime, all the 

conditions on the population value cannot be simultaneously satisfied. 

This arises because the subtracted bleach curve has a nearly flat early 

portion, whereas a partial early recovery ia expected (see text). If a 

risetime of 17 ps is used, a qualitatively correct bleach curve is 

obtained and a realistic population distribution is found. A risetime 

of 17 ps was used for all the data used to generate figure 19. It is 

not surprising that this is a different risetime than that cited 

earlier* Since the exponential rise assumed for the A state is probably 

not the correct functional form, slightly different exponential 

rlsetlmes will give the best results In different situations. 
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Flnallr, tba function 1* anat ba choaan to glva tha propar llalt at 

long tiaaa. For aoat of tha energy regions, S* la aat aqual to tha 

average value of S over that region. For tba lowest region, how*Tar, 

tba value la aat to tba value at tha bottom of tha wall. Thla Inauraa 

that at long tlaaa, whan tba population la all at tba vary bottoa of tha 

wall, tha eorract absorption apactrua will ba predicted. 

Tha FORTRAN coda for tha prograa DATINV, which actually perforaad 

the calculation, follows. 
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C 
C THIS PROGRAM IS iWMLKl) TO APPROXIMATE THE 12 VIBRATIONAL 
C DISTRIBUTIONS AT SEVERAL TIMES. K C CORRELATION FUNCTION 
C OF J * FJtANCK-CONDON STRENGTH NZXH SHE VIBRATIONAL DISTRIBUTION 
C IS INVERTED IT APPROXIMATING IT AS A MATRIX PROBLEM. 5/20/85 
C 
C FUNCTIONS! 
C MINV(EX) EMX IRMD 
C c 

LOGICAL*1 BAME(IS), ERR 
IMPLICIT INTEGER (V) 
INTEGER TPT<20>, VPT(7), OPTS, STEPS, TO 
DIMENSION DATA!6,20), TRANST(ft,6>, P ( 6 , 2 0 ) , HTRANS(6) 
DIMENSION IDENTO), HX(6>, H2<6), DATAI(6,20>, TRAMS(6,6) 

C 
C ************ READ EXTERNAL COMMAND FILE ************* 
C 

PRINT 15 
15 FORMAT ('(INPUT COMMAND FILE NAME ') 

CALL ASSIGN (2, DUMMY, -1) 
PRINT *, 'ILPR C (PRINTER ON 
READ (2, *) MICRON (MICRONS/STEP » 
PRINT *, MICRON, 'MICRONS / STEP' r 

READ (2, *) IMIDTH I DATA AVERAGING HALF WIDTH (PTS) 
PRINT *, 'AVERAGE +-', IHIDIH, ' POINTS OF DATA' 
READ (2, *) NDIM I* LAMBDA PTS - * ENERGY PTS 
READ (2, *) <VPT(J>, J - 2, NDIM) IVIB. DIVIDING PTS. 
PRINT *, 'VIBRATIONAL DIVIDING POINTS' 
PRINT *, (VPT(J), J • 2, NDIM) 
READ (2, *) NTPTS !« TIME PTS 
READ (2, *) (TPT(J), 3 • 1, NTFTS) ITIME PTS 

C 
C ******** READ AND AVERAGE TRANSITION STRENGTHS ******* 
C 

PRINT *, 
PRINT *, 'TRANSITION STRENGTH FILES' 
PRINT *, 
DO 210 LAMBDA - 1, NDIM 

C 
C OPEN FILE AND READ HEADER 

CALL GETSTR 12, NAME, 15, ERR) 
CALL ASSIGN II, NAME, 0) 
rar.r. PRINT! NAME) 
READ (1) <IDENT(J), J • 1, 3) 1FILE IDENTIFIER 
READ (1) VEX, VFX (INITIAL AND FINAL VIB. 
VPTU) • VEX 
VPTINDIM + 1) - VFX 
READ (II MTRANS(LAMBDA) (TRANSITION WAVELENGTH (MM) 
READ (1) HJUHMT 1 EXTRA HORD 

C 
C IDENTIFY BLEACH DATA 

IF (HTRANS(LAMBDA).GT.550.) GOTO 215 
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C 
C TRAPAZOID HOLE INTEGRATION OF TRANSITION 
21s READ at ENDPT IFIRST TRANSITION STRENGTH 

DO 220 JE - 1, MDIH !VIB ENERGY REGION 
SON • 0.5 * ENDPT 
NINTER • VPKJE • 1) - VR(JE) I* OF INTERVALS XM INTEGRATION 

C 
DO 230 VX - VPT(JE> • 1 , VPKJE • X) - 1 
READ (1) TRAM 
SON • BOH «• TRAM 

230 CONTINUE 
C 

READ (1> EMDPT 
SUM » SOM • 0.5 * ENDFT 
TRANST(LAMBDA, JE) - SUM / MIMTER 

C CHANCE JE - I DEFINITION 
IF (JE.EQ.l) TRANSTiLAMBDA, JE) - EHDFT1 

C 
220 CONTINUE !NEH ENERGY REGION 
C 

CLOSE (UNIT - 1) 
210 CCWTINUE 1MB) WAVELENGTH 
C 
C DELTA FUNCTION APPROXIMATION 
C DO 232 LAMBDA • 1, NDIM 
C DO 232 JE - 1, NDIM 
C IF (JE.ME.LAMBDA) TRAKSTILAMBDA, JE) • 0. 
C IF (JE.EQ.LAMBDA) TRAMSTCLAMBDA, JE) - 0.2E-03 
C232 CONTINUE 
C 
C REfCALE TRANSITION STRENGTHS 

DO 250 LAMBDA > 1, NDIM 
DO 250 JE - 1, NDIM 
TRANST(LAMBDA, JE) - TRANST(LAMBDA, JE) * 5.0E+03 

250 CONTINUE 
C 
C ************** READ SUBTRACTED DATA ****************** 
C 

PRINT *, 
PRINT *, 'DATA FILES' 
LDUMMT « 0. 
DO 120 LAMBDA • 1, NDIM !HAVELENGTH (FILE) 
READ (2. *) SMAX iMAXIMUM SIGNAL CHANCE 

C 
C OPEN DATA FILE 

CALL GETSTRC2. NAME, 15, ERR) IXEAD FILENAME FROM COMMAND FI~£ 
ITER • ISCOMP!'DUMMY', NAME) 
ZF (ZTEST.NE.O) GOTO 103 
00X0 120 

103 CALL ASSIGN!1, NAME, 01 
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PRINT 1 0 5 . SMC, m i M H C U M M ) , M U 
105 FORNAX ( ' *, 1CA1, F 7 . 0 , * MM ', F 7 . 3 , ' SIGNAL CHANGE') 

