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FORMALDEHYDE PHOTODISSOCIATION: 
MOLECULAR BEAN, PRODUCT APPEARANCE RATE, AND CARBON-14 

ISOTOPIC ENRICHMENT STUDIES 

Pauline Ho 

ABSTRACT 

Several aspects of the formaldehyde photopredissociation mechanism 

were studied. The technique of crossed laser and molecular beams was 

used to study the system under ccllisionless conditions. Detection of 

the molecular product CO after excitation of H 2CO near the S1  origin 

gives strong support to the sequential decay model for fast nonradiative 

decay of S l 
 states. For H2CO excitation at 283.9 nm, formation of the 

radical product HCO dominates dissociation to molecular products by an 

order of magnitude. 

CO appearance rates for H 2CO excitation at 354.7, 317.0, 298.5 and 

283.9 run were measured by time-resolved absorption of a CO laser, and 

were the same within -20%. These measurements could be complicated by 

rotational relaxation; an impulse approximation calculation using the 

CO translational energy distribution from the molecular beam experiment 

suggests that CO should be formed in high Jstates. The levidence for 

an intermediate in H 2CO photodissociation may thus be compromised. 

Simultaneous high resoluti.ot spectra of li2  CO and H
2 
 :CO between 

290 and 34.5 ntn were measured. About 30 linet with sttt eieTctiviti'es 

> 50 were 	Phôto1yses cn one stici .flne at 3269 nth .b:f a dilut-e 

1 ituve o:f H21 CO -in natural 	 enr;icht?ieflt fattt 	f 

14  up to 150 Since a factor of 1310 in C concentration corresponds to 
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-7.2 half-lives, or 41,000 years, laser enrichment of archaeological 

samples could greatly improve the range of radiocarbon dating. 
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CHAPTER I. INTRODUCTION 

In the last decade, formaldehyde has been the subject of a great 

deal of experimental and theoretical work aimed at elucidating the 

details of its photopredissociation mechanism. Gelbart, et al) have 

recently reviewed much of this work. The reasons for this interest 

range from a fundamental interest in understanding the dynamics of 

photodissociative processes to the modeling of polluted atmospheres 2  

and applications to laser isotope separation3  and combustion. 4  

Formaldehyde is a conveniently sized molecule. It is large enough to 

have interestingly complex photochemistry; a detailed understanding of 

this molecule could prove useful as a prototype for the photochemistry 

of small polyatomics. But formaldehyde is small enough for ab initio 

calculations and can therefore serve as a testing ground for theoretical 

investigations. In particular, its small size permits a priori cal-

culation of radiationless transition rates for comparison to quantum-

state resolved experiments. 

The overall photodissociation process of interest is 

1-1 2 C0 + h 	280 - 355 nm) - B2CO (S 1 ,v) 

FI2CO (S 1 ,v) - H2  + CO 

- H+.HCO, 

- 	 but this simpie representation belies the crnp]exity of the dynamics. 

- 

	

	 The absorption spectrum of the f.orrnaldehyde A 'A 2  X 1A1  transi- 

tioti is well nnthrstoo'd ; ±nd:ividual TotatiTonal lines can he resolved 

and assigned for many vibrational bands.. 5  S1  does not correlate with 
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the ground state products of either channel (Fig. I-i), so dissociation 

at the energies of interest can only occur via a radiationless transi-

tion to S 0  or T1 . Although ground state H 2CO is almost isoenergetic 

with the molecular products H2  + CO, recent ab initio calculations of 

the S surfaces68  indicate that the top of the barrier between the two 

is within a few kcal/mole of the S 1  origin. Photochemical quantum 

yield studies 9  also indicate a barrier in this range. The threshold 

for radical formation is well established: photochernical 
9-11

and 

thermochemical 12  determinations agree, and ab initio calculations 6 ' 13  

show no barrier in the exit channel for radical dissociation on the S 0  

surface. The spectrum of T1  near its origin is also well studied. 5  

Several discrete, diatomic-like S 1-T1  perturbations have been observed 

and assigned in higher vibronic bands.' 4  T1  can dissociate to ground 

State radicals over a barrier. 13  

The S 1  and T1  origins, the threshold for radical formation, the 

top of the barrier for dissociation to molecules on the S surface and 

possThly thax for di:ssociatio.n to radlcals on the 	sur.face are all 

close in energy, as shown in Fig. I-i. Thus the number of available 

pathways c:an compiica:t e the photod is sociat ion mechanism. 

There have been .several generations of M C0(S 1 ) fluorescence 

]ietime 	
1-5-17 
 with ver-4ecreas1tig leser linewidths and 

pressures. The most recent involve the excitation of indiidual 

xottional :l.i-nes at sth-(iTorz -p.ressur.e:s arid in inole:c:uLar learns. 

oLl1si.on-fr:ee 4eav rates of sinFe tovbronic levels near the S 1  

r:19_kn were i.ind to vry over -two -orders -of rnagnitude with no s-vsternat Ic 
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Fig. I-i. 	Energy level diagram for formaldehyde. The dashed lines 

show the correlations between bound states and continua. 

Approximate barrier heights shown are from ab initio 

calculations. 
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dependence on rotational quantum numbers. 16 "7  A model has been pro-

posedl6b in which S 1  levels decay via a "lumpy continuum" comprised 

of S0  levels broadened by dissociation to H2  + CO. H2CO(S 0) cannot 

provide the dissipative continuum required to explain the fast 

irreversible decays--it is estimated to have only -10 vibrational 

states per cm' at these energies. Thus, the fast collision-free 

nonradiative decays observed require the dissociative continuum as 

the final state. The energies involved may be less than the barrier 

to dissociation on the S surface, 6  but calculated tunneling rates 

through such a barrier provide a reasonable magnitude of S level 

broadening) 8  Tunneling would also provide a rationale for the higher 

photochemical threshold observed for D 2CO. 9  The sequential decay 

model is supported by the dramatic changes in decay rate observed as 

energy resonances are tuned with a Stark fieldl6c  but no experimental 

observation of collision-free dissociation has previously been made. 

Photochemical product studies have been done under conditions 

where collisions are Involved in the decay of 	Photodhemical :q.uantm 

y.ields for the molecular and radical channels have been measured at 

pressures >5  Torr.
911 

 At longer wavelengths (340-360 nm), the mole- 

cular diss.oc ia.tion channe.l dominates., oc:curring with .a qantu 	ië1d 

f 	7-:0.•Beit.weeP 330 and 340 nrn,, the radical channel .becomes 

energet ically aliowed and the luantum yield for radical ormation r.ies 

from !O to -0.5 wtth the molecular channel tee asing acco:rteng1y. 

There ts some ircons'Ls1tency 'in the .data 'for fh.e rad111:moil',ectTle 

branching rato at higher energies--this Is d iscu.ssed fur.tbe:r in 

Chapter III. 



The kinetics of CO formation after H 2CO photolysis at 337 am have 

been studied by 

lines from a CO 

Torr 1 ) compare 

for 0.1-5 Torr. 

appearance rate 

the time-resolved 

laser.' 9  CO (J 

I to the S 1  decay, 

Extrapolation of 

of 0.0 ± 0.26 .is 

absorption of individual rotational 

10) was produced slowly (-1.7 ps 

and at a rate proportional to pressure 

the data to zero pressure gave a CO 

which indicated that collisions 

were required for product formation. CO risetimes after H 2CO photolysis 

at 354.7 rim have also been measured by infrared chemiluminescence. 2°  

These experiments also showed a delayed appearance for CO of -1,7 

Torr 1 , even though the molecules have 1300 cm 1  less energy. CO 

appearance rates have also been measured as a function of foreign gas 

pressure (He, Ar, Xe, NO) and for CO production from D 2CO. 19 ' 2°  

The delayed appearance of CO was interpreted in terms of an inter-

mediate state I, which is formed as H2CO(S1 ) decays and requires a 

collision to dissociate to H2  and CO 

H2CO(S1) -*. I 

I + N 	H2  + CO + N. 

T1 ,, high vibrational states of S o , and the isomer trans-HCOH have all 

been suggested as candidates for the long-lived intermediate;' 9  it has 

also been :suggestred tha.t the Intermed late may actually be several i.nTter_ 

,medi:at 	 All of t.hese candidates for I have their advant- 

ages add isadvata:ges-Welshaar16  has discussed these in detail., but 

mone -of tiern can be proven cr disproven  at present. The CO risetime 

-rsiilts appe:a:r to be in irect  confU:ct with the prompt H 2CO dissocia-

t:lcn required by the theory for co1lis i.c.n-.f ree non-radiative decay. 
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These two interpretations can be reconciled by postulating that between 

the in Torr pressures used for the lifetime measurements and the lowest 

pressure used in the appearance rate measurements (0.1 Torr), collisional 

quenching of H2CO(S1 ) to a non-fluorescing state (which requires a 

further collision to dissociate) becomes competitive with the collision-

less decay mechanism. 

The work in this thesis addresses two of the major remaining 

questions in the formaldehyde phot•odi-ssoc-iation mechanism. in the 

absence of collisions, the direct observation of dissociation products 

is clearly the crucial test for the sequential decay model. Chapter II 

describes an experiment that provides this test using the technique of 

crossed laser and molecular beams. Dissociation does indeed occur 

without collisions; angular and translational energy distributions are 

given for products of the molecular and radical dissociation channels. 

In the presence of collisions, the major unknown is the identity of the 

intermediate. The work presented in Chapter III attempts to identify 

tiie intermediate by studying its behavior at d-iff.erent .ph .otolysis 

ene:gies but antithetically results in a questioning of its existence. 

Chapter IV .rports the i50101d enrichment of 14C by selective laser 

piotoysis of fornia]dehydè ana its possible app'iit:ation to radiocrbon 

dating. 
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CHAPTER II. PHOTODISSOCIATION OF FORMALDEHYDE IN A MOLECULAR BEAM 

A. 	INTRODUCTION 

The sequential coupling model proposed by Weisshaar 1  is the cul-

mination of a great deal of work on H2CO fluorescence decay times. In 

this model, collisionless non-radiative decay of S 1  occurs via coupling 

of S 1  to a sparse manifold, of high vibrational levels of H2CO(S0), 

which in turn is coupled to the H2  + CO product continuum. The S 1-S 0  

coupling is best viewed in terms of a state-mixing picture; the S 0-

continuum coupling is provided by quantum-mechanical tunneling through 

the barrier on the S 0  surface. The.large variation observed in the 

lifetimes of individual rotational states near the origin of the S 1  

absorption is primarily due to resonances between specific rovibrational 

levels in the S 1  and S0  states. Although this model is supported by 

changes in the S 1  decay rate in the presence of a Stark field, a 

crucial test of the model is clearly the direct observation of product 

formation under collisionless conditions. The work 	 in this 

chapter uses the technique of crossed laser and molecular beams to 

provide this test. 
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B. EXPERIMENTAL 

The molecular beam apparatus used for the photofragmentation 

studies has been described in detail elsewhere. 2  The laser and mole-

cular beams crossed at 90 degrees, and dissociation fragments were 

detected by an electron bombardment quadrupole mass spectrometer which 

could be rotated in the plane of the beams. 

A Quanta-Ray YAG-pumped dye laser and wavelength extension system 

were used in these experiments. For studies of the molecular channel 

of formaldehyde photodissociation, -1 mJ of tunable uv between 338 and 

353 nm was obtained by summing the visible output from Coumarin 500 

(Exciton) with 1.06 pm YAG fundamental in a KDP cyrstal. Etalons were 

used in both the YAG and dye lasers, and the uv linewidth was < 0.25 

cm' as estimated from the width of the narrowest lines in a gas phase 

fluorescence excitation spectrum of H2CO (Doppler width = 0.06 cm' at 

300 K). Fluorescence from an external gas cell containing -1 Torr of 

H2CO was used as a wavelength reference, as described by Weisshaar) 

Individual rotational lines were easily assigned using high resolution 

spectral data from Ramsay. 3  For studies of the radical channel of H2C0 

d:issocia.tion, 3 ifl3 of :284  nm light with a linewidth of 2 ctn 1  (no 

.:etalons) were obtained by frequency doubling the output from Rh 6G 

(ExcItoii. ln this wav1ength range the Ii.2C0 spectrum is not well 

n&erstood,, - precluding detail-ed rota.t ional ass ignments. The laser 

eter€d and exlt8 the nrolecü1-a'r :b eam .apparatu via quartz Br•ewst er 

ag?le inaows. Tor the molecular channel studies the laser beam ( .3 mm 

ia:etIer) *wa:s dLctibl-e p;asse d through the formaldehyde beam. it the 
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shorter wavelength, experiments done with the laser unfocused (10 nun 

diameter, 2 passes) and focused on the interaction region (1 nun dia-

meter, 1 pass) gave qualitatively Identical results. The focused con-

figuration was generally used because of somewhat better signal. The 

laser repetition rate was 10 Hz, and the uv pulse length was -4 ns. 