0ET3B MLE 1 (1000 , 1 , 0 , IASV) 
KOD (I'D n IFILE T»PE IDENTIFIER 
IT (KB.EQ.-45502) GOTO 110 
PRINT *, 'MftONG FILE TTPE' 
STOP 

c 
C READ PARAMETER FROM DATA FILE 
110 READ <1'13) OPTS !• OF DATA PTS 

READ (1'IS) STEPS !STEPS / PT 
C EARLT FILES HAD TO AT 77 - SON CR IS AT 77, TO AT 80 

READ (1'77) TO 
IF (T0.Efl.13) READ (l'SO) TO !T«0 PT 
PSPT - MICRO* * STEPS / 299.79 {PICOSECONDS / PT 

C 
C ******* READ AND AVERAGE DATA ******* 

DO 130 JT « 1, NTPTS iTIME PT 
LOCTPT - IRND«TPT(JT) / PSPT) 4- TO ITPT LOCATION IN POINTS 
IF (LOCTPT -i- IHIDTH.LE.DPTS) GOTO 132 
IF (LOCTPT.GT.OPTS) GOTO 135 
PRINT *, 'ERROR IN TIME LOCATION - ', TFT(JT), 'PS' 
PAUSE 'RETURN TO SET DATA - 0' 

135 DATAKLAHBDA, JT) • 0. 
GOTO 130 

C 
C AVERAGING LOOP 
132 SUM - 0. 

DO 140 X • LOCTPT - WIDTH, LOCTPT + IMIDTH 
READ (1' X + 256) INTER 
DIFF • (FLOAT!INTER) / 100.) - 10. IDE-SCALE DIFF DATA 
IF (DIFF.LT.-.002) DIFF - DIFFT I SET TO PREVIOUS VALUE 
DIFFT • DIFF 
SUM • SUM • DIFF 

140 CONTINUE 
C 

SUM • SUM * SMAX / 100. (SCALE TO ABS. CHANGE 
DATAKLAMBDA, JT) • SUM / (2 * WIDTH + 1) 

130 CONTINUE 
C 
C RE-INVERT BLEACH DATA 

IF (LAMBDA.NE.LGREEN) GOTO 129 
DO 127 JT - 1, NTPTS 

127 DATAKLAMBDA, JT) » -DATAKLAMBDA, JT) 
C 
129 CLOSE (UNIT > 1) (CLOSE DATA FILE 
120 CONTINUE INEH WAVELENGTH 
C 
C JUGGLE TRANSITION MATRIX SO TOTAL POP. IS FIXED 

DO 1SS LAMBDA - 1. NDIM 
DO 1«5 JE « 1, NDIM 

IBS TRANS(LAMBDA, JE) • TRANST(LAMBDA, JE) {PRESERVE ORIGINAL VALUES 
IF (LDUMMT.EQ.O) GOTO 170 
SO 12B JE • 1, NDIM 

http://T0.Efl.13
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12S TRANS4LDUHMT, JE) - 1. 
C 
C PRINT TRABST MATRIX 
170 PRINT *. 

PRINT *, 
PRINT *,'TRANSITION STRENGTHS * 5.E+03' 
00 155 I Hit* • 1, NOIM 
PRINT ICO, HIRAM<LAMBDA) , (TRANS(LAMBDA, JE), 
1 JE - 1, NDIM) 

160 F0RMAT(P6.0, ' i', C(2X, Gil.4)) 
1SS CONTINUE 

PRINT A, 
PRINT *, 

C 
C ******************** INVERT TRANST ****************** 
C ASSUMING DATA - TRANST * P (MATRIX MUL.) WHERE P IS THE VECTOR 
C DESCRIBING THE VIBRATIONAL DISTRIBUTION, P CAN BE FOUKD BT 
C INVERTING THE TRANST MATRIX 
C 

CALL MINVCTRANS, NDIM, DET, HI, H2) 
C 
C PRINT INVERSE TRANST MATRIX 

PRINT *, 
PRINT A, 
PRINT *, 'DETERMINANT «'. DET 
PRINT *, 
PRINT *, 
PRINT A,'INVERSE TRANSITION STRENGTHS' 
DO 340 LAMBDA • 1, NDIM 
PRINT 345, (TRANS(LAMBDA, JE), JE • 1, NDIM) 

345 FORMATICX. '«', C(2X, Gil.4)) 
340 CONTINUE 

PRINT A, 
PRINT A, 

C 
C ********** REDEFINE DATA BASELINE ***************** 
C 
COO PRINT A, 

PRINT BOS 
C05 FORMAT C«AO • ') 

ACCEPT A, AO 
C 
C CORRECT BASELINE 

DO C25 LAMBDA • X, NDIM 
DO C2S JT * 1, MTPTS 
DATACLAMBDA, JT) » DATAKLAMBDA, JT) • AO * 
1 TRANSKLAMBDA, 1) / TRANST(LGREEN, 1) 

C25 CONTINUE 
C 
C ASSIGN -DUMMY* DATA 

IF (LDUHMr.BQ.O) GOTO C30 
POPTOT • AO / TRANST(LGREEN, 1) 
PRINT ** 'POPTOT • *, POPTOT 1T0TAL POPULATION 
00 CIO JT - 1, NTPTS 



DATACLDUMHY, JT) - POPTOT 
610 CONTINUE 
C 
c 
C PRINT DATA MATRIX 
S30 PRINT *, 

PRINT *, 'DATA(%>' 
00 615 JT « 1, RTPTS 
PRINT 620, TPTlJTl, (DATA(LAMBDA, JT) A 100., 
1 LAMBDA - 1, NDIM) 

620 FORMAT (' ', 14, *«', 6<2X, F10.4)) 
615 CONTINUE 
C 
C AAAAAAAAAA********** CALCULATE P ********************* 
C 

DO 410 IT " 1, MTFTS ITIME 
DO 410 Z - 1, NDIM 
P(I, IT) • 0. 
DO 410 J » 1, MDIM 
P(I, IT) - P(I, IT) * TRAMSd, J) * DATA(J, IT) 

410 CONTINUE 
C 
C ********************* PRINT P ************************ 
C 

DO 510 IT - 1, NTPTS (TIME POINT 
C 
C PRINT HEADING 

PRINT 515, TPT(IT) 
515 FORMAT </, 10X, 'TIME • ', 13, ' PS', /> 

PRINT 520 
520 FORMAT (' VIB', 5X, 'AVE', 27X, 'PDEN') 

PRINT 525 
525 FORMAT (' LEVELS ENERGY', SX, 'P', IX, *P(%)', 2X, 

1 '1/1000 CM') 
C 
C SUM P 

PTOT » 0. 
DO 530 JE - 1, NDIM 

530 PTOT - PTOT + P(JE, IT) 
C 
C PRINT P 

DO 535 JE « 1, NDIM ! ENERGY REGIONS 
PPER « P<JE, IT) * 100. / PTOT IP AS A % OF TOTAL 
EMIDTH • <EHX(VPT(JE *• 1)> - ENX(VPT(JE) > > / 2. !ENERGY HIDTH 
PDEN - (PPER / EMIOIH) A 1000. (POPULATION DENSITY 
EAVE - (ENX(VPT(JE • 1)1 • ENXIVPT(JE))) / 2. !AVE. ENERGY 
PRINT 540, VPT(JE), VPT(JE • 1), EAVE, P(JE, IT), PPER. 
1 PDEN 

540 FORMAT (' ',12, '-', 12, 3X, F5.0, 3X, Ell.4, 2X, 
1 FC.2, 3X, F7.2) 

535 CONTINUE INCH ENERGY REGION 
C 

PRINT S45. PTOT 
545 FORMAT UiX. •TOTAL ', Ell.4) 
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C CALCULATE AMD PNIMT OOMfT SIGNAL 
IF (UXMIT.IQ.O) GOTO 510 
ODHSIG > 0. 
DO 550,JE - 1. NDIH 

550 DUHSIG - DOMSIG f PC JE, IT) * TRANSKLDOMIT, JE) 
PRINT *. 'DIMnr SIGNAL -', DWUIG 

C 
510 CONTINUE !MEH TIME POINT 
C 

GOTO fiOO 
STOP 
END 
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TABLE 1. A*-State Ufetiaes 

Solvent Decay Tlae (ps) 

cci A 

CHCI3 
CH 2C1 2 

Hexane 
Nonane 

Hexadecane 
Cyclohexane 

This work c Ref. 5 

2700+400* 2700 
1120+100* 980 
510+ 30* 500 
66+ 8 b ~100 
64+ 4 b 

59+ 6 b -90 
71+ 9 b , • . . -

*' Tiaes based on absorption decays at 710 and 635 na. 
b) Tiaes based on absorption decay at 350 na. 
c ' Error Halts are values which double the x value in the data 

fit. 
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TABU 2. Long Tlae Absorption Offset Magnitude 

Fraction of Peak Height 

Wavelength (nn) 

Solvent 500 n« a 350 nm b 295 n« D 

cci 4
c (0.0) (0.0) (0.27) 

CHC1 3
C (0.12) (0.0) (0.12) 

CH 2C1 2 0.40 0.0 0.30 

Hexane 0.38 0.14 0.29 

Nonane 0.16 0.08 

Hexadecane 0.05 0.03 

Cyclohexane 0.12 0.07 0.10 

*' Bleach offset (negative absorbance change) 
"' Positive absorbance change 
c) Offsets approximate due to slow A'-state decay. 



Table 3: Absorption Tranalenta with A'-state Contribution Subtracted 
1. Delay to 1/e of Mxlauai (pa); 11. Delay to Mxiaua (pa) 

Wavelength (nn>) 

X-atate dynaailca B-atate dyn—lea 

Solvent 

CC1 4 

CHClj 

CH 2C1 2 

Hexane 

Konane 

Hexsdecane 

Cyelofcexare 

1. 
11. 
1. 

11. 
1. 

11. 

1. 
11. 
1. 

11. 

1. 
11. 
1. 

11. 

1000° 

2 6 b 
16 b 

16 
4 
10 
4 

15 
6 
13 
5 
13 
5 
22 
7 

860° 
54 
28 

39 
12 
22 
8 
24 
12 
23 
11 
23 
10 
38 
18 

760 
82 
49 

710 
110 
62 

90 
48 
34 
14 

42 
26 
38 
22 

40 
23 
89 
46 

635 
149 
86 
148 
80 
52 
16 

(108) d 

(37) d 

66 
38 
58 
34 

(160)«j 
(67) < ) 

500* 
174 

196 

88 

(116) d 

(100) d 

( 84) d 

(208) d 

400 

7 
2.4 

5 
1.2 

370 
14 
5.6 

350 
17 
6.4 
IS 
6 
14 
5.2 

14 
2-5 

13 
4.8 

13 
5.6 

14 
4.8 

295 

35 
10 
27 
15 
20 
10 

21 
6 

43 

a) Transients have a negative abaorptlon change (bleach). 
b) Tie* taken from a shoulder on an early tranalent. • 
c) MexlaxM times aay be affected by an unresolved early tranalent. 
d) A'-state component la not resolved. Nuabers In parentheses are taken froa unsubtracted data. 
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FIG. 1. Electronic potential surfaces of I 2 Important to the 

discussion. Five states which correlate with ground state atoms MM 

well as numerous higher states are not shown (Kef. 44). The B state 

vibrational level initially populated by 590 nm light is labeled. 

Vertical transitions illustrate the shift in absorption wavelength 

with vibrational level in both the X and B states. 

FIG. 2. Picosecond absorption experiment (1000-350 nm). Heavy 

line - excitation pulse path, double line - probe pulse path. 

BS - beamsplitter, OL - delay line, SFF - short pass filters, 

X/2 - half-wave plate, CG - continuum generation cell, BFF - bandpass 

filters, SF - spatial filter, PD - photodiode, F - filters, 

REF - reference sample, SAMPLE - primary sample. 

FIG. 3. Transient long wavelength absorptions of I 2 in CCl^. Note 

vertical scale changes In this and subsequent figures (4 ps/pt). 

FIG. 4. Transient absorption at 635 nm of I 2 in chlorinated 

methanes. Lines represent the A'-state absorption component 

<4 ps/pt). 

FIG. 5. Transient 0V absorptions of I 2 in CC1 4, on two time 

scales. The early component is assigned to B-state absorption and 

the long component to A'-state absorption. The small Intermediate 



tlae coapoaent at 400 aa Is expanded In Fig. 12. 

a) 295 aa - 1.1 ps/pt, 350 aa - 0.4 ps/pt, 370 and 400 aa - O.S 

ps/pt. k) 4 ps/pt, except 295 as is 5.3 ps/pt. 

FIG. 6. Transient OV absorptions of I 2 In bexane, oa two tlae 

scales. The early eoaponent Is assigned to B-state absorption and 

the 65-ps coaponent to A'-state absorption. The long tlae offsets at 

295 and 350 na are assigned to escaped atoas. a) 295 na - 2.1 ps/pt, 

350 and 400 na - 0.4 ps/pt. b) 295 na - 2.1 ps/pt, 350 na - 4 ps/pt. 