The formaldehyde beam was made by heating paraformaldehyde powder 

(Matheson) in an oil bath to -90 C with helium flowing over it. A 

fritted glass disk was usually used to trap any partirles 'being carried 

in the gas stream, and a dry-ice/isopropanol bath trapped any water or 

trioxane formed during the depolymerization. Two hundred Torr of the 

mixture of 10% H 2CO in helium were expanded through a 0.23 mm diameter 

glass nozzle. A 0.76 mm diameter skimmer was located 7.5 nun from the 

nozzle. Mass spectrometric analysis of the resulting beam was done by 

chopping the beam, measuring the signal level with the beam on and off, 

and taking the difference. No evidence was seen for the presence of 

dimer (< 0.1%) or trimer (< 1.0%) in the beam (the limits given represent 

the statistic;al -noise.), nor for impurities in the -beam in the -mass range 

.37 to 59 amu.. The ve-locity :distribut,ion of the beam -wa-s obtained by the 

tinie-:o'f-fiight :(TO.F) method. The average beam speedwas 1.27 x 10 cm/-s 

and the .fufl .I.-dth-lh-aIf-inax.imum (FWHi) velocity spread was -10% . 'Three 

stages xiof •d if f,e-ren:tiai ptmping, two ikinrnieres ianda I ina:l 'defining slit 

;fgave .suff1cient spatial 4ef:intt:'in tv the beam ito ai1Gw CO pr.od.utt 

idjete-ctn 	frtn the HjC0 beam. The .disvance fvcm the nozzle to itiie 

Anterattl-on r-eion wa:s 8 cm,, a-nd the pnessure in t'he mak-n chamber was 

x -]17  Toir with ;the beam ion,. V-it1h ';the res63utton of ithe quadrupoe 

's;et at FHN = I ama and Titih ithe .de'tiertor at 10°, the 'mass 28 bacil::gr-ound 
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was -7.5 x 10 5  counts/s with the beam on. and 6.0 x 10 5  counts/s with 

the beam off, giving 30 background counts during the 50 ps time interval 

for signal acquisition after each laser pulse. Velocity spectra of the 

product at a given detector angle were obtained from analysis of the 

flight time of the product from the interaction region to the ionizer 

located 21 cm away. 

The signal from the detector was amplified, processed by a pulse-

height discriminator, then sent to a 256 channel scaler used for TOF 

measurements. A photodiode provided a trigger pulse forthemultichannel 

scaler, and an LSI-ll computer handled data acquisition and signal 

averaging. 

The rotational temperature of the beam was estimated from the 

relative peak heights in the fluorescence excitation spectrum of the 

formaldehyde in the beam. The relative fluorescence intensity observed 

following excitation of a particular rovibrational line, 

1 	
qf1aAlI1ge. 

is the absorption ross section aver.:ag.ed over aii 'mo1eculss, and ±s 

the same for all rotational lines of a vibronic band. A is the rota-

tional line strergth factor for an as 	etric rotor, 1 1 is the incident 

laser, intensity,, g = .2Wi is the degnetacy of the  'initial stat, and 

the :rotatlon'ai en:egy th.ereo:f. 'k is ithe futescente q'nan'tum 

yield and is equal to the ratio .f :the .observed ':fluoretenc.e decay t±.ne 

and the radiative lifetime., 'i.;e.tfl]:td.. Lwhen E. is !otted agai.t s 

in [t f1Ag/(If1 /I1 )], the slope of the line is kT 	Table fl-i shows 

d.ata for the rR1.'(4)0 —..rR1C7)0  2neLnthe A absorpUon ±and and he 

:ana:iysis yie:lding 1T,, whic:h was berweet -23 and 30 	The mcerta:inty 



14 

in T is caused by irreproducibility of the relative fluorescence peak 

heights, and disguises any possible variation of Tr  with beam conditions 
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C. 	RESULTS AND ANALYSIS 

1. 	Molecular Dissociation near the S 1  Origin 

The photodissociation of formaldehyde to H 2  + CO was studied for 

individual rotational states in the 2141  (where this notation indicates 

molecules in S 1  with 1 quanta of excitation each in V2  and 	and the 

41 vibrational bands (339 and 353 nm, respectively). Figure lI-i shows 

time-of-flight (TOF) measurements of the product angular distribution 

for excitation of the rQ1 (3)E and rQ 1 (4)04  rotational lines in the 

2141 band of H2CO (29515.2 cm 1), which overlap within the bandwidth 

of the laser. The measured lifetitnefor these states was short (48 ns), 5  

so dissociation is expected to be the major decay channel. The 2 1  4  1  

band was used for the angular distribution data because the signal inten-

sity was twice that of the 41 
 band. There was no signal in the mass 28 

TOF spectrum when the laser was tuned out of resonance with a formalde-

hyde absorption line (Fig. II-2),nor when either the laser or the mole-

cular beam was blocked. No TOF signal for masses 29 or 30 was observed, 

and TOF spectra for the 41  and 2141  bands were superimposable within the 

experimental error. After two hours of counting at each angle, the 

integrated signal intensities at the different laboratory angles (10-5 0)  

were the same to within 11%. Since the recoil velocity of CO is corn-

parable tothe H2CO velocity (see Fig. 11-3) 3  this zqggesys that the 

center-of-mass (CM) product angular distribution is also near isotropic. 

This was confirmed when an excellent fit to the data was obtained is±ng 

an isotropic CM •anular distT:ibutiorl. The data shown in Lig. TI-I are 

the resujLts of 2 hours of counting at iO, 15 and .25 0 , and 8 hours at 350• 



17 

Fig. 11-1. 	Angular distribution of CO produced by H2 CO dissociation at 

339 nm. rQ1 (3)E and rQ 1 (4)O in the 2141  vibronic band were 

excited. The solid curves are computer fits to the data 

for the P(E) shown in Fig. 11-4. 
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Fig. 11-2. 	The top half shows the M28 TOF signal with the laser tuned 

to rQ1 (3)E + rQ1 (4)O in the 2141  absorption band of H2CO. 

The lower half shows an identical TOF spectrum with the 

laser tuned off resonance. 
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Fig. 11-3. 	Newton diagram for formaldehyde dissociation. Solid line 

indicates product velocity in LAB frame of reference, 

dashed line indicates product velocity in CM frame. Angles 

shown are in the LAB frame. (a) Indicates CM velocity for 

CO produced at 339 run if all excess energy goes into pro-

duct translation. (b) Indicates CM velocity for IICO pro-

duced at 283.9 nm if all excess energy goes into product 

translation. (c) Indicates HCO CM velocity for dissociation 

to radicals with 4 kcal/mole translational energy. Shaded 

area indicates the velocity range of CO products observed 

at 339 run and corresponds to the 10% height limits of the 

P(E) in Fig. 11-4. 
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A product translational energy distribution, P(E), is obtained from 

the experimental time-of-flight data by calculating TOF spectra for 

various postulated P(E)'s, then refining the P(E)'s until a good fit to 

the experimental data is obtained. The computer programs used for this 

analysis have been described elsewhere 6  and take into account the velo-

city spread of the beam, the velocity dependence of the ionization 

efficiency of the mass spectrometer, and the Jacobian factors in the 

laboratory to CM coordinate transformation. The CO product translational 

energy distribution obtained by computer fit to the angular distribution 

data for the 2141  band is shown in Fig. 11-4. The error limits indicate 

the range over which the P(E) can be varied without adversely affecting 

the fit. The translational energy of the product is very high; the 

maximum in the distribution is at 55 kcal/mole, or 65% of the total 

available energy. The resolution of the machine is sufficient to separate 

products in different vibrational states if the rotational excitation is 

low, 7  and the locations where peaks for H 2  vibrational levels would fall 

are marked at the top of Fig. 11-4. No vibrational structure was seen. 

I. Rad iativ;e Lifetime 

The qutitiim yild for dis2sociatiorl, 
d' 
 is related to the observed 

rscecxe :decay 'ttme., 	ad -the radiatve lifetime, T, by 

1. 	T f1 /T 

inker the assi rnpt 101 hat :dtsso.c iatfon is the only •means of col1ision1es:s 

decay. Thus,, the reiative amount of product obtained .af ter 

excit.ation cl Ahort- an 2ong-lived.rotationál states in anS 1  ihrat ion a]. 
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Fig. 11-4. 	Product translational energy distributions for the molecular 

dissociation channel derived from angular distribution data 

in Fig. 11-1. The CM angular distribution is isotropic. 

Shaded area indicates range for acceptable fit to data (see 

text). Maximum translational energies with production of 

vibrationally excited H 2  product are indicated at the top. 

S 
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level gives information on the radiative lifetime of that vibrational 

level. 

In the 41  vibrational band, TOF spectra at 100  were taken for 

excitation of the rR1 (2)0 line (28340.9 ctn) which has a 35 ns life-

time, 5  and the pQ 1 (3)E line (28302.1 cm') which has a 3.1 ps lifetime) 

Unfortunately, another line, pP 1 (l)O (28302.0 cm 1) was excited along 

with pQ1 (3)E; the separation between the two is less than the laser 

bandwidth. This state is thought to have a lifetime of about 100 ns, 5 ' 8  

and is therefore expected to decay primarily via dissociation. The data 

at the two excitation frequencies were obtained by alternately measuring 

spectra for half-hour periods in order to minimize the effect of long term 

signal variations. The total amount of Co produced at each frequency 

was obtained by integrating the peaks in the TOF spectrum. After summing 

8 half-hour counts at each frequency, the ratio of the product observed 

at the two frequencies was 1.0 ± 0.2, where the uncertainty given, lo, 

reflects the counting statistics only. 

For excitation of a particular rovibrational line i, the dissociation 

yield 
1 
. 	

i 
p 

i  
A 	

r  
(T - T fl,i )L1, i 	1 

. 	p.. is the fraction of molecules in the  
Ot

appropriate rotational state, A. Is the re]ative .ahorption atrength 

factor for an asymmetric rotor,, r is the radiative 	etime, T. is 

the observed fluorescence detay time and I1.11 
	

incident laser 

intensity  at that freuericy. A•valu:e .f';or 'I can therefcre .be :bta±ned 	-. 

from the dissociation yiéld.s f two -or more tates 1f all the other para-

-metErs are known. ?Fc;rpQ1 .(3)E + pP1 i(l)O., the laser fraqency:was $eit at 

the maximum of the peak in the gas phaise f1luorescencie -excitation spectrum. 
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This probably centered the laser on pQ 1 (3)E since pQ1 (3)E absorbs 3 times 

more strongly than pP 1 (l)0 at room temperature, and the fluorescence 

quantum yield for pQ1 (3)E is greater than for pP 1 (l)O. Assuming a 

Guassian lineshape with FWHN = 0.25 ± 0.05 cm 1  for the laser, the laser 

intensity at pP 1 (l)0 was a factor of 0.64 (+ 0.18, - 0.27) less than that 

at line center, i.e. at pQ 1 (3)E. 

Table 11-2 shows T values calculated from the observed product 

ratio. The calculation takes into account asymmetric rotor line strength 

factors, relative rotational populations (Table 11-3) and laser inten-

sities. Calculations which span the possible range of rotational tem-

peratures are give in Table 11-2, but it can be seen that this is not 

the major source of uncertainty in the results. 

3. 	Radical Dissociation at 283.9 nm 

HCO was detected after excitation of formaldehyde at 283.9 nm, 

indicating that dissociation to radicals occurs without collisions. 

Figure 11-5 shows the TOF spectrum for HCO measured with the detector 

8 °  from the molecular beam. TOF spectra observed at masses 28 and 29 

were the same, indicating that most of the CO detet.ed at ass 28 Is 

due to extensive HCO fragmentation in the ionizer.The .integrat;ed 

- 	
signals were within 6% (statistical 	= 127.), and all subsequent data 

was taken at inas s 2,8,. Jhe ;HCO fragments are ons eràb1y ::iower than 

th CO product.s observed for excitatIon near the Li  or4gin ThIs Is 

as expected since the formation of radicals has a sma]ier -amotnt of 

available excess energy (14k.ca1/mo].e vs 83 kcaUmo].e) ..Ananguia.r 
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Table 11-2. Calculated radiative lifetime (ps). 

Product 	 Radiative Lifet imeb 

Rat i a o 	 T rot = 25 K 	 T rot = 50 K 

	

+ 0.93 	 + 0.62 

	

0.8 	 3.92 	 3.91 

	

- 0.45 	 - 0.44 

	

+ 1.49 	 + 0.88 

	

1.0 	 4.77 	 4.57 

	

- 0.65 	 - 0.44 

1.2 	
6.12 + 2.70 	

5.52 + 1.34 

	

- 1.04 	
- 0.63 

Total product at pQ1 (3)E + pP1 (1)0 divided by total product at 
rR1 (2)0. 
Error limits come from the uncertainty in the pP 1 (l)0 contribution. 
Overall uncertainty is shown by the total range of values in this 
table. 
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Table 11-3. Parameters used for calculating values of Tr  in Table 11-2. 

Rotational 	 Tf1 	 popuiationb 

line 	 A 	 (ns) 	 25 K 	 50 K 

rR1 (2)0 0.98 35 8.80 4.84 

pQ1 (3)E 1.47 3100 8.14 5.50 

pP1 (1)0 1.00 100 6.96 3.34 

Relative absorption strength for an asymmetric rotor. 
Percent of the total population in the appropriate rotational state 
at the given rotational temperature. 
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Fig. 11-5. 	Mass 28 time-of-flight spectrum for HCO production at 

283.9 nm. The solid curve shown is a computer fit to the 

data corresponding to the P(E) in Fig. 11-6. The dashed 

curve shows the calculated signal expected for molecular 

products if equal amounts of HCO and CO products are formed 

after excitation at 283.9 nm. 
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distribution could not be measured because the HCO product is kinematic-

ally constrained to a small angle in the laboratory frame of reference 

by the low translational energy (see Fig. 11-3), and the high background 

from formaldehyde in the beam precludes measurements at laboratory angles 

less than 8 ° . 

Figure 11-6 shows the P(E) that best fit the HCO TOF spectrums An 

isotropic angular distribution was assumed since data at a single 

laboratory angle is not sensitive to the CM angular distribution, and 

proved adequate to fit the data. The data do not give any information 

about HCO fragments with less than 2 kcal/mole of translational energy, 

because such molecules are scattered at angles less than 8 °  in the 

laboratory frame. 

Since the TOF spectrum for the radical dissociation channel was 

measured using mass 28, any product from the molecular product channel 

should also have been detected, separated in time from the HCO signal by 

the difference in translational energy. Experimentally, however, no 

evidence for any fast CO product was seen. In order to estimate the 

branching ratio for the dissociation, the expected signal level for the 

molecular product channel was calculated assuming equal production of 

HCO and CO, i.e.
= M' 

 and using the molecula; P(E) obtained in the 

2141 -band scaled to ac-count for the -increased tt -al energy. The roh:setved 

-sig-n-ai for the radicals was assumed -to re-pre-sent the total radical product, 

i.e.. the radical P(E) was set to zero below 2 kcal/mole. This assumption 

provides an upper limit for the -branching ratio 
M1R• 

 Differences in 

-the laboratory angular distribution of the two product-s caused by the 

difference in product -CM velocities, and the Jacobian factor in the 



33 

Fig. 11-6. 	Product translational energy distribution for radical 

dissociation derived from data in Fig. 11-5. An isotropic 

CM angular distribution is assumed. The data are not sen-

sitive to the P(E) below 2 kcal/mole. 
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conversion from CM to laboratory frame of reference were taken into 

account in the calculation, and the result is shown in Fig. 11-5. The 

comparison between the calculated molecular signal level (dashed curve) 

and the experimental data indicates that 	< 0.10 
R' 
 since a larger 

OM  would have resulted in a detectable product signal. 
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D. 	DISCUSSION 

1. 	Molecular Dissociation near the S 1  Origin 

The major result of these experiments is the unequivocal detection 

of CO products, which confirm the S 1  - S0  + product coupling model for 

collisionless decay of S 1  formaldehyde. The observed TOF signal cannot 

result from the dissociation of formaldehyde dimer because no signal 

was seen at masses 29 or 30, and because no evidence for the presence 

of dimers in the beam was ever seen. The observed signal level ( -0.3 

counts/pulse) was of the order of magnitude expected from estimates of 

the beam density, rotational state populations, formaldehyde absorption 

cross section, fraction of product detected and ionizer efficiency. The 

similarity of the 41  and 2141  TOF spectra is expected since these bands 

are separated by only 1200 cm 1  (4% of the total available energy), and 

such a small difference in total energy would be unresolvable in the 

product P(E) unless a change in mechanism had occurred. 

The isotropic product angular distribution shows that formaldehyde 

dissociation occurs on a timescale long compared with rotation. The 

absorption band of interest is a type b transition, and the -transition 

dipole is perpendicular to the CO bond and in the molecular plane.. 9 ' 1°  

The laser was polarized in the plane of the beams,, so moiecu1-e.s with the 

 -Hdirec'tin 	 to the mol-e.cu].ar beam are :preferen't1­ 11,y •extttt. 

Ab initlo calculations of the potential energy surface ;in-dicatie tht the 

path of steepest descent from the transition state to móleLar pructs 

is in the p]ate of the molecule 	Consequently., ,CO prodict from -mole- 

ruLes in the p lane of the beams at the :moment of .dissoc iation is lno:re 
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likely to be detected. If dissociation occurred before rotation aver-

aged all initial orientations, the CO product distribution would show 

an angular dependence. The isotropic angular distribution is not un- 

expected since the shortest S 1  formaldehyde decay times (tens of ns) 1 ' 12  

are considerably longer than a rotational period. 

The absence of structure in the TOF spectrum could indicate that 

there is sufficient rotational excitation of the products to smear out 

structure due to vibrational excitation of the H 2  product, and/or that 

vibrational excitation of CO is disguising any such structure. When 55 

kcal/mole is in translation, sufficient energy remains to excite H 2  to 

v = 2 or CO to v = 4. Although the translational energy distribution 

gives no direct information on the distribution of the remaining energy 

among the internal degrees of freedom, some possibilities are suggested 

by simple models. In the transition state for H 2CO molecular dissocia-

tion calculated by Schaefer, 11 
 the CO (1.170 A) and H2  (1.246 A) dis-

tances are longer than in. the free CO (1.128 A) and H2  (0.7416 A) mole- 

cules. In particular, the H - H distance in the transition state roughly 

corresponds to the classical turning point of v = 3 in H2 . If the 

dissociation occurs suddenly and there is no major redistribution of 

viratkonai energy on the strongly repulsive exit tharnei surface, the 

products, particularly the H 2 , should be vibrationally excited. 13,14  

This is consistent with the fact that the maximum of the .P(E)roighiy 

f11s here 	(v = 2) should •be. This model, however, is thly quaifta- 

t;ive si•nce t-.he breaking of the .0 - B bonds .i5 flO:t :s±mu1taneous. In the 

transition state, one C H bond is already essentially broken (r 

1.586 ,A, bon orde.r 	0..2), whiLe the other is nearly normal ( r 
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1.104 A). Pople's15  calculated transition state is qualitatively the 

same as Schaefer's, but the bond distances for the longer of the two 

C H bonds and the H - H bond are somewhat greater. A very simple 

impulse approximation calculation, 16  treating the H2  as a point mass 

and assuming that it leaves along the line connecting the H 2  center-

of-mass to the C atom in Schaefer's transition state, gives CO with 

J = 23 and v(average) = 0.4 for 55 kcal/mole of product translation 

energy. Formaldehyde dissociation product energy distributions peaked 

about H2 (v = 2, J = 3) + C0(v = 0, J = 23) are suggested by these simple 

models, but many other distributions are similarly consistent with the 

data. 

The CO product vibrational distribution measurements of Houston 

and Moore 17  showed 11% of the CO in v = 1 and 2% in v = 2 for photolysis 

at 337 nm. For photodissociation of the analogous system HFCO, Berry 18  

found <7% of the total available energy in HF vibrational excitation. 

These measurements of low product vibrational energy are in qualitative 

a-g.reement with the hig;h translational energy of the present result; 

however, possible effects from collisional processes in these earlier 

studies may vitiate the comparison. If CO is indeed produced with 

23 a-s 	7bove,, the delay in the CO (J 10) appearance 

bsErved using a CO laser Ref. 17 and Chap ter III) may be complicated 

by rot'at:i-cnai re ljaxativt. This ;e-vidence for the :roe of an intermed:iate17  

.in forma'1&éhylde d'issoci?ation iny thus be compromised, but CO infrared 

fluorescence ineasurements 1, also indicate a delay in the CO production.19 
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The product translational energy distribution obtained in this 

experiment will provide a good test for formaldehyde potential energy 

surfaces. Dynamical calculations on a good surface should give a P(E) 

that matches the experimental data. Such calculations would also give 

more reliable and detailed information on the partitioning of energy 

among the internal degrees of freedom than could possibly be obtained 

from the simple models discussed above. Handy and Carter 
20

have recently 

developed an analytical form for the formaldehyde potential surface that 

should be useful in such calculations. 

2. 	Radiative Lifetime 

Table 11-2 indicates a best value of 4.7 ps for Tr  in 
41, 

 but a 

fairly wide range of values for T can be consistent with our data. A 

further complication is introduced in the analysis by the fact that the 

upper state of pP 1 (l)0 is J = 0. The molecules in this state will not 

be rotating so the CO product will not be isotropically distributed in 

tie CM frame. it is not clear whether the signal •at 10 °  would be higher 

or lower than isotropic. A radiative lifetime of 4.7 ps is in agree-

•nt with re'ioas work. 'The ab 	 Kemper et al. 21 

yiJ1d'ed t 	4.:2 Is for 
40, 

 ThFs .*a'.grees .with the ]•ongest lifetimes 

observed by WeisShaar 1  of 4.17 and 1..1,  iis 'for 	and 
41, 

 respectively, 

1. 	. 	 l'2c 
•and . .,3ips 	ue 	fo:r 14 by Shthuya Et .'al. 
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3. 	Radical Dissociation Channel 

In contrast to the molecular dissociation channel, radical products 

have a very small fraction of the available energy in translation. This 

is reasonable for a unirnolecular reaction with no repulsive energy release 

in the exit channel, if extensive energy sharing occurs among vibrational 

degrees of freedom. The calculations of Schaefer
11 
 and Morokutna 22  indeed 

suggest that the potential energy surface for the dissociation of S 0  

formaldehyde to H + HCO does not have an exit barrier. The P(E) for such 

a surface would have its maximum at zero translational energy. T1  may 

also be involved in radical formation, since 35220 cm 1  may be above the 

barrier for dissociation on the T 1  surface, but the present experiments 

give no information on this. 

The present experiments indicate that dissociation to radicals is 

dominant over production of H 2  and CO by at least one order of magnitude 

at 283.9 nm. Statistical calculations were performed in order to compare 

the experimental branching ratio with a theoretical model. RRKM dissocia-

tion rates for the molecular and radical dissociation channels were 

calculated using a program written by Hase and Bunker. 23  The calculations 

were done for energies above the radital thre:shold, so tunlneflftg wui.i 

have a negl igib le infLuence ron the rat•e. The molecular paramet:rs used 

in the calculato.n are shon in áble 11-4.. For the ma Lecu']ar rdissotta-

t ion channel, the geometry rand frr.equ icies of the t.ransi;tion state Mere 

taken to he those of Goddard.and :SeLer)da 12her 	ilat-irons f or 

the radical issociation diannel nset, .F±g.. fl-7) hc tbat there ±s 

no maximum on the :pte.tial surface -at - hich to rdefine a 

state.. Ln the absence of a potienrial iwaxImum in the eaction cootdinate., 
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Table 11-4. Parameters used in RRKN calculations. 

Formaldehyde. a 

Geometry: planar, r0 = 1.203 A, rCH 	1.099 A, <HCO = 121.75 deg 

Frequencies (cm): 2766.4, 1746.1, 1500.6, 1167.3, 2843.4, 1251.2. 

Moments of inertia (amu A2 ): 1.79, 13.04, 14.83. 

Molecular transition state. 

Geometry: planar, r0 = 1.151 A, rCH = 1.104 A, rCH, = 1.586 A, 

rHH = 1.203 A, <H'CO = 112.5 deg. 

Frequencies (cm): 2760, 1654, 592, 800, 1137. 

Moments of inertia (amu A2 ): 1.71, 13.73, 15.44. 

Radical critical configuration. 

Geometry:C planar, r0 = 1.203 A, rCH = 1.099 A, 	<HCH' = 116.5 deg., 

<HCO = 121.75 deg. 

rCH, 1.5 A 2.0 A 2.5 A 3.0 A 3.5 A 
d 

0.214 0.031 0.005 6.7 x 10 9.7 .x 

Frequenciese 2600 2600 2600 2600 2:6:0.0 

cm 1800 1800 1.800 1800 l8O0 

110.0 1100 1100 1100 100 

578 221 .84 12 

578 221 ;84 .32 12 

ioments of 2.46 3.48 :453 . 5-4- 9 627 

i-iert-ia 13.50 14 52 16...00 18.05 

15.95 18.00 20.53 2..54 .27o3 
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Table 11-4. continued 

Parameters from Refs. 27, 29. 
Parameters from Ref. ha. 

 Geometry is that of H2CO (Ref. 27) with one C - H bond extended. 
 n = bond order. in n = [rC_H - 1.099 A]/-0.26. 
 The first three frequencies correspond to the HCO freqencies. 

The C - H stretch is estimated from the frequency measured in a 
matrix (Ref. 	28), the C - 0 and bend frequencies are from Ref. 29. 
See text for the explanation of the models for the remaining two 
frequencies. 
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Fig. 11-7. 	Calculated RRXM rates for H2CO - H2  + CO and H2CO - H + 

HCO (using different models for the critical configuration 

for radical dissociation--see text). The parameters used 

are given in Table 11-4. Inset shows potential energy 

surface for H2CO - H + HCO calculated by Goddard and 

S chae f er. i.la  E* is the energy of the dissociating mole-

cule referenced to the zero-point energy of the molecule. 
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various methods for locating the critical configuration, such as the 

minimization of state density, 24  result in a critical configuration 

at large values of the reaction coordinate. 24 ' 25  For H2CO - H + HCO, 

it is expected that the critical configuration will have the C - H bond 

stretched to 2-3 times the normal C - H bond distance. For a loose 

complex such as this, the critical configuration for dissociation 

should resemble the product more than the.reactants. Three frequencies 

of the critical configuration were chosen to match the free HCO fre-

quencies; one C - H stretch becomes the reaction coordinate, and the 

remaining two frequencies correspond to bends in H 2CO that become 

rotations of the products. Although it is not strictly applicable to 

bending vibrations, the BEBO method 26  was used to determine these two 

frequencies for several models of the radical critical configuration 

with different C - H bond distances. The frequency in the critical 

configuration, ', is obtained from the single bond frequency in the 

molecule, vsI  via v =s 	 The bond order n is given by in n = 

[rCH - r ]1-0.26., and r = bond length for a single C - H bond.. The 

results of the calculations are shown in Fig. 11-7. For the most rea-

sonable models of the radical critical configuration, rH 	2-3A., 

dissociation of H 2C'O to :radicSls :dtmint'es 'the ml-etuIr ' hani:i 'by 

- 	 ;more than one order of magnitude. Recentiy, 'Godd.arrd, etaL ]d.b 

published more complete calculatIons ;for the oJeciIar tran:sI:tion state-. 