FIG. 7. Transient long wavelength absorptions of I« in hexane. 

Lines represent the A'-state absorption coaponent, wir.h decay tiaes 

fixed by UV A'-state absorption (635 and 710 na - 4 ps/pt, 860 and 

1000 na - 1.6 ps/pt). 

FIG. 8. Transient long wavelength absorptions of I 2 in cyclohexane 

(1.6 ps/pt, except 710 na is 0.8 ps/pt). 

FIG. 9. Transient bleach *t 500 na of I 2 In chlorinated aethanes 
(4 ps/pt). 

FIG. 10. Transient bleach at 500 na of I 2 in alkanes (4 ps/pt). 

FIG. 11. Absorption spectrin of the iodine A' state aeasured In 

CCI4: a) 0V spectroa, b) Vis/I* spectrua. • -this work, 

O -values obtained froa Fig. 3 of Kef. 5, ^ -approximate gas 

phase D'+A' absorption spectna (tef. 49), Q-estimated 0*«A* 
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liquid-sbeea spectmn. 

FIG. 12. Transient absorption at 400 am of I 2 In CCl^, on an 

expanded vertical scale (0.6 ps/pt). See also Fig. 5. 

FIG. 13. Early portion of the transient absorption at 350 and 635 na 

of I 2 in CCI4 (see alao Figs. 3 and 5). Fits to the A'-state 

contribution to the absorption are shown with a) 8 ps, b) 12 ps, and 

c) 25 ps exponential rise tines. The decay tine is 2700 ps in all 

cases (350 nn - 0.4 ps/pt, 635 nn - 1.6 ps/pt). 

FIG. 14. Early portion of the transient absorption at 350 and 710 nn 

of I 2 in hexane. Fits to the A'-state contribution to the absorption 

are shown with a) 10 ps, b) 20 ps exponential rise tines. The decay 

tine is 66 ps in both cases. Dotted line shows extension of the 

66 ps decay without the effects of the rising edge 

(350 nn - 0.4 ps/pt, 710 nn - 0.8 ps/pt). 

FIG. 15. Long wavelength transient absorptions in CC1, after 

subtraction of the A'-state absorption (500 and 635 nn - 4 ps/pt, 

other wavelengths - 0.8 ps/pt). Circles at 500 nn represent the 

calculated recovery of ground atate absorption fron Kef. 4, Fig. 11. 

FIG. 16. Vertical difference between the iodine X- and 1-state 

potentials In wavelength vs. X-state vibrational energy. Wavelengths 

•xperlnentally observed and corresponding vibrational energy levels 

are narked. 
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FZC. 17. Tlae froet t-0 to 1/e of the aaxlmua of the absorption doe 

to vibratiomally excited X-state molecules. Vibrational energy Is 

associated with absorption wavelength using the difference potential 

(Fig. 16). # -CCI4, A~ C B C 13> I -<^zCl2, O -cyclohexane, 

^-hexadecane (other n-alkanes are siailiar). 

FIG. 18. 1. Quantum mechanical calculation of the relative 

absorption strength from the iodine Z-stste vs. the amount of 

vibrational excitation: a) 500 na, b) 635 na, c) 710 na, d) 760 na, 

e) 860 na, f) 1000 na. Points where absorption is predicted by the 

classical aodel (Fig. 16) are marked on top. 11. Absorption 

strength at 710 na, S, and Its approximation, S'. The same intervals 

on the vibrational energy axis are used in spproxiaating all the 

curves in (1). 

FIG. 19. The distribution of the vibrationally excited population in 

the iodine X-state at several delay tiaes in CCl^ solution. The 

average population density over each energy Interval (Fig. 18) has 

been plotted st the center of that interval. 

FIG. 20. Effect of different corrections to the classical aodel for 

absorption strengths on the derived population distribution in the 

Iodine X state at 50 ps In GCI4 solution. A-classical aod«l, 

Q -corrected for the change la peak widths and position, sat mot 

Including the high energy tall, • -fall enantaa mechanical 

treatment. 
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FIC. 21. Measured iodine A'-state lifetime as a function of the 

loalzatloa poteatlal of too solvent* The nearly Identical values of 

the a-alkanes nave been averaged to give a single point. 

FIG. 22. Lifetlae of the trapped electronic state coapared to the 

viscosity of the solvent. Also plotted are the results of Langevln 

simulations of the A-state relaxation and of an analytical aodel 

based on those simulations (Ref. 62). If the trap state Is actually 

the A'-state, as proposed in the text, the models predict much longer 

lifetimes. ' # - experimental points, O - simulation results. 
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cnnunMi or MCOSECMD AND Tuaomam n u t s w xm 

VIBRATIONAL IIFKAUD IT STH0LATED lUCTtOnC tAHA* 

SCATTERING H CESIOH VAMft 

A. Introduction 

There are few techniques for generating Intense, tunable, 

picosecond pulses in the vibrational infrared, especially below 

~3000 cm . This is unfortunate since the infrare'3 spectrum contains a 

great deal of information which would be useful In identifying and 

monitoring transient intermediates. The visible absorption experiments 

presented In the last chapter illustrated the problem of broad, 

overlapping transitions and the difficulty of assigning transitions in 

the visible region. Furthermore processes such as vibrational 

relaxation can best be studied by direct excitation of vibrational 

modes. 

Because of the lack of widely tunable lasers operating directly in 

the vibrational infrared, the generation of picosecond pulses in this 

region has been based on various frequency shifting mechanisms. Simple 

difference frequency generation has been reported, but with low peak and 
1 2 average powers. * Higher peak powers can be generated by using opticsl 

parametric generation, but this method suffers from the meed to 

simultaneously tune several crystals and from problems of crystal 

damage. Furthermore, pulses of a few picoseconds duration have only 
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keen generated from lew repetition rate, relatively — s t e w * Mrglass 

lasers. 

teceatly, stlawlated electronic Baaaa scattering (SEBS) la atoalc 

vapors has keen exceaelvely Investigated as a aetbod of frequency 
7—* shifting visible, nanosecond pulses. SEIS has the advantages of high 

efficiency, lack of phase-netchlng requirements and a non-dessgable 

aedlua. Cotter and ttyatt have also deaonstrated that SERS can be 

extended to picosecond Infrared generation, using a pump laser operating 

In the blue. 1 0' 1 1 However, the difficulty In operating a blue 

picosecond laser Halts the practical applications of their systea. 

This chapter desclbes the development of picosecond SERS froa the ce~iua 

6s-5d transition In the red (Fig. la). Infrared picosecond pulses In 

the range 3040-1950 cm have been generated with up to A.6Z quantum 

efficiency. Extensions of this tuning range seea achievable. This 

technique allows the use of reliable punp lasers such as described in 

Chapter I, and it is hoped that this feature will make application to 

experimental problems feasible. 