Their 'frq1jEnTces are hI'het than t'he In Tabie 'Ii"4,, ,hlTh 

decrease the ca]'culated mo:lecilar iSSocIatton 	Tins, the ,'RRii 

calculations in'di;cate that it is not :utrr.e'ascna;ble for the rad.ical 

hannei to dorninàve :at an en:ergy 14 kcal/rnc.le •abôre the 't reho.id 'fvr 
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radical formation. This estimate for the molecule/radical branching 

ratio is not in good agreement with previous quantum yield measurements. 

Values of 	from 0.4 to 0.930_32  have been obtained for wavelengths 

between 280 and 300 run. cM  + 0 R = 1, so the molecule/radical branching 

ratios from these experiments are >0.1. Since not all works show a 

smooth dependence on OR on wavelength (see Fig. 3 of Ref. 31), corn-

parison to the present work at 283.9 nm may not be valid. The previous 

measurements were done at high pressures (>5  Torr) using radical sca-

vengers, so the discrepancy might also be attributed to the difference 

in pressure regime, i.e. collisional effects. 
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E. 	CONCLUSIONS 

The major conclusion of this work is that formaldehyde does indeed 

dissociate without collisions after excitation nearthe S 1  origin. This 

strongly supports the model derived from low pressure fluorescence decay 

times for S 1  decay through a lumpy continuum of S 0  levels broadened by 

dissociation. At higher photolysis energies, dissociation to radicals 

is the dominant channel and also takes place without collisions. Mole-

cular products have a large fraction of the total available energy in 

translation, while the radical products have little translational energy. 

The photopredissociation of formaldehyde near the S
l 
 origin is now 

quite well understood in the collisionless regime. Incorporation of 

collisional effects into this understanding requires further investi-

gation. 
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CHAPTER III. CO  APPEARANCE RATES 

-. 	 A. 	INTRODUCTION 

The present understanding of the role of collisions is incomplete; 

Houston1  and Zughul 2  observed a delay in the appearance of CO relative 

to the decay of H 2CO(S1). Within the experimental uncertainty, the 

appearance rate was the same for 337 and 355 tim excitation, and extra-

polated to zero at zero pressure. A model postulating that H 2CO(S1 ) 

decays to an intermediate state, I, which then collisionally dissociates 

to H2  + CO was constructed to explain these observations. This can be 

reconciled with the observation of CO product formation in a molecular 

beam if collisions quench S 1  to I very efficiently. 

The major unknown in the collisional dissociation offormaldehyde 

is the identity of this intermediate. The T 1  and S 0  states of H 2CO, as 

well as the isomer HCOH have all been suggested. The experiments 

described in this chapter were designed to study the behavior of the 

intermediate as a function of energy. Such information would be useful 

in sorting through these candidates. Measurements of the CO appearance 

rate were extended to shorter wavelengths using the method of transient 

absorption of CO laser emission used by Houston. 1 
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B. EXPERIMENTAL 

Much of the experimental apparatus has been previously described 

by Houston. '  Modifications and additional details will be described 

in this account. 

Figure 111-1 shows a schematic diagram of the experiment. The 

pulsed uv photolysis laser and the cw Co probe laser beams are over-

lapped in a cell containing formaldehyde. The 2 laser beams are 

combined and separated by dichroic mirrors. Transient absorptions of 

the ir laser by CO from formaldehyde dissociation are monitored by a 

fast infrared detector. A transient digitizer and hardwired signal 

averager are used for signal processing. 

1. 	Co Laser 

A description of the CO laser discharge tube has been given by 

Houston; 1  the laser is similar to those described by Djeu 3  and by 

Gerlach and Amer. 4  The cooling system and feedback circuit have been 

modified to improve the stability of the laser. 

Figure 2 of Ref. 1 is a schematic of the CO laser tube. Plexiglas 

window holders, cut a-t Brewster's angle, -fit over the (square-cut) ends 

of the laser tube and were sealed on the Apiezon W (black wax). Cal-

cium fluori4e windows (38 mm diameter x 5 mm thick) were sealed with 

orings and he.ld on by vacuum. When the d1scharge tub was cold, the 

windows were flushed with dry :nktrogen to prevent water condensation. 

The windows were eritdicily c1eaned with lens paper -and spectrsl 

grade -methanol -; this was crucial to good laser performance. The teflon 
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Fig. 111-1. Schematic of the CO appearance rate experiments. DM = 

dichroic mirror, M = mirror, I = iris, F = bandpass ir 

filter. See text for description. 
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plugs near the ends of the discharge tube reduce diffusion of CO to the 

unexcited regions near the windows, where it would quench lasing in the 

v = 1-0 band. A portion of the line connecting the discharge tube and 

the vacuum pump was water cooled to reduce oil backstrearning. The 

discharge tube could be cleaned by removing the window holders and 

teflon plugs, rinsing the inside with acetone, dilute nitric acid, etc. 

to remove deposits, and then baking the entire tube in the glass 

annealing oven. 

Nitrogen boiloff from the cooling jacket of the discharge tube was 

vented through small (-12 mm diameter) openings near each electrode, 

similar to those described by Gerlach. 4  A manifold of glass and tygon 

tubing carried the cold gas away from the steel I beam (6" x 6" x 8') 

which served as an optical rail. This reduced perturbations in the 

laser alignment caused by thermal contractions of the rail. The liquid 

nitrogen jacket was enclosed in Armstrong Armalok insulation; 50 liters 

of 2N2  lasted approximately 5 hrs. Variations in the cooling jacket iN 2  

level were held to within :tl cm. Figure 111-2 is a cirtuit dia'gram for 

the IN level .controiler, which shut off the N2  flow t:o the ZN2  dewar 

when the cooling jacket was LulL. The prev IouR-y  iused -thermal ex-pans ion 

snsor -was tep1a.ced with a resIlstance 	 CareLui;c.on- 

trol of the d:i.sharge 	 reduced faut aric.ns in thelaser 

- p:ower. 	fter eachu?se i6f the :laser,, the 	 as 11uhed 

with dy nittrp.,gen dur;ing 	 Th1 kept atet ±romccndens.ing in 

the cooiAng jacket and cracking tre te pon 	qv)nt Ic 
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Fig. 111-2. Circuit diagram for liquid nitrogen controller. When the 

2.N 2  level in the laser cooling jacket is high, current 

flows through the magnetic valve, shutting off the nitrogen 

flow to the 9N 2  dewar. 



57 

zzr > 

too 

tn 

TJ 

OD 
OD 

CY 

-AV  ~ti 

;' 
-j 
C 

L&J 

C zC,, 
Dz 

LLJ 

0) 
'ML) 	CY 

CD 

—I 
—4 
—4 
co 

—J 
co 

> 
U, 

I—I 

•1-4 



58 

The laser cavity was formed by a grating (Bausch and Lomb, 4 i, 

300 lines/nun) and a 3 m radius-of-curvature output mirror coated for 

98% reflection at 4.8 p (Coherent). Cavity alignment was done with 

the eighth order reflection of a HeNe laser. An iritracavity iris could 

be closed down to give single mode operation. Figure 111-3 shows the 

components of the feedback circuit used to lock the laser to the peak 

of its gain curve; Houston 1  also discusses the stabilization scheme. 

The reference channel of a lock-in amplifier (PAR, JB-5) provided a 400 

Hz signal. This was fed to a Burleigh RC 42 ramp generator that served 

as a programmable high voltage power supply. The output of the ramp 

generator was applied to a piezoelectric transducer (Burleigh PZ-80) 

which modulated the position of the output mirror of the CO laser along 

the optical axis. A small change in the cavity length changes the 

position of the laser's longitudinal modes within the gain curve of the 

discharge. Modulation of the mirror position therefore leads to a 

similar modulation in laser power, the amplitude and sign of which are 

dexetmined by the slope o.f the gain curve. The laser output along the 

-zeroth order reflection of the grating was monitored with a PbSe 

detector (Optoelectronics) which was connected to the signal channel 

the 1ock-ixi. The :lock-ln amI1f.ier was used with a filter time con-

stant of 3 s and 6 'Bioctave r5l1off. 'The double-ended DC signal from 

the :.mofl1t01 't inals of the lock-li was cc river ted to •a single-ended 

'signal y the Iferti;al tnll"fler shown in Fig.. 111-4. The gain of 

-the : f.fere1!It5Lal . 	Yfi'er -was 'typJLcal'i:y .:st  at 2'or 50, 'and the 1±miver 

at 	Thls signal  was fed to the r-amp generator as a small "correct ion" 

to 'the o:utputDC 1,evel1. This 'otrec'Jtion" drives the laser toward the 
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Fig. 111-3. Schematic of the feedback circuit used for laser stabiliz-

ation. 
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Fig . 111-4. Circuit diagram for differential amplifier. ZD = zener 

diodes used as voltage limiters; ±3,6,9,12 or 	V. 
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peak of the gain curve; the size of the correction is proportional to 

the slope of the gain curve. The DC level of the ramp generator out-

put was monitored with a voltmeter. Large adjustments and the initial 

setting of the DC level (0 to 1000 V) were done manually with the ramp 

bias (or offset) control on the ramp generator. Under optimized con-

ditions, the laser power stability was better than -1% on a us time 

scale. On a ins time scale, larger (5-10%) fluctuations were observed, 

and are attributed to vibrations of the laser table. 

A gas handling manifold was constructed of soldered 1/4" copper 

tubing, 1/4" diameter polyflow tubing, and Gyrolok fittings. Each gas 

inlet was equipped with a shut-off valve and a needle valve. The rela-

tive gas flow to the halves of the laser could be varied with needle 

valves. CO and air were pre-mixed in a section of the manifold contain-

ing a 0-1 atm pressure gauge, and added to the other gases through 

another needle valve. Hoses of 3/8" diameter polyflow tubing (several 

meters long) connected the manifold to the discharge tube; the connec-

tion to the giass was made with nylo.n Ultratorr fittings. The purities 

of the gases used in the discharger were: He = 99.995%, N 2  - 99.999% 

and CO - 99.0% (Matheson Technical Grade). 

The rec 	e&éd proced'ure 'for starting the CO laser is': Allow the 

1ock= in ain:plif  ier to warm up for about one hour and adjust the AC 

bi'ace. Iurttg t 	 open the 1QO needle valves to give :a .tn'a'sur- 

iäble prevsure (-5O'OOO Toirr) .nthe 'gauge, and a pressure in the laser 

of-.Qçl TTorr arèiy 'ne:sutable on the oil "manometer at the laser out- 

let). ;Ate:r the 	.ilcw reaches ste.ady state,, as evidenced by a c:on' 

vant reading zon the gauge, 'add air (-5%) to the CO. Then coo.l the 



laser tube with £N 2 . Add -1 Torr N2  to the CO/air mixture before turn-

ing on the power supply. Figure 111-5 is a schematic of the laser power 

supply; typical operating conditions were 12 kV and 20 mA. Slowly add 

1 Torr He to the CO/air/N 2  discharge, then 3 Torr He to the outer ports. 

If either half of the discharge goes out, reduce the He and balance the 

gas flows. If the discharge does not re-light when the He is shut off, 

turn down the high voltage and try again. Look for lasing with a liquid 

crystal sheet while adjusting the grating settings. With the gas mixture 

given here, the longer wavelength transitions (v 2 3) lase. Lasing in 

the v = 1-0 band is obtained by adding more N 2  to the discharge and 

reducing the CO as the grating is tuned to shorter wavelengths. Con-

versely, increasing the CO and decreasing the N 2  results in many longer 

wavelength transitions, and improves their output powers. Once lasing 

on the desired transition is obtained, the gas mixture and grating 

setting should be adjusted for maximum power using either a thermopile 

or the ir detector (and chopping the beam) to monitor the power level. 

Then turn on the .feedbac,k electronics and adjust the gain and limiter 

voltage for the most stable output. Table 111-1 lists some of the laser 

lines observed and typical output powers. Las ing was also observed frotn 

'higher vibrational 'levels '(v 	5-I0'), but these trarsitions were not 

used in the present experiments. Wav.]engt'hs were measured with a 314 in 

Spex monochromato'r; v = 1-9 transition's could -a1so he identified with a 

CO gas filter cell. Absolute powers were 'measured with an Eppey 

thermopile. LRelavive power Ae1s coujd a18o be ;obtained by .'dh'opp'in.g 

the laser ,b'eams and no.t±-n:g the amp1itu:ds of the :quareave s:gnals 

from the ir detector. 



Fig. 111-5. Circuit diagram for the CO laser power supply. 
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Table 111-1. CO laser lines observed a 

Frequency 	 Power 
Laser Line 	 cm 1 	 mW 

P10 (11) 2099.08 6 

P10 (12) 2094.86 8 

P10 (13) 2090.60 4 

2081.23 20 

P21( 10 ) 2077.11 20 

')2_l(h 1 ) 2072.96 20 

2068.78 30 

2064.55 20 

P32 (8) 2059.20 20 

P32 (9) 2055.15 30 

2051.07 35 

P32 (11 ) 2046.95 35 

P32 (12) 2042.80 35 

P4-3 (7)  2037.12 35 

P43 (8) 2033.14 35 

2029.12 40 

a) 	•Par.ti1 list.. Transitions ftm higher vibrational leve].s were 
also observed.. 
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2. 	Photolysis Lasers 

Two different laser systems were used for the formaldehyde photo-

lysis. For the studies at 354.7 nm, a Raytheon model SS404 Nd:YAG 

oscillator/amplifer system was used. The output of this laser Is in 

the TEMOO mode with a beam diameter of -3 nun. Typically, 5 mJ of 1064.1 

nm output from the master oscillator yields -200 mJ after three ampli-

fiers. A type I KD*P crystal generates the 532 nm second harmonic, 

and a type II KD*P  crystal mixes fundamental with.second harmonic to 

generate the 354.7 run third harmonic. Reference 2 gives a more detailed 

description of this laser. A maximum of 30 mJ of 354.7 nm light can be 

obtained, but 5-10 mJ were typically used. Laser energies were measured 

after a 60 deg quartz dispersing prism with a Scientech thermopile. 