In the nanosecond regime, there is more flexibility in generating 

pulses in the vibrational infrared, but difficulties still exist. 

Difference frequency techniques become difficult at lower frequencies, 

where non-linear crystals absorb. Previous work using SERS has 
12 —1 demonstrated the generation of narrowband (~0.5 cm bandwidth) and 

broadband 1 3' 1 4 (>200 ca' 1 bandwidth) infrared light pulses, using 

tunable blue and ultraviolet punp light (for exaaple the 6s-7s 

transition, Fig. la). This technique has the disadvantage of relatively 

narrow tuning ranges and the need for less reliable blue puap sources. 

In conjunction with the developeaent of picosecond SEXS oa the ceslua 



te-Si tramsitloa, work was also dome to deaoastrate that the saae 

techalaae earn provide a broadly taaable source of either aarrowbend or 

broadband aaaoaacoad pulses pamped by yellow-rod palaoa (550 aa to 

650 aa). The nanosecond oxparlarnta also demonstrate the affect that 

the pkotophyalca of the ceelua dlaers and excited aoooaara can have on 

the SEXS process and will be discussed first. 

For both picosecond and nanosecond pulses, absorption of the 

visible puap light by cesiua dlaers Is a aajor limitation (Fig. lc). 

Nanosecond SEHS above 3890 ca~ has been previously deaonstrated on the 

sesiua 6s-5d transition, but absorption by cesiua dinars prevented 

tuning into tha vibrational infrared region. ' It has been shown, 

however, that by theraally dissociating the diners in a superheated 

vapor, SERS threshold could be reached at 3100 ca . In the present 

work, an iaproved superheated vapor arrangeaent allowed wide tunability 

and routine nanosecond infrared generation down to 900 cm . The 

superheating la even aore crucial in getting above threshold for the 

picosecond process, because of the lower pulse energies available. 

The atoalc vapor was contained in a heliun-buffered split-wick heat 

pipe, constructed of Inconel 601, which could be heated to 1200* C 

over a one aeter superheated vapor length. Host of the remaining dimers 

were contained in saturated vapor end aections, even after the end 

section lengths were ainiaized by placeaent of the wlcka and adjustaent 

of the heater powers. The best operation was a coaproalse between 

shortening the saturated end sections and avoiding unstable interfaces, 

which produce a alst that blocks visible transalssion. The best 

transmission actually obtained at 560-590 aa and 50 torr vapor pressure 

was 20Z. This coaparas to a theoretical transmission, calculated asing 



diner tMrnodymamic 1 7 mmi visible absorption 1 8 data, of M X for a O M 

mater vapor length heated to 1200* C, with no saturated end sectloos. 

Further details on the heat pipe design and operation can he found In 

the thesis of Alex Harris.1 

To generate Infrared, the laser bean of *6 s» iiaaeter was focused 

near the Middle or far end of the heat pipe using a 3:1 telescope. 

Infrared energies were measured with a calibrated pyroelectric energy 

meter, after a germanium filter. All SERS scattering observed was to 
2 2 

the 5d D5/2 sublevel; no scattering to the 5d D3/2 level was seen. 

B. Narrowband Nanosecond Pulses 

The narrowband dye laser was a commercial Nd;YAG pumped scanning 

dye laser. Using rhodamine and DCM dyes, 25-50 mJ light pulses of 5-10 

nanosecond duration were obtained from 550 no to 650 nm. The spectral 

bandwidth of the light pulses was specified as <0.4 cm" . The input 

energy threshold for narrowband SERS infrared generation at 50 torr 

operating pressure is 2 mJ at 560 no (3225 cm" infrared). The 

threshold rises to 6.5 mJ at 617 nm (1610 cm" infrared) and rises above 

the available pump energy of 25 mJ at 645 nm (900 cm"* infrared). The 

observed increase in the threshold at lower Stokes infrared frequency is 

somewhat steeper than predicted. Since visible losses at 560 nm and 

617 nm are nearly identical, they cannot account for the discrepancy. 
12 As has been noted, not all of the factors affecting the SERS gain are 

yet veil understood. 

The narrowband infrared energy was recorded as a function of 
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visible Input wavelength. A —hstsntlsl fraction (~30I) of the infrared 
energy passing the gemenlea filter was found to he aapllfled 
spontaneous eaisslon (ASE) froa excited ceslua atoa transitions, near 
3230 ca and 2860 en . These ealsslons were eliminated or corrected 
for by using bandpass Infrared filters to obtain true tunable SEES 
energy* 

The Infrared tuning curves for four dyes are shown In Figure 
2a-d. Together, they show tuning froa 3450 en" 1 to 900 en*"1, with 
sufficient overlap between dyes to fill the tuning range. The quantun 
conversion efficiency reaches 2.5X In the range 3300 en to 2600 ca , 
Is around IX a* 1700 en""1, then drops to 0.2Z at 900 en"*1. Increased 

18 IS 
visible absorption by diners and Increased Stokes diffraction losses1"* 
nay cause the lower efficiency below 1700 cn~ . 

The bandwidth of the narrowband infrared Is 0.5 en at 2250 en" 1, 
showing a snail or nonexlstant broadening fron the specified visible 
bandwidth of 0.4 en" . The Infrared pulse width is typically 3-4 as, 

considerably shorter than the visible punp. 
The structure In the tuning curves (Fig. 2) can be assigned to 20 absorption of visible or infrared light by 6p and 5d cesiun atons. 

Ceaiun diners predissoclate after absorption of visible light in the 
550 nn to 650 nn range to give prinarily 6p atoas along with sons 5d 

21 22 atons. ' In addition, 5d atoas are created in the SEES process. 
When the visible punp or the generated infrared light la tuned to a 
transition froa a populated 6p or 5d level to higher levels (Fig. 3), 
the infrared generation is strongly daaped. In addition, when the 
visible light Is absorbed to give highly excited kydberg atoas, 
additional infrared ASE la seen froa a auaber of ceslua atoa transitions 
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(Fit. 3>. Sea* «C this light peases tee lafrared filters, glvlmf » ft*k 

la tee plot of lafrered eesrgy verses wevelemgth. Veils at eost 

veveleegths the tomlmg corres show tree SOS energy, these sharp peaks 

are predominantly fixed frequency ASE emissions. 

C. Broadband Nanosecond Pulses 

In order to generate broadband Infrared pulses, the puap radiation 

was obtained froa a broadband dye laser consisting of the dye amplifier 

originally constructed to amplify picosecond dye laser pulses 

(Chapt. 1). The amplifier was modified by placing a mirror at the input 

end and by turning off the saturable absorber dye jets which normally 

isolate one stage from the next. 

The threshold for infrared generation with broadband pulses 

centered at 560 nm is identical to the narrowband threshold at 560 nm. 

The threshold to longer wavelengths increases similarly in both cases. 

The lack of dependence on bandwidth is in agreement with experimental 
13 14 work on other transitions, ' but contrasts sharply with previous work 

on the 6s-5d transition. Theoretical calculations predict that the 

Raman gain should not be affected by increased bandwidth due to 
23 frequency modulation, but any associated amplitude modulation is 

difficult to model* In any case, the present result demonstrates that 

.the SSKS threshold on this transition does not change even when the 

bandwidth la Increased froa 0.5 cm"1 to >200 cm"1. 

The ~*-ns broadband vlalble pulses generate infrared pulses shorter 

than the 1*5 nanosecond response time of the Au:Ce detector. Table 1 



eeamarlzee the visible and infrared peine energies obtained with 
broadband pulses, and the infrared ranges covered with each broadband 
dye* The vlsible-to-infrared photon conversion efficiency, shown la the 
last colons of Table 1, decreases at lower frequencies, as In the 
narrowband Infrared generation. The 14 nJ of broadband light from DCM 
was Insufficient to reach threshold, which should be in the range of 15-
20 nJ based on narrowband neasureaents. A aore efficient broadband dye 
later would improve the dye energies, broaden the tuning ranges, and 
night allow broadband generation well below 1800 cm" . 

The broadband infrared spectra (Fig. 4) show dips at the aane 
points as found in the narrowband spectra, due to excited cesiun aton 
absorptions. When the visible pulse overlaps 6p visible absorptions, 
the output contains a nuaber of ASE lines, as in the case of the 
narrowband pulses. It is estinated that ASE lines account for 
approximately 302 of the measured broadband infrared energies listed in 
Table 1. 

The energies obtained in both the narrowband and broadband infrared 
generation compare reasonably well with previous results obtained on a 
series of higher cesiua and rubidium transitions using blue and 

12—14 ultraviolet dyes. The advantage of the present method lies in the 
use of a single vapor and a single transition, along with reliable 
rhodaaine dyes, to produce wide tuning ranges. Including the results of 
previous work, coherent Infrared radiation can now be generated from 
6000 cm" 1 to 900 cm" 1 (1.7 un to 11.1 la) on the 6e-5d ceeiua 
transition, giving the broadest S M S tuning range obtained to date on a 
single atomic transition.2* Further reductions la the dinar density 
would he expected to Improve the efficiency and redwee the structure la 



the twmlmg cmrves ami. might estemd the tMalmg ramge to even leave 
fXM«<WMCl«S> 

D. Picosecond raises 

Visible picosecond pulses were used from the amplified picosecond 
dye laser described In Chapter I. Because of the high energy needed, a 
great deal of attention was paid to optimizing the picosecond energy, 
which resulted in pulses of 1-2 mJ. The SERS threshold is lowest when 
the beaM profile is SMOoth and unlfore. This occurs when water is used 
as the dye solvent. If Methanol is used, the turbulence of the dye flow 
occuring in the final amplifier stage is translated into random 
intensity variations across the amplified beam profile. Since this 
results in poorer focusing of the beam, the threshold of the SERS 
process is raised. The higher energies generally obtained with Methanol 
solutions compensate somewhat for the detrimental effects of turbulence. 

The lowest thresholds occurred with a buffer gas pressure of 50-60 
Torr. Fixed frequency emissions near 3230 cm (7p-7s) and 2860 cm 
(5d-6p) accounted for a significant fraction of the infrared energy and 
were either blocked by infrared filters or corrected for in the energy 
measurements* The Median Infrared SERS energy obtained, as well as the 
visible energy used to obtain it, are shown as a function of wavelength 
in Figure S. & peak quantum efficiency of *.6X occured at 2520 cm . 
The dip in Infrared generation near 2850 cm is due to the lack of a 
good dye for amplification of the picosecond pulse. This cam probably be 
remedied by wslag different solvents to shift the dye tmalac cmrves. 2 6 
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Tha •aaswlth af tba lafuree palaaa varied from * to 10 csT 1. Thle 

lapllee aa lafrared pelae length of 1-2 pa, If a Caaaalaa bandwidth 

Halted palaa la assumed. 2 7 Sloca atlanlatad Reman scattering la tba 

transient limit la expected to fanarata a Stokas pulse abortar than tba 
28 pomp salsa, It Is raaaonabla to believe that tba Infrared pulse Is of 

this length. Furthermore, previous work on the ceslua 6e-7p transition 

has Implied a slalllar Infrared pulSe width. 1 0 

The experiments with nanosecond pulses snowed that Infrared can be 

generated over a very wide tuning range (3500 to 900 cm ). Bowaver a 

reduction In picosecond SERS efficiency occurs below 2500 cm and is 

probably due to an increase in the non-linear losses that occurs with 

shorter pulses. This conclusion is based on the fact that the tuning 

range can be extended by using longer pulses which have lower peak 

Intensities but the same total energy. Figure 6 shows a large increase 

in SERS energy at 2350 cm as the input pulse to the dye amplifier is 
24 

broadened. At shorter wavelengths the SERS energy is relatively 
Insensitive to pulse width. In the transient regime the SERS process 

30 should not be affected by pulse width changes at constant energy; 

thus, the results of Figure 6 Imply that competing non-linear effects 

are being significantly reduced as the pulse width is lncreaaad. 

Furthermore, by broadening tba input pulse autocorrelation from 2.2 ps 

to 21 pa, tba transmission of tha visible pulse through the heat pipe 

incraaaes approximately 10Z. 

Aa aa example of tha Increased taming range of loager palaas. 

Figure 5 (squares) above tba SIM aaargy generated over tha taaing carve 

of Elton lad la water with 21 pa lapat palaaa (-10 pa meal!fief 

aelse). Significant aaomata of StJtS vara alao eaaerated at tba far ead 



of the dye laser taming rsaga (1950 caT 1), although the actual energy 

was aot measured. These results suggest that taming even farther Into 

the vibrational Infrared should be possible with the longer pulses. 

The likely sources of non-linear loss are two photoa Ionization of 

cesium atoas or ceslua diners. Unfortunately experimental cross 

sections for these processes do not extend to the wavelengths used 

here* The calculated cross section for the two photon Ionization of 
32 ceslua atoas, however, Is of the correct magnitude to contribute to 

the losses for 1-2 aJ pulses whose widths are on the order of a 

picosecond and is increasing with longer wavelength in this region. 