The second photolysis laser, a Quanta-Ray Nd:YAG-pumped dye laser 

system, was used for the shorter wavelength studies. 317.0, 298.5 and 

298.3 nm light was obtained by doubling the output from Rh 640, DCN and 

Rh 590 (Exciton), respectively, which were pumped with -200 tnJ of YAG 

second harmonic. Gen-eraiiy, 3-4 -rnJ of uv. light were used; laser energies 

were measured after a uv ,pass/vis block filter (Corning 7-54) and one 

90 deg quartz prism. More detailed info.rination.on this laser system 

c-an -be btaIned from the ±nstr1nie1t miranuais and from Quan:t.a-Ray. 

:3. 

Th:e ir and uv i-aser bzams were v lapped and then Separated with 

dlchroic imirror;s .(DN .n iI.[l). ne -set of mirrors, used for the 

eperents at 354.7 .:nmn, r lected 8O% of the uv and ;transmLtted -909' 

f -the ir.. The -other irrors ere ised Ior the 317..O, 29&5 and 283.9 
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nm experiments, and reflected >90% of the uv and transmitted >90% of 

the ir. 

Aluminum and gold front surface mirrors were used to direct the CO 

laser beam through the formaldehyde cell and onto the detector. The ir 

beam was (generally) focussed onto the detector element with an As2 S3  

lens (2" diameter, f/i). This lens also attenuated the uv light that 

leaked through the second dichroic mirror. Scattered photolysis laser 

light and other background were further reduced with ir filters. A 

-1 W4741 filter (half-maximum transmission points 1930 and 2420 cm ) was 

used inside the detector dewar (iN 2  cooled), and a N474 filter (half-max 

2050-2190 cm) outside the dewar (also see Fig. 111-18). This arrange-

ment satisfactorily eliminated scattered light except under conditions 

of high uv energy (12 mJ/pulse) and low signals (i.e. R 2CO pressures 

0.l Torr). 

The photolysis lasers were not in the same room as the CO laser, 

so multiple reflections were required to direct the uv beam to the 

formaldehyde cell.. 'This lad a :deietrioirs effect on the shape and size 

of the laser beams. For the 354.7 im experiment.s, after the three 

d ielectr ic mirrors, the .d ichroic •mirror and c•:el1 windpw, t:he LV pui& 

energy in the H2CO cell is ct1y 15O-6O ..'of thE energy me'asured after the 

60 deg .d ispersin:g prism. Fot'he shotter 	eie:gths, 'tie losses at 

the ;rih-:aigl quart?z irLsnvs :used ifor bath 	 the dic1roic 

nirroir and .c'ell winow were such that :th 	el uv .zgy was 'r;oughLy 

:6:5% cf the 'va1ue rn'easutred after the first 	4 1 m fc1ergth 

caP 2  :lns arid/ora.2m f.1l.. -quartz ,lens twerie son t.imes)us•ed XO 



70 

collimate and/or focus the uv beams. These lenses were placed at dis-

tances ranging from -30 cm to 2.5 m from the cell. 

Irises were placed at both ends of the cell for beam definition 

and as an aid in overlapping the laser beams. The diameter of the 

first aperture matched that of the larger of the two laser beams. The 

second aperture was never larger than the smaller of the two beams, but 

was closed down when using strong CO laser transitions, so that the 

signal from the ir detector did not saturate the electronics. This was 

done by chopping the CO laser beam and observing the output waveform on 

an oscilloscope. 

4. 	Detector and Electronics 

The intensity of transmitted CO laser light was monitored with a 

liquid-helium cooled copper-doped germanium detector (SBRC). A detailed 

description of this ir detector and its dewar can be found in Ref. 5. 

Reference 6 gives the circuit diagram for the detector and its pre-

amplifier. The response of the detector and pre-amp to a 8 ns laser 

pulse (3.5 u) indicated a 150 ns response time with a 28.9 kE load 

resistor. 6  The data at 354.7 ntn and 298.5 nm were taken with a .28.7 

kQ load resistor.; an £ .k2 resistor was used for the d.ata •.at 283.9 and 

317 nm. Using the 28.7 k2 load, the fastest .rlse;t.imes (-280 115) wou:ld 

be slowed -15% by detector repo.ase time. Experiments using the athafler 

-load resistor seemed to give r iset itres -about -2O% faster than comparable 

traces with the 28.7 k load, but this difference is on the order of 

the scatter and uncertainty in the data. 
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In addition to the xl pre-arnplifier built onto the detector dewar, 

one stage of a Keithley 104 wide band amplifer was used for xlO 

amplification. The signal was then input to a Biomation 8100 transient 

digitizer (2048 channels, 10 ns/channel minimum) interfaced with a 

Northern 575 signal averager. The transient digitizer has dual-

timebase and pre-triggered modes and was triggered by a photodiode 

which looked at scattered YAG second harmonic. Signals were accumulated 

for 128-2048 shots, and the data output on an X-Y plotter. Data could 

also be stored on magnetic tape and transferred to floppy disk. 

5. 	Gas Handling 

Formaldehyde monomer was prepared from paraformaldehyde (Matheson, 

Coleman and Bell) by the method of Spence and Wild; 
7
further details 

are given in Ref. 8. NO used in the radical scavenging experiments 

was purified by passing it over silica gel held at dry-ice temperature. 9  

Gases were handled in a standard glass-and-grease vacuum line, 

which was pumped to 106  Torr before each experiment. Gas pressures 

were measured with a calibrated Pace capacitance manometer with a 50 

Torr range. At pressures 	1 Torr, a MXS Baratron'manometer was also 

used. 

The formaldehyde cell was made of pyrex and was' 1 m long. "The 

center section was '810cm long and -5 'cm in 'diameter. The tend sctions 

were :eah 10 cm long and 1.5 cm in diameter 'with 'sapphire 'windows (1 

,imn x 25 umi diameter) epoxied on at Brewster's angle. 
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C. RESULTS AND ANALYSIS 

1. 	Appearance Rates 

The appearance rates of Co produced by dissociation of H 2CO at 

354.7 run (tripled YAG), 317.0, 298.5 and 283.9 rim were measured by the 

CO laser absorption technique. A typical trace is shown in Fig. 111-6. 

The rise of CO was treated as exponential and an appearance rate deter-

mined from a log plot (Fig. 111-7, line b). The observed rises are 

not exactly exponential; the fitst part of the rise is too slow. This 

was most noticable for photolysis at 354.7 rim and for low formaldehyde 

pressures. 

If formaldehyde dissociation to H 2  + CO occurs via sequential 

first order processes, namely 

H2CO(S 1) + M - I + H 	 (1) 

I + H - 112 + CO(v,J)b + M, 	 (2) 

then the concentration of CO at a time t should be given by: 

[CO] 

Co] 	
= 1 + 	

- i 2fM] (k
2 [M] e_kM]t - k1 [N] e_k2t 

:[ 	
)

max 

where CO 	the initial concentration of H 2 
	1 CO(S Y. For a few traces, 

curves of this form were computer fIt to the data by a least-squares 

method:: Table 111-2 gives the resu1ts. If the model involving 

111sj;on:41 decay iol S 1  to an intermediate :i•s correct., k 1 :[,N] -should 

he the observed H2C0(S1) decay rat e. In Fig.. 111-8., the dot-and-dash 

line is the CO rise calculated with k1EM] = 10 iis 	(the measured 5 1  

decay •rate for 0.5 Tiorr 	exc:xted :at 354.7 rim )., and a decay rate 

for tlre intet:edIate (1) of 2 	Tor 	k2[Nj 	1.0 	hich 
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Fig. 111-6. 	Time-resolved absorption of the P 10 (12) CO laser line 

by CO produced from 354.7 nm photolysis of 1.00 Torr 

H2CO. The decay is diffusion of the CO out of the 

probe beam. 
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Fig. 111-7. 	Graphical analysis of the CO rise shown in Fig. 111-6. 

Line b gives a 2.00 ps' appearance rate for the CO 

(the initial, slow part of the rise is not fit--see 

text for discussion). Lines a and c indicate the range 

of lines that can reasonably be fit to the data and 

yield uncertainties for the appearance rates of +15% 

and -8%. 
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Table 111-2. Curve fitting results. 

H2C0 
-pressure, 	k1[N], 	k [M], 	a 	

k2[M]gr,b 
(nm) 	(Torr) 	(ps-) 	(s1) 	s 	(s) 

354.7 0.103 7.00
c  

0.325 0.037 0.40 

0.103 1.60 0.404 3.008 0.40 

0.50 10.00
C  

0.667 0.056 0.94 

0.50 2.10 0.990 0.013 0.94 

0.50 10.00
c  

0.736 0.055 1.06 

0.50 2.45 1.040 0.017 1.06 

1.00 14.00
c  1.400 0.066 2.00 

1.00 2.85 2.589 0.022 2.00 

1.00 3.33 2.419 0.023 2.00 

317.0 0.49 
171•3d 

0.970 0.010 1.06 

0.49 774.0' 0.964 0.010 1.06 

1.05 5.745 1.875 0.019 1.95 

 s = the variance. 
 Value for k2[M]  derived from graphical analysis ignoring the 

first part of the rise. 
 Least squares fit with k1[M]  constrained to the H•2C0(S1) decay 

rate from Ref. 10. 
This fit is insensitive to klf. }-h.e  rise is virLtualiy a single 
expônertial. 	See Fig. 	iIi_9. 
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Fig. 111-8. 	Curve fitting results--modelling the CO rise as two 

sequential first order processes (see text). H 2CO 

pressure = 0.5 Torr, 354.7 rim photolysis, monitoring 

CO(v0, J12). x = experimental points. -.- = 
calculated rise for k1 [M] = 10 us 1  = the observed S 1  

decay rate, k2 [N] = 1.00 us 1 . 	best fit 

with k1[M]  constrained to 10 us 1 , k2 [M] = 0.67 us. 

_____ = best fit obtained, k1 [M] = 2.10 us 1 , k2 [M] = 

g.,9 
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is the value of k2[M]  obtained from the best overall fit and from the 

graphical analysis). The dashed curve is the best fit obtained 

under the constraint k 1 [M] = 10 us; k2 [M] = 0.67 us ' . The solid 

curve is the best fit obtained if both rates are allowed to vary; 

k1 [M] =2.lOs 1  and k2 [M] = 0.99 us 1 . At 354.7 nm, the fit to 

the experimental data is clearly improved when k1[N]  is allowed to 

change. This is not as crucial at 317 nm; the 0.50 Torr rise is 

virtually a single exponential (Fig. 111-9). 

The values of k2[M]  from the best computer fits are in agreement 

with the results of graphical analysis in which the early, slow part 

of the rise was ignored (see Fig. 111-7). Most of the data was 

graphically analyzed. The uncertainties in the appearance rates 

determined in this manner were taken from the slopes of the extreme 

lines that could be drawn through the points on the log plot (Fig. 

111-7, lines a and c). These uncertainties are given in the tables 

of results (Tables 111-3 through 7) and are on the order of ±20%. The 

error bars for the individual points in a trace are based on estimates 

of the noise in the signal and possible uncertainties in the location 

of the baseline and the t=0 point. -Both methods of analysis are 

subject to these uncertainties in baseline 'determination. 

The amplitude of the absorption signal as 'linearly prc.portiona1 

to the foria1'dhyde pressure (Fig. hi-b), photolysts laser tenergy 

111-11) and the :nuthber of .2as - r shots aeragEd  

Table 111-3 gives the rnasu.red co appearance rates Lor 354 7 

pho.t olysis, and .Fig. 11.1-13 shows the 1inear 4.e..rd.enc.e on p..:sS.ure.. 
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Fig. 111-9. 	Curve fitting results. H 2CO pressure = 0.49 Torr, 

317 run photolysis. x = experimental points. The solid 

curve represents the best fit to the experjmental data; 

the calculated curves with k1[N] = 171.3 is' and 

k2[N] = 0.970 us1  and with k1[N] 	774.0 ps 1  and 

k2[N] = 0.964 us 1  are identical. 
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Fig. 111-10. 	Absorption signal amplitude as a function of H 2CO 

pressure. 
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Fig. 111-11. 	Absorption signal amplitude as a function of photolysis 

energy (354.7 rim). 



CO (v0, JI2) 

me 	1.40 Torr H2 CO 

354.7 nm 

U) 40 
C 
	

. 

0 

0 

20  

MR 
	

2 	 4 	 b 

UV Laser Energy (mJ) 	
xBL 811112436 

Fig. 111-11. 