It should be noted that a snail amount of SERS was observed at the 

far end of the dye laser tuning range (1950 cm" ) even with short pulses 

(see Fig. 5). The Increase in the generated infrared may result from 
33 approaching a minimum in the diner absorption at 615 nn. This 

suggests that a further reduction of the dimer concentration might 

extend the tuning range for the shorter pulses. 
In summary, SERS from the 6s-5d transition in cesium has been 

demonstrated as a practical source of Intense picosecond infrared from 

3040-1950 cm using rhodamine dye lasers. No tuning limitations to 

shorter wavelengths are forseen. Tuning to longer wavelengths with 

broad (>10 ps) pulses also seems possible. However, tuning below 

2300 cm with <1 ps pulses may require additional reductions In the 

cesium dlaer concentration. Further understanding of the exact origin 

of the non-linear losses will ultimately determine how well the 6000-900 

cm tuning range for nanosecond pulses can be matched by picosecond 

pulses on this transition. 
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Figaro Captions 

Fig* 1* Spectroscopy of cealaa atoaa sad dlaers. a. lower aacrgy 

levels of the ceslna atoa, Th* SER3 traasitloa w a d hare, aa wall a* 

on* based oa a blue puap are shown, b. two-pbotoa ioaixatloa cross 

section of th* ceslua atoaw c. visible absorption apectrua of the 

cesiua dlaer. 

Fig. 2. Narrowband Infrared energy obtained aa a function of visible 

puap wavelength for four visible dyes. Arrows mark dips or ASE emission 

peaks resulting froa 6p or 5d ceslua atoa absorptions. Lines in (a) 

aark dips assigned to 7s and 9s cesiua atoa absorptions. Asterisk in 

(b) aarks ataospheric C0 2 infrared absorption. 

Fig. 3. Cesiua diner potential curves and the predissociative 

transition leading to excited cesium *toa»» Visible and infrared 

absorptions of these excited atoms and resulting infrared fluorescence 

transitions are narked. 

Fig. 4. Typical spectrum of the broad band infrared pulses. Arrows 

mark dips and peaks due to excited cesiua atoms (see also Fig. 2). 

Lines aark ataospheric C0 2 absorptions. 

Fig. 5. Top: Visible puap pulse energy versus wavelength; a. R 590, 

b. R 610, c. KR 620, d. R 640; • - aethanol solutions, A ~ vater 

solutions (no surfactanta). Points used for best SERS generation are 

outlined with the solid portions of the curves. Bottoa: • - SERS energy 
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generated with abort ealeee,^- S O S energy generated with tread 
fwlsee. 

fig. i. S O S energy fcaaratad at 2350 eaT waraoa autocorrelation 
width of tha Input to tha dye aapllflar. Autocorrelation wldtba ara 
aeaaured at ona quarter of tha aartiw height. 
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CHAPTER IV 

GENERATION OF PICOSECOKD POISES III TEE FAR-INFRARED BT THE DIFFERENCE 
FREQUENCY MIXING OF VISIBLE PULSES 

The investigation of aany dynamical processes in the far-infrared 

(FIR) require a source of intense, tunable, narrow bandwidth picosecond 

pulses. Recently there has been interest in the generation of 
3 picosecond pulses froa free electron lasers, but success has not yet 

been demonstrated in the FIR. Most other lasers operating directly in 

the FIR have little tunability, so work has centered on frequency 

shifting lasers operating in other spectral regions. Optical 

rectification has been used to generate broadband picosecond and 
o femtosecond pulses, but with a broad bandwidth. A variety of 

frequency-shifting techniques have been successful in generating longer 

FIR pulses. » In particular, tunable nanosecond FIR pulses have been 

generated by the difference frequency mixing of two visible dye 

lasers. » The high peak power produced by the aaplified synchronously-

puaped dye laser (Chapter I) offers the potential of both extending this 

technique to the picosecond regiae and also increacing its efficiency. 

Although the results of these experiments do not aeet theoretical 

expectations, a valuable source of picosecond FIR was developed. 

Two visible pulses, the first 1-2 ps long and the second 5 ns long, 

were alxed In a LIHbOj crystal to generate FIR pulses. Since aixing 

only occurred while both pulses ware present, picosecond FIR was 

generated. The 0.2 aJ plcoeecoad pulses at 599 aa were generated by the 

amplified, synchroaowely-puaped dye laser described la Chapter X. A 
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YAG-puapad dye laser (Quanta-lay) produced the 20-aJ nanosecond pulees, 

which were tuned froa 590-596 na. The pulae-to-pulse energy 

fluctuations were *10X for the picosecond pulses and Hit for the 

nanosecond pulses* The TAG beaa normally uaed to puap the third 

aapllfier cell was split to puap both the nanosecond dye laser and the 

picosecond amplifier, thus Insuring synchronization of the two pulses. 

This accounts for the low energy of the picosecond pulse (see 

Chapt. I). The two beams were superimposed in the LiNb03 cryatal and 

focuaed slightly to give spot sizes of 0.6 ma and 1.2 ma lot the 

picoaecond and nanosecond beaaa respectively. Smaller apor, sizes cauaed 

cryatal damage. Note that the inatantaneoua nanosecond intensity 

(350 MW/cm2) is much lower than the picoaecond Intensity (70 GW/cm 2). 

Mon-collinear phase-matching was achieved by the method of Yang, et 

al. The two visible beaaa, as well aa the FIR, were polarized along 

the optic axis of the LiNbO^ to utilize the largest on-linear 

coefficient.w Since the FIR spectral band la belov the optical phonon 
Q 

modes of the cryatal, the FIR refractive index (n - 5.5) la auch larger 

than the visible index (n » 2.3). Therefore the phase-matching can be 

accoapllahed geometrically, without using birefringence. Tuning waa 

achieved by changing both the angle between the viaible beams (froa 5 to 

SO arad) and the frequency of the nanosecond laser. An advantage of the 

phase-matching acheae uaed her* over colllnear phase matching la that 

the direction of the optic axis docs not have to be changed as the FIR 

is tuned* Thus only one crystal was needed for the entire tuning 

range. Because the FIR was produced at a M degree angle froa the 

visible beeaa, a corner of the *-aa c»blc crystal was tamoved to avoid 

total internal reflection aad allow the Pit to exit.* 
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The FIR was produced with a significant divergence due to the 

fl arad convergence of the visible beaas, the diffraction of the FIR, 

and the bandwidth of the picosecond pulse. This divergence was 

increased by refraction at the crystal surface to >1 arad. In order to 

collect this large solid angle, the small end of a Winston 

concentrator was placed in contact with the exit face of the 

crystal. The concentrator collected and colllmated the emerging FIR 

pulse, which then passed through frequency filters to a composite 

bolometer operated at 1.5 K. The bolometer was calibrated using 

blackbody sources at 77 and 300 K. A Hichelson Fourier spectrometer was 

used to measure the spectrum of the FIR pulses. 