87 

Fig. 111-12. 	Absorption signal amplitude as a function of the number 

of laser shots averaged. 1.03 Torr H 2CO (same sample 

used for all points), 354.7 rim, C0(v=0, J=12). 
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Table 111-3. CO appearance rates following H 2CO photolysis at 3547 	
a 

P 	 (PTY4, 

Laser line 	(Torr) 	(ps) 	Torr ' Ils 	Uncertainty 

P10 (12) 	 0.103 0.40 3.88 -18%, -15% 

0.25 0.65 2.60 +12%, - 9% 

0.35 0.80 2.29 +16%, -10% 

0.40 0.84 2.10 +10%, - 4% 

0.50 0.94 1.88 + 7%, - 5% 

0.50 1.03 2.06 +10%, -10% 

0.50 1.06 2.12 + 9%, - 6% 

0.64 1.17 1.83 + 9%, - 9% 

0.74 1.46 1.97 + 3%, -23% 

0.80 1.48 1.85 + 9%, - 9% 

0.96 1.87 1.95 +13%, -10% 

1.00 1.90 1.90 +14%, - 8% 

1.00 2400 '2.00 +15%, - 

1.03 2.23 :2.17. +15%, -i% 

.1:04 1.86 1.. 79 +11, - 

1:07 2..:37 2.21 -117.., 	•-..11% 

+ 	9% 

1,12 2. 02 14;,80 

1-:12 .L.419 +i6%, •- 

L.12 204 2, 	S2 14%., -13% 

•.L89 



Table 111-3. Continued 

1.14 2.06 1.81 +12%, -12% 

1.14 1.94 1.70 +12%, - 8% 

1.20 2.19 1.83 -15% 

1.40 2.47 1.76 +12%, - 9% 

1.40 2.76 1.97 +11%, -11% 

1.41 2.54 1.80 + 9%, - 6% 

1.42 2.58 1.82 +11%, - 9% 

1.42 2.57 1.80 +13%, -11% 

1.64 2.66 1.62 +17%, - 0% 

1.84 3.24 1.76 +10%, -12% 

2.00 3.37 1.69 +12%, -16% 

0.40 0.72 1.80 +14%, -11% 

0.70 1.18 1.69 +19%, -15% 

0.99 1.58 1.60 +13%, -18% 

1.40 2,22 1.59 +24%, -15% 

1.73 2.77 1.60 + 9%, -18% 

a) 28.7 k2 load resistor used. 
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Fig. 111-13. 	CO appearance rates as a function of H 2CO pressure for 

354.7 tim photolysis (data in Table 111-3). The lines 

shown are least-squares fits to the data, uncertainties 

are one sigma and reflect the scatter in the data only. 

Line a: CO(v0, J12) slope = 1.623 ± 0.063 ps 	Torr 1  

intercept = 0.254 ± 0.057 

Line b: CO(vl, J10) slope = 1.531 ± 0.033 1.1s 	Torr 1  

intercept = 0.095 ± 0.038 ps
1  

Line c: combined data slope = 1.604 ± 0.059 ps 1  Torr 1  

intercept = 0.239 ± 0.066 is -1 
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Lines a and b are least squares fits to the data for CO, v = 0 and 1, 

respectively; line c is a fit to all the data. The appearance rates 

for C0(v=l, J=10) are -15% smaller than those for C0(v0, 3=12), but 

the differences are comparable to the uncertainty in the data. CO 

appearance rates were also measured after formaldehyde excitation at 

317.0, 298.5 and 283.9 run, and are given in Tables 111-4 through 111-6. 

Figures 111-14 through 111-16 show the pressure dependence of these 

appearance rates. The lines shown in -the 'figures are linear least-

squares fits to the data; the uncertainties in the slopes and inter-

cepts given (1) are derived from the scatter in the data. Given the 

sparsity of the data--particularly at 298.5 run, however, these numbers 

should be viewed with caution. As Fig. 111-17 shows, the appearance 

rates at all four wavelengths studied in these experiments are basically 

the same--the appearance rates have no obvious dependence on wavelength. 

Table 111-7 gives appearance rates for CO produced in v = 1, J = 

9-13 with 298.5 and 354.7 run excitation of H 2CO. These risetimes show 

no significant dependence on xotational ievcl--dhserved differences are 

it-hin the ex-p,erithent-ál ucetainty.. 

V1-btat1onaI D,srib -ut:ion 

•Ln-foruation on the -v.brational di,st:r.ib-ut,I-on --of the _CO produ-ced by 

or.e1iy&e:hot-o sls tan be ohtain:e -d f-rotn 't.he &1e 2plitides .:of 

the :bcrpt: Gn ?of 	 CO 'Elaser ttansftmis-. The ç:res7ent .;dBa at 

35-.? ;and E311.D - m :-uppThE1nents revons 	- .oflOw±ng the ..alysis 
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Table 111-4. CO appearance rates following H 2CO photolysis at 317.0 

- 

T , 	 (PT) 
l  

Laser line 	(Torr) 	(iis) 	Torr us 	Uncertainty 

P10 (12) 0.31 0.78 2.52 +14%, - 4% 

0.49 1.06 2.16 + 7%, - 9% 

0.73 1.72 2.36 +15%, -13% 

1.05 2.08 1.98 +19%, -15% 

1.54 3.14 2.04 +18%, - 7% 

2.00 4.15 2.08 +11%, -13% 

0.31 0.62 2.00 +13%, -10% 

0.49 0.92 1.88 +11%, -13% 

0.73 1.39 1.90 +14%, -15% 

1.05 2.01 1.91 +10%, -12% 

1.54 3.10 2.01 +23%, -30% 

2.00 4.38 2.19 +13%, -22% 

0.31 0.83 2.68 +14%., -11% 

0.49 1.25 2.55 +14%, -15% 

0. 7.3 .1.76 +18%, -14 

a) 8 162 load resistor used. 
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Fig. 111-14. 	Co appearance rates as a function of H 2CO pressure for 

317.0 nm photolysis (data in Table 111-4). The line 

is a least-squares fit to all the data: slope = 

2.034 ± 0.070 is 1  Torr', intercept = 0.079 ± 

0.075 us1. 
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Table 111-5. CO appearance rates following H2CO photolysis at 298.5 rm. a 

T 1 , 

Laser line (Torr) (I.1 s 1 ) Torr 1  us 1  Uncertainty 

P10 (12) 0.38 1.08 2.84 +13%, -15% 

0.50 1.50 3.00 +11%, -11% 

0.52 1.61 3.10 +29%, -20% 

0.70 1.72 2.46 +21%, -19% 

1.52 2.69 1.77 +15%, -21% 

P21(10) 0.56 1.02 1.82 +22%, -21% 

0.77 1.28 1.66 +22%, -22% 

2.08 2.04 +11%, -13% 

	

1.04 	 1.73 	1.66 	 +16%, -10% 

	

1.05 	 1.95 	1.86 	 +27%, -26% 

a) 28.7 kQ load resistor used. 
•b) 8 kQ load resistor used. 



Fig. 111-15. 	Co appearance rates as a function of H 2CO pressure for 

298.5 rim photolysis (data in Table 111-5). The line 

is a least-squares fit to all the data: slope 

1.262 ± 0.238 ps 	Torr 1 , intercept = 0.649 ± 0.207 

-1 
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Table 111-6. CO appearance rates following H 2CO photolysis at 283.9 

(PT), 

Laser line 	(Torr) 	(psi-) 	Torr 1  .is 1- 	Uncertainty 

P10 (12) 0.52 1.51 2.90 +19%, -11% 

0.75 1.83 2.44 +15%, -13% 

1.05 1.92 1.83 +18%, - 9% 

1.31 2.79 2.13 +11%, -11% 

1.77 3.77 2.13 +18%, - 9% 

0.52 1.01 1.94 +19%, -18% 

0.75 1.35 1.80 +15%, -13% 

1.05 2.12 2.02 +11%, -12% 

0.52 1.38 2.65 +14%, -14% 

0.75 1.45 1.93 +18%, -10% 

a) 8 k2 load resistor used. 
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Fig. 111-16. 	Co appearance rates as a function of H2CO pressure for 

283.9 nm photolysis (data in Table 111-6). The line is 

a least-squares fit to all the data: slope = 1.953 ± 

0.196 iis 	Torr, intercept = 0.157 ± 0.192 us'. 
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Fig. 111-17. 	Co appearance rates as a function of pressure: all 

photolysis wavelengths. The line is a least-squares 

fit to all the data: slope = 1.723 ± 0.061 us 

Torr 1 , intercept = 0.226 ± 0.064 lis 	The uncer- 

tainties are lcj and reflect the scatter in the data 

only. 
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Table 111-7. CO appearance rates for different rotational states. 

 298.5 trn. 

(Pt) 

Laser line (Torr) (is" 1) Torr Uncertainty 

1.05 1.96 1,86 +54%, -16% 

1.05 1.95 1.86 +27%, -26% 

P21 (1l) 1.05 2.40 2.29 + 8%, -17% 

2-1 
1.05 2.43 2.32 +19 0/01 , -19% 

P21 (13) 1.05 2.06 1.97 +190/0, -24% 

P21 (13) 1.26 2.29 1.81 +21%, -24% 

354.7 run. 

T 1 , (PT) -1  

Laser line (Torr) (is 	) Torr 1 
 JIS-1  Uncertainty 

P10 (12) 1.30 2.34 1.80 +22%, -11% 

P21 (10) 1.30 2.11 1.62 +21%, -16% 

P2_1 (11) 1.30 2.28 1.75 +191 1  -23% 
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of Houston,' the height of an absorption signal, H,,, is related to 

the populations of the upper and lower states by 

CC -- 
N" 	N' 

( gli - g 	i 	, 	' I 	 (3) nii 	 n ,n 	n ,n 

For the absorption of the P(J"), v + 1 -' v laser line, g' = 2J' + 1 = 

2J" - 1 and g" = 2J" + 1. The transition frequency, VrjI is effec-

tively independent of v, and in the harmonic oscillator approximation, 

IlJn?,nItI 2 Cc v' = v + 1. Thus (3) becomes 

	

N 14
(2J"+l) 	 (23"+i) (4) - 	 (2J"-l) 	Hj,, 

with the boundary condition that for some v = v max v+l,J , N 	= 0. Using 

a Boltzmann distribution to relate N v,J±1 	v,J 
to N 	, (4) can be 

repetitively applied to the observed signal heights to obtain relative 

vibrational state populations. 

For 354.7 run photolysis, averaging two sets of data gives relative 

signal heights of 74.8 ± 2.8, 20.8 ± 1.1 and 4.5 ± 1.8 for the P 10 (12), 

P21(10) and P 32 (8) laser lines, respectively. These signal heights 

are normalized to a total of 100, and differences in laser powers, 

numbers of shots averaged and scale factors have been taken into 

account. These data indicate a CO product vibrational distribution of 

(91.1 ± 4.0)% in v 	0, (8.2 ± 0.7)'7. in v = 1 and (O.7 ± 0.3)7. in v 2 

for photolysis at 354.7 run. Similarly, at 317.0 nm, averaging the 

normalized results of 5 experiments gives relative signal heights of 

42.8 ± 5.7, 36.8 ± 4.5 and 20.2 ± 4.0 for the P 10U2, P2_1 10) and 

1`3-2 (8) laser 1 ines. T.iese give .a product vi rational istrihution of 

(76.9 ± 10.9)% in v 	0, (19.3 ± 2.7)% in v 	I and (3.8 ± 0.7)% in 

v = 2. 
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The above calculations contain two assumptions. The first assump-

tion is that essentially no product is formed in v = 3 or higher. This 

is probably a good assumption--Houston1  found little or no product in 

v = 3 at similar wavelengths (see section D-2 of this chapter). Secondly, 

the rotational distribution within each vibrational state was assumed 

to be thermal. This should also be a fairly good assumption: the 

absorption signal heights used in these calculations are measured after 

the absorption has leveled off (see Fig. 111-6), and several us should 

be sufficient for nearly complete rotation-translation equilibrium. 

3. 	Radical/Molecule Branching Ratio 

At the shorter excitation wavelengths used, formaldehyde dissociates 

to H + HCO as well as to H 2  + CO. Table 111-8 gives rates and time-

scales (f's) for the relevant radical reactions in pure formaldehyde 

and in the presence of NO. In pure formaldehyde, radical recombination 

is two orders of magnitude slower than the timescale of these experi-

ments and thus presents no complications. Use of the proper amount of 

the radical scavenger NO produces CO from HCO on an observable timescale. 

rigute I1I18 is  a  trace taken for 2.81.9 nm excitation of 1 Torr H 2CO + 

0.23 Torr NO, Fi:g.  111-19 shows the graphical analysis. The initial 

rise orresponds to CO produced by molecular dissociation of H2CO: the 

isetime 	s) 5 in accord with the previous, pure. formaldehyde 

flheasutemenVs. The s1wer ne ;ciorrtoponda to CO from the reaction of 

HQO +1%10.. 	hou'h :the btved tistiiine does not exactly match the 
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Table 111-8. Radical reaction rates for 1.00 Torr H 2CO + 0.23 Torr NO.a 

Reaction 	 kb 	Initial rateC 

H + HCO - H2  + CO 5.5 -10 x 10 5.5 x 1016  312 

H + H2CO - H2  + HCO 5.0 x 10_14  1.6 x 1016  606 us 

2HCO - H 2CO + Co 6.3 x lO 6.3 x 1015  2.7 ms 

HCO + NO - HNO + CO 1.2 x 10 8.7 x 10 17 11.5 us 

H+NO+M-HNO+M 4,5x10 31  1.1x10 15  8.8ms 

CO(v=1) + N0(v=O) 2.0 x 10-14g 6.6 ms 

- 	CO(v0) + NO(v1) 

 H 2CO absorption cross section at 283.9 nm = 3 x 1020  cm2 . 	For 
2 inj uv, 	[H]0 = 	[HCO] 0  = 1 x 1013  molecule cnr3 . 

 From Ref. ii. 	Units are cm3  molecule 1  s-. 
 Units are molecule cm 3  s. 
 T Is the timescale for the reaction. For pseudo first, order 

kinetics t = 1/k[M]. 	For second order kinetics, T = (e-1)/k[X]0, 
where X Is the reactant. 
For Ref. 12. 
Units are cm6  molecuie 2  s 
From Ref. 13. 
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Fig. III.-18. Time-resolved absorption of the P10(12) CO laser line 

following 283.9 run photolysis of 1.0 Torr H2CO in the 

presence of 0.23 Torr NO. The initial rise corresponds 

to CO formed via dissociation of H 2CO to molecular 

products. The slower rise is from CO produced in the 

reaction of HCO with NO. See text for further dis-

cussion. 
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Fig. 111-19. Graphical analysis of the CO rise shown in Fig. 111-18. 

Lines B gives a value of 0.19 Ms 1  for the slow rise, 

T1. Lines A and C indicate the range of lines that 

can reasonably be fit to the data and yield uncertainties 

for T 	 of +18% and -7%. The inset shows the fast rise 

obtained after subtracting each of the fits for the slow 

rise. T f '  = 2.0 us 1 , +30%, -5%. The ratio of the 

amplitudes of the rises, A/Af  = 3.2, +50%, -20%. 
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calculated timescale for HCO + NO given in Table 111-8, nothing else 

is close. The reaction of HCO with NO is much faster than either radical 

recombination reaction; 95% of the HCO gives CO via this reaction. HCO 

from the reaction of H + H 2CO is formed on a longer timescale and does 

not contribute to this signal. Thus, the ratio of the amplitudes of 

the slow and fast rises gives the radical/molecule branching ratio, 

The relative amplitudes and appearance rates for measurements using 

different CO laser lines are given in Table 111-9. Since the total 

quantum yield for dissociation is one, the observed values for 

of 2.4 - 3.2 imply that 	= 0.71 - 0.76 at this wavelength. 

This analysis assumes that the behavior of a limited number of 

vibrational states is representative of the whole. The observed ainpli-

tude ratios for v = 0,1 and 2 are the same within the (large) uncer-

tainty limits, which implies that the vibrational distribution for CO 

formed via the HCO + NO reaction does not differ greatly from that for 

CO formed in the molecular dissociation. The exothermic.ity of the HCO + 

NO reaction is sufficient to produce CO In v < 5. For 294 nm photolysis 

of H2CO (as well as at longer wavelengths),, Houston 1  observed less than 

'0.5% of the 'CO In v = 5 or high'er, so th'is:uption'isnot too 'unrea-

sOnabie. 

A compatisn ,of ahso1ute :signa:l lEVeLS for CO(v='O, J,IZ) produced 

at 354.7 and .28'3.9 	im1'ies at 	283.9 ') ' 0.44 :± 40%., whIeb Is 

consistent with the value 'of 	 The 'n.cerrainty 

given reflects the scatter in the :da'ta or'ly. Tie true vnczerxatnt,  ,is 
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Table 111-9. Co appearance rates for photolysis of 1.00 Torr H2CO in 
the presence of 0.23 Torr NO (283.9 nm).a 

_b 

Laser Line 
f_1  

(js 	) 
s1 

(is 	) 
d A/Af  

Plo(i2) 2.0 0.19 3.2 

P2_1 (9) 1.6 0.27 2.4 

	

1.8 	 0.22 	 2.4 

	

1.4 	 0.23 	 28e 

	

2.2 	 0.34 

P32(8) 	 1.7 	 0.26 	 3.09  

 The fast rise corresponds to CO from H2CO - H2 + CO. 	For 1 Torr 
of pure H2CO, the appearance rate is -2 ps 1 . 	The slow rise is 
CO from HCO + NO - CO + HNO. The calculated rate for this reac- 
tion is -0.1 ps 1  (see Table 111-8). 

 Fast rise, uncertainty ±30%. 
 Slow rise, uncertainty ±20%. 
 Ratio of amplitudes of slow and fast rises. 	Uncertainty +50%, 

-20%. 
 Uncertainty, +40%, -20%, 
 Uncertainty, +30%, -20%. 
 Uncertainty, +60%, -20%. 

r 



115 

probably larger--the data were not taken for this purpose so the 

corrections f or laser powers, H2CO pressures and relative absorption 

cross sections could not be done very carefully. 
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D. 	DISCUSSION 

1. Appearance Rates 

As shown in Fig. 111-17, the CO appearance rates measured in this 	- 

experiment show little or no variation with photolysis laser wavelength. 

The present results at 283.9, 298.5, 317 and 354.7 tim, as well as the 

previous 
3371 

 and 
 354•72 

 tim risetimes, are the same within the uncer- 

tainty of the data (-20%). The slow production of CO observed at 

shorter wavelengths in the present experiment is in agreement with 

Houston's 1  upper limit of 0.3 ps 	for 0.15 Torr of H2CO at 305.5 tim, 

but disagrees with Zughul's 2  appearance rate of 16 ± 7 .Is 1  Torr' at 

299 tim. 

The homogeneity of the observed appearance rates is inconsistent 

with the model in which collisional quenching to I competes with fast 

collisionless decay (see Chapter I). The S 1  formaldehyde lifetimes, 

Tf1  decrease rapidly with. increasing energy; at 354.7 tim t
f 1 ranges 

from 110 ns at 0.2 Torr to 70 ns at 2.5 Torr 1°  while at 284 tim Tf1  - 

14. ps. 	Interactions between S 1 , S 0  , the molecular product continuum, 

T1  and HCOH should be larger at higher .energ,ies, leading to faster 

transition rates and faster CO appearance rates. Coii1s.ion.1ess d.jssoc.ia-

tion should therefore successfully compe .t'e with quenching at the higher 

en.er.g ies, giving prompt formation of CO. 

it is possible that the ap;pearanre I nates  measured by .the CO laser 

absorption -do not represent the nascent production Of CO.. The 

moieclar bearn p toiragitieitation e*per:.inents 4esic.rihéd in Chapter II 

Indicate that .co.11isionless dissociationoccurs .tith high iroduct 



117 

translational energies. A very simple impulse approximation model 

suggests J 23 as the most probable rotational state for CO. In the 

CO probe laser, only transitions with J 10 lase (see Table 111-1) 

for the low vibrational states of interest (v = 0-2). Product CO 

formed in higher J states would have to rotationally relax before 

being detected by the CO laser method. Brechignac 
15 has measured a 

rate of 12.5 ± 1.5 js  Torr 	for transfer of population out of the 

CO(J=iO) state. It is not unreasonable to attribute the observed 

1.7 ps 1  Torr appearance rate to rotational relaxation from J - 23 

to J - 10, since this should be slower than simple relaxation out of 

the J = 10 state. Rotational relaxation could be relatively insensitive 

to the photolysis energy and therefore consistent with the lack of wave-

length dependence of the risetimes. This explanation for the delay in 

the appearance of CO would predict faster risetimes for CO in higher J 

states. No such trend is discernable in Table 111-7, but the range of 

accessible rotational states is too limited to be useful. 

The results of the curve-fitting calculations described in section 

C-i also indicate, that the simple model of H 2CO(S1) -- I 	H2  + CO 

may not be appropriate. The CO rise is well modeled by two sequential 

firt ordr processes, but the first ra•t-e is -5 times slower than the 

16 	 U observed S1  decay rate. It has been suggested that 'the long-lived 

intered late" is actually several sequential intermediate states.. This 

woul'd be cons:istent with the curve-fitting result as one of the int:er-

mediat:e t.ransitions could proceed at the slower rate. It is also 

teasonabie to expect that the 'kinetics -of -rotational 'relaxation from 
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J 	23 to J = 10 could be that of sequential first order processes, 

but it is impossible to predict the kinetics of the rotational relaxa-

tion process without some knowledge of the initial CO rotational 

distribution. 

The present CO laser absorption measurements of the appearance 

rates are in excellent agreement with the ir chemiluminescence appear-

ance rates measured by Zughul. 2  Thus, if the delayed CO appearance 

in the present experiments is explained as rotational relaxation, this 

agreement implies that the Ir chemiluminescence results also do not 

represent the true CO production rate. The rotational relaxation 

interpretation of the experimental evidence has the advantage of 

eliminating the "mysterious intermediate" and thus significantly 

simplifying the photophysics, but requires some explanation for the 

delay in ir fluorescence. 

The infrared fluorescence data presently available do not con-

ciusively support either rotational relaxation or the intermediate as 

the explanation for the delay in CO appearances, although Zughul's 

data indicates that CO must be formed with J > 25 for rotational 

relaxation to be the sole cause of the delay. A detailed analysis of 

the fluorescence data follows. Figure 111-20 shows the bandpass 

(half-maximum transmission points) of various ir f liters relative to 

CO transitions. Zughul used the N4701 filter cooled with liquid 

rdtrogen and the 14741 filter at room temperature for his jr fluores-

cence measurements of the CO appearance rate. For CO(v1-O), this 

filter combination transmits emission from approximately P(6) through 

R(25). (For '354.7 run photolysis, 99% of the CO is formed in v = 0 or 
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Fig. 111-20. 	Transmission bands of infrared filters compared with CO 

transitions. Limits given are the half-of-maximum-

transmission points. (COLD) indicates transmission band 

for the filter cooled to -lOOK with 2,N 2 . For N4701, the 

(COLD) spectrum was measured at normal incidence; for 

1.14741, the (COLD) spectrum shown was calculated using a 

2% blue shift. N474 was used in the present experiments. 
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1.) If CO is formed promptly with J < -25, Zughul should have seen a 

fast rise. If CO is formed promptly, but with J > 25, the ir chemi-

luminescence could be delayed but should have a faster rise than for 

the CO laser measurements. It is reasonable to expect rotational 

relaxation to populate J = 25 before it populates J = 10. 

Infrared fluorescence data at other wavelengths, specifically those 

corresponding to high rotational states of CO, could provide crucial 

clues. Therefore, some additional ir fluorescence data, consisting of 

16 traces obtained by Weisshaar (Chapter VII of Ref. 16), merit dis-

cussion even though the sparsity of the data render the discussion 

highly speculative and inconclusive. The following measurements of ir 

fluorescence In the CO region were made after 354.7 run photolysis of 

2-5 Torr of H2CO. (Where it appears, A f /A refers to the ratio of the 

amplitude of the faster decaying feature to that of the slower.) 

Using the W4741 filter (cold) and the N4701 filter (room tern-

perature), a -signal similar to Zughul's (hereafter referred to 

as "the slow signal") was observed, which vanished when a CO gas 

filter cell (4 cm, -500 Torr CO) was used. 

Using only the W4741 filter (cold), an additional feature,- a spike 

with a detector limited rise and a decay of -0.7 is -  Torr 1  

(hereafter referred to as "spike") was observed with an -amplitude 

-. 	 approximately half that of the slow signal, i.e. A1/A s = 0.5. 

Adding the co -gas -filter cell to 3d4741 (c-old) at•tenuat ed the si-ow 

-signal iso that -A f -/A = 2. 
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Using W4741 (cold) with W4790, the slow signal and a hint of a 

spike were observed. 

Using the long-pass filter L4855, a spike with a 100-200 ns decay 

time at 4.6 Torr (hereafter referred to as "fast spike") and a 

"tail" with -1 ms decay were observed with A f /A 	0.5. When 

W4741 (cold) and L4855 were combined, the tail was attenuated, 

giving Af /A = 

N4961 was also tried, but the signal was too weak to be useful. 

The slow signal seen in 1) corresponds to that seen by Zughul and 

can be assigned to emission from C0(v1, J<15). This feature was also 

observed in 2) and 3). In these cases, emission from C0(v1, J>15) 

probably contributes to the signal, since use of the gas filter cell in 

2) only partially attenuated the slow signal and calculations show that 

50% of the emission from C0(J=30) would have been transmitted by the 

gas filter cell. Thus, the remaining slow signal in 2) could be 

emission from high J states of C0(vl), although no clear corresponding 

signal was seen in 4). As Weisshaar suggests,. the spike seen in2) is 

probably emission from a species other than CO. Since it was not 

absorbed by the gas filter cell, it is not CO(v1, J<30). The amplitude 

of the spike is half that of the slow signal which, in view of the .mea-

sured CO ...ibrational distribution, precludes emission from CO(V>i) as 

the source. This feature was not seen by Zughul., or in 1), 3) or 4),, 

which indicates that the emission must be in the 2420-2.230 cm 1  zcgion.. 

Emission from CO(v=1, J>30) cannot comprise the spike--the fluor:escence 

from all J states was viewed in 2) so the decay of the spike cannot be 
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attributed to rotational relaxation. In addition, if emission from 

high J states had formed a spike in the R branch, an analogous feature 

should have been seen in the P branch. Although the spike is probably 

not CO emission, its presence could interfere with detection of emission 

from CO in high J states. It is possible that the fast spike in 4) is 

P branch emission from CO(v1, J=35-40). The filters used in 4) do 

not transmit emission from all lower J states so the decay of the fast 

spike could be rotational relaxation. The corresponding feature in the 

R branch could be hidden by the spike which is attributed to some other 

species. It is also possible that this fast spike is merely scattered 

light, imperfectly subtracted out, or emission from another species, or 

even emission from the mysterious intermediate. The slow tail observed 

in 4) is probably not CO(v1) since most of the emission Is below 1930 

cm 1 . Weisshaar suggests that the 1 ms decay is characteristic of a 

V-T equilibration or diffusion. It is possible that the residual slow 

signal in 4) (between 2030 and 1930 cm) actually corresponds to the 

slow .s.gna1 in 2) and is emission from C0•(v=1, J-30), but it is impossible 

to tell since the signal-to-noise is -1 for this feature. 