Figure 1 shows the median collected FIR energy at frequencies from 

20-200cm~ . The energies were typically 3 nJ per pulse, which gave 

detector signals which were several orders of magnitude larger than 

detector ncisa. In these experiments, noise in the amplifying 

electronics and electrical pick-up from the lasers was significantt but 

better quality electronics can be obtained. The quantum efficiency for 

conversion of photons from the visible picosecond pulse to detected FIR 

photons varied froa 0.1Z to 0.3X* Surprisingly, there was no strong 

trend in the energy or the quantum efficiency as the frequency changed 

by a factor of ten. The variation in the amount of diffractive loss in 

the FIR should be large over tl«ls range. Furthermore, an optical phonon 

aode in LiNb0 3 at 252 cm would be expected to strongly influence the 

quantum efficiency through changes in the FIR absorption and phonon 
11 12 resonance enhancement. » 

The annctrua la Figure 2 snows that the FIR was generated la a 
narrow bandwidth at tan frequency difference of tan visible anises, the 
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FIR bandwidth of <10 cat"1 was similar to that of the visible picoeecoad 

pulses. This bandwidth Is consistent with t 1 pi FIR pulse. Since the 

crystal face la cut perpendicular to the FIR wavefroat, the tlae 

required for the interaction region to propagate through the crystal 

docs not broaden the ?IR pulse. However, consideration of the 

transverse dimensions of the interaction region suggests that the actual 

FIR pulse langth was closer to 10 ps. 

The simple theory of parametric mixing predicts that photons from 

the high frequency picosecond pulse are split into photons at both the 
13 lower, nanosecond frequency and into FIR photons. As long as the 

nanosecond intensity is low relative to the picosecond intensity, the 

FIR energy will depend exponeucially on the picosecond intensity and 

linearly on the nanoaecond intensity. If the mixing continues until the 

picosecond pulse Is significantly converted, the process will 

titurate. The FIR energy will then depend linearly on the picosecond 

intensity and will be Insensitive to the nanosecond intensity. 

Experioencally, a small amount of FIR was generated, even when only 

the the picosecond pulse entered the crystal. At the same time, a small 

amount of visible light was observed to be shifted down in frequency 

from 0 to >300 cm , but peaked near a shift of 150 cm - 1. This is 

interpreted to be parametric fluoreacence resulting from the 

amplification of quantum noise. Optical rectification may have also 
1 2 contributed to the FIR signal. • These observations indicate the 

strength of the non-linear interactions at the Intensities used. 

when both the nanosecond and the plcoaecomd pulse vera passed 

through the full *-mm length of the crystal, the aleoaeeoaa pulse was 

depleted by 35-505. with the amwasscomd pulse at fall lateaelty, the 
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Fit aaarg-r *aa observed te aaaead llaoarly aa eke visible aleeeeceai 

Inteaslty for aore thaa aa araar of •agaltaea above a threshold at 

20 «J. This threshold aay represent the begloalac ef the eatvrated 

regime. Finally, the FIX aaa Insensitive to the naaosecoed false 

energy; when the aaaoaacoad intensity was reduced by a factor of 7, the 

FIX intensity only dropped by a factor of 2, and the visible picosecond 

pulse was still strongly depleted* All these observations are 

consistent with a very strong non-linear interaction, leading to 

strongly saturated FIR. generation. 

However, strongly saturated mixing should lead to high quantum 

efficiencies. Even considering losses such as reflections at the 

crystal faces and FIR absorption by the crystal, the observed quantum 

efficiencies were surprisingly low. Furthermore, strong pulse-to-pulse 

fluctuations in the FIR energy were observed, whereas saturated mixing 

should be quite stable. Figure 3 shows a histogram of these 

fluctuations. All pulses with energy greater than twice the median 

energy are shown in the cross-hatched bar at the right. Some pulses 

were observed with as much as five times the median pulse energy. 

Comparable fluctuations were not seen in the strong depletion of the 

optical picosecond pulse which occurred when FIR was being generated. 

Given the observed weak dependence of the FIR energy on the visible 

pulse energies, the FIR fluctuations cannot result from the small 

visible pulse fluctuations assuming smooth visible pulses of uniform 

length. Also, measurements of the transmission of the visible beams 

through a pinhole showed that wandering of the beams froa pulse-to-pulse 

was not responsible for the fluctuations. 

Both the low quantum efficiency and the large pulse-to-pulse 
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flwctwatloas a n lacoaalatat with the staple cheery af aatwcata4 

atxta*. two a£ the eeeelele esalaaatleas for thla dlssareewaar are: 

1} The Fit was .fsaaratad efficiently ay a aatwratai ecec*ee, feat waa 

than depleted fey farther eoa-llaear processes* The flactaatleas la 

these processes ceased the flaetaatloas la the FIR and ware responsible 

for the discrepancy between depleted picosecond energy and waasared Fit 

energy, however, ao reduction In the fluctuations was observed whan the 

beaa Intensities were reduced* 

2) The nanosecond pulse was not bandwidth Halted, laplying that it 

had significant aaplitude Modulation* Since the picosecond pulse was 

not long enough to average these fluctuations, it way have seen pulse-

to-pulse Intensity variations In the teaporal overlap with the 

nanosecond pulse that were larger than are iaplied by the total pulse-

to-pulse energy variations. Since the FIR energy was relatively 

insensitive to the nanosecond energy, these modulations would have to be 

very large. 

Neither of these explanations is entirely satisfactory, but the 

presence of occasional high efficiency pulses can be seen as 

encouraging. Their presence iaplles that a fundaaental Halt to 

conversion efficiency has not yet been reached. If the source of these 

fluctuations can be understood, it may be possible to consistently 

generate FIR pulses with the efficiencies which are now seen only 

erratically. Even without this laproveaent however, the lack of 

picosecond FIR sources with coaparable intensity and bandwidth aake this 

technique a potentially valuable spectroscopic tool. 
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Heart. Coetleas 

Fig. 1. Total detected energy of the picosecond FIE false am a 

fuactloa of freqaeacy. The quantua efflclemcy, C, for coaverelo* froa 

the visible to the Fit varies froa 0.1% to 0.3Z. 

Fig. 2. Average spectrum of the FIR generated with the laser 

difference frequency centered at 70 cm • 

Fig. 3. Distribution of the pulse-to-pulse fluctuations of the FIR 

energy. The cross-batched region represents all of the pulses with more 

than twice the median energy. 
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