The it chemiluminescence data areiconc1usie. Zughul's data 

'indicate that if rotational relaxation Is tbe ca1:se of the delay in the 

CO ap' aran'ce, the'.,CO shou1d be fored with 3 > .25.. Weisshaar saw 

•enis:sic.n f:eätur.es that cou1d beemission f'rO :CO(vl, .3>30), but these 

rnfasu'r.ments were tken MIth lative1y h'igh 11 2CO pressures (2-5 'Thrr) 

because of low signal levels, and hence do not give risetime information 
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It is possible that both rotational relaxation and a long-lived 

intermediate are important in CO appearance rates. This scenario is 

consistent with all the data: rotational relaxation explains the 

wavelength independent risetimes from the CO laser measurements while 

the intermediate explains the ir fluorescence data. The tentative but 

seemingly contradictory results of Houston and Zughul at 305.5 and 299 

nm can both be correct, as well as the competition model for collision-

less and collisional dissociation. However, this scheme requires that 

the collis ion- induced decay rate for the intermediate at 354.7 nm 

fortuitously match the rotational relaxation rate, and the identity of 

the intermediate remains a mystery. 

Alternatively, the results of the CO laser experiments may repre-

sent the true CO production rate. In this case, the fast risetinies 

observed at 299 run by Zughul are incorrect, but these results are 

rather uncertain anyway. But it is difficult to explain why the 

collision-induced decay of a collisionally formed Intermediate should 

not vary with energy, or how collision formation of I can occur within 

the 14 Ps lifetime of H2CO(S 1 ) at 284 nm.'4  

With the present information., it is impossible to say whether the 

..CO,iasr ab:sortIon measurements represent rotational relaxation or the 

istent prodtct zf CO. More iôrk is needd to decide this question, 

.ard•ten to :.idètitify the intermediate, if its exists. Infrared 

....LoresceneLmeasuremênts :c:ovet.ing different wavelength regions would 

b:e useful if the signal level could beimproved by the .1-2 orders of 

mgmItu.:de  needed f,,or tlible .:r:pEaranc.e rate measurements at low 

thiye çressutes. Caref:4ü attent ion would have to he paid to 
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filter bandpasses to avoid interference from species other than Co. 

Alternatively, appearance rates for CO in high J states could be mea-

sured using a tunable diode laser as the probe; vuv or 2-photon laser-

induced fluorescence detection of CO is also a possibility. 

2. 	Vibrational Distribution 

The CO vibrational distribution of (91.1 ± 4.0)%, (8.2 ± 0.7)% and 

(0.7 ± 0.3)% for v = 0, 1 and 2 (354.7 run) obtained in this experiment 

is in agreement with the results of Houston and Moore.'. At their longest 

photolysis wavelength (347.2 run), they found 90.0% of the CO in v = 0 

and 10.0% in v = 1. The present result at 317.0 run of (76.9 ± 10.9)%, 

(19.3 ± 2.7)% and (3.8 ± 0.7)% in v = 0, 1 and 2 is also in agreement 

with the 73.1%, 21.3%, and 4.9% found by Houston for 317 run. Although 

the collisional and collisionless dissociation mechanisms may differ, 

the low CO vibrational excitation observed in the appearance rate mea-

surements is consistent with the high product translational energy 

found in the molecular beam experiment. Fananas and Cabello' 7  have 

carried out a surprisal analysis for the CO produced in H 2CO photolysis 

and find that the experimental vibrational energy distribution is con-

siderably cøo.er than the statistical od.el predicts. 
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3. 	Radical/Molecule Branching Ratio 

The molecular beam photofraginentation experiment showed that at 

283.9 nm, collisionless dissociation to radicals dominates dissociation 

to molecular products by at least one order of magnitude. Although the 

280 - 300 nm range has not been studied as intensively as the longer 

wavelengths, this result is not in agreement with previous quantum 

yield measurements. Clark, Moore and Nogar 18  found 
4R 

 leveling off 

at -0.5 for 300 - 320 nm. Horowitz and Calvert 19  found 	- 0.7 

between 289.0 and 317.5 run. Moortgat 2°  obtained 4R = 0.48 at 276.7 

run, 0.65 at 284.1 run, and 0.80 at 295.0 run. Tang, Fairchild and Lee 21  

found values for 0 R  of 0.57 at 294.0 run, 0.45 at 295.4 run, and 0.89 at 

298.5 run. 

The present measurement gives a value of 0 R'M  of 3 at 283.9 run, 

in contrast to the collisionless 	> 10. This discrepancy may be 

indicative of a true difference in mechanism under collisionless con-

ditions. Given the variation in reported values for R' however, 

errors in the interpretation of the radical scavenger experiments, 

past and present, cannot be ruled out. 
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E. SUMMARY 

The results of the experiments described in this chapter cannot be 

unambiguously interpreted at the present time. The CO appearance rates 

measured by the method of time-resolved absorption of a CO laser could 

represent either rotational relaxation or the production of CO from a 

long-lived Intermediate; previous ir fluorescence measurements of the 

CO appearance rate cannot confirm or eliminate either possibility. This 

raises some doubt as to the existance of an intermediate. The difference 

between the radical/molecule branching ratio measured under collisionless 

and collisional conditions at 283.9 nm suggests that there may be real 

difference in dissociation mechanism; the shape of the observed CO rise 

suggests that if an intermediate is involved, it may actually be several 

states. 

The mechanism of H 2CO photopredissociation is now fairly well under-

stood in the absence of collisions, but it is clear that further experi-

mental work is needed before collisional effects are equally well under-

stood. 



128 

REFERENCES 

 P. L. Houston and C. B. Moore, J. Chem, Phys. 65, 	757 	(1976). 

 Muhammed B. Zughul, Ph.D. Thesis, University of California, 

Berkeley, 1978. 

N. Djeu, Appl. Phys. Lett. 23, 309 (1973). 

Robert Gerlach and Nabil N. Amer, LBL report #7854, Lawrence 

Berkeley Laboratory, Berkeley, 1978, 

J. Finzi, Ph.D. Thesis, University of California, Berkeley, 1972. 

Linda Young, Ph.D. Thesis, University of California, Berkeley, 

1981. 

R. Spence and W. Wild, J. Chem. Soc. 1935, 338. 

Edward S. Yeung, Ph.D. Thesis, University of California, Berkeley, 

1972. 

 E. 	F. Hughes, J. Chem. Phys. 	35, 	1531 (1961). 

 J. 	C. Weisshaar, A. P. Baronavski, A. Cabello and C. B. Moore, J. 

Chem. Phys. 	69, 4720 (1978). 

ii.. 1. P. Reilly, J. H. Clark, C. B. Moore and G. C. Pimentel, J. Chem. 

Phy.s.. 69, 	4381 	(1978). 

12.. .A. 	0.. Langford and C. B. Moore, J. Phys. Chem., to be published. 

 J. 	C. Stephenson, J. Chem. Phys. 59, 1523 (1973). 

 A. P. Baronavski, A. Hartford, Jr. and C. B. Moore, J. Nol. Spectrosc. 

6O, 	Ill :(1976). 

 'Pb.. iB're.hgnac,, Opt.. 	Comm. 	,, 	.53 	(1978). 

 James C. Weisshaar, Ph.D. Thesis,, University of California, Berkeley, 

1979. 



129 

J. A. Duenas Fananas and A. Cabello, Nuovo Cimento Soc. Ital. 

Fis. B 61B, 347 (1981). 

J. H. Clark, C. B. Moore and N. S. Nogar, J. Chem. Phys. 68, 

1264 (1978). 

A. Horowitz and J. G. Calvert, mt. J. Chem. Kinet. 10, 805 

(1978). 

G. K. Moortgat and P. Warneck, J. Chem. Phys. 70, 3639 (1979). 

K. Y. Tang, P. W. Fairchild and E. K. C. Lee, J. Phys. Che. 83, 

569 (1979). 



130 

CHAPTER IV. ENRICHMENT OF CARBON-14 BY SELECTIVE 
LASER PI-IOTOLYSIS OF FORMALDEHYDE 

A. 	INTRODUCTION 

Formaldehyde has spectral qualities that make it a convenient mole-

cule for isotope separation. It absorbs in a region accessible to turl-

able lasers and has well-resolved rovibrational lines 1  that allow 

different isotopic species to be clearly distinguished. Formaldehyde 

also has a quantum yield for dissociation to stable products close to 

one, 2  which allows efficient use of photons. 

Significant enrichment of C, H, and 0 isotopes by photodissociation 

of formaldehyde has previously been achieved. Clark et al., 3  enriched 

carbon-12 by a factor of 80 by photolyzing 
12

CH20 from a mixture with 

13CH20 using a tunable dye laser vith a 0.3 cm bandwidth. Marling 4  

used ion lasers of very limited tunability to enrich D, 13C, 170 and 

180 He obtained enrichments in the range of 10 to 50, plus a much 

higher value of 180 for the special case of D2.  More recently, Mannik 

et al.. , achieved an enrichment of 254 for deuterium frOn :CHDO. 

In this chapter, a study of carbon-14 enrichment by the selective 

photolysis of formaldehyde is described. Most of the formaldehyde 

ahsorpt ions in the region between 290 and 345 : - were exatnined in :or:der 

to f-i-nd wavelengths where the ratio df absorption  coeffitients for 

14 	12 
CH 2O and CH2O is large.. Phct:olys-es were done at a few of these 

wavelengths and yie1ded g ;arnounts bf :p -dutts -entihed up 1-0 0101d 

in C. The method deloped c-ou14 be used t- -cnctitte the cathon-14 

occurring in envtronmentzl and ar: eokogii-ai 4amp1es - very icw 
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natural abundance (<10_12). Enrichment of samples should have a 

significant impact on radiocarbon dating because current methods of 

abundance measurement, both the traditional counter methods and the 

new accelerator methods, are presently limited by background and 

counting rate considerations. An enrichment of 150 increases the 

concentration in an archaeological sample to that of a sample 41,000 

years younger, so such enrichment allows much older samples to be 

dated. 6 ' 7  The method of enrichment and the general results are also 

relevant to the enrichment of other isotopes found in CH 2O, but carbon-14 

is particularly attractive at this time because the amount of formaldehyde 

that must be photolyzed to be useful is in the mg range. Such amounts 

can be processed in reasonable times with existing lasers, and need 

not await the development of more efficient, higher power lasers to be 

economically worthwhile. 
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B. EXPERIMENTAL 

Many of the details of sample preparation and other procedures 

have been described elsewhere. 2  Therefore, such procedures will only,  

be outlined and relevant changes described. 12CH20 was prepared by 

pyrolysis of paraformaldehyde (Matheson, Coleman, and Bell) at -llO ° C 

according to the method of Spence and Wild. 8  The monomer was purified 

by vacuum distillation from 174 K (methanol slush) to 77 K and stored 

at 77 K to prevent polymerization. 14C-paraformaldehyde obtained from 

Axnersham-Searle had an activity of 740 .1Ci/mg (37% 14CH20) and was 

depolymerized at -180 ° C. NO (Matheson) was purified by passing it over 

silica gel held at dry ice temperature, 9  and was clear blue when liquif led. 

Isobutene (Matheson) was purified by freeze-pump-thaw cycles and by 

keeping the middle third of a vacuum distillation from butanol slush 

(184 K) to liquid nitrogen. 

1. 	Spectroscopy 

Simultaneous high resolution spectra were measured for 14CH20 and 

12
i 	

13 	,. 
CH2O (and n one case for CH 2O), in both absorption and fluorescence. 

The fluorescence excitation spectra were easier to obtain, especially at 

longer wavelengths where the iiuorescence quantum yield (always << 1) 

is larger) 0  However, the fluorescence quantum yield is strongly 

dependent on rovibronic state, 	so absolute absorption cros:s sections 

are more useful for laser isotope separation. Therefore, only the 

experimental apparatus for the latter., shown in Fig. IV-1, is described 

here. 
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Fig. IV-1. Experimental arrangement for measuring simultaneous absorp- 

14 	12 tion spectra of CH20 and CH20. 
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The cells used were made of quartz and had Brewster angle windows. 

The 12C1120 cell was generally filled with 2 to 4 Torr of formaldehyde, 

although 10 Torr were occasionally used. The use of two passes of the 

laser beam allowed absorption cross sections as low as 2 x 10_ 22  cni2  

to be measured. The size and design of the 14CH20 cell was constrained 

by safety considerations, specifically the need to keep a limited amount 

(400 DCi) of radioactive gas in a breakable quartz cell. The cell was 

too narrow to allow use of more than two passes, and was filled to 2 

Torr. To minimize the handling of highly radioactive gas, the 14CH20 

was kept sealed in the cell. It is possible to keep such pressures of 

formaldehyde gas in a well flamed quartz cell for several months without 

serious loss to polymerization. The 14CH20 concentration in this cell 

was calculated, when necessary, from the known 14C}L0 to 12CH0 ratio 

and the 
12

CH20 concentration, which was obtained from a comparison of 

the absorption of the gas in the cell (on a strong 12CH20 absorption 

12 line) to that of a known amount of CH 2O. 

The Doppler width of a C11 20 absorption line is 0.06 cm' (2 GHz). 

To resolve most of the spectral structure, a laser bandwidth on the 

order of 0.1 cm' (3.3 GHz) is needed. For these experiments, two 

different lasers served as a source of tunable ultraviolet light.. One, 

a Hnsch-type nitrogen pumped dye laser, was only used for study of the 

.290 .nm absorption band. This laser has been described by Weisshaar 

.et al 12
. 
	
and was used with Rh 59'0. a :sIngie. amplifier stage., and an 

ADP ftequency.d.oubl.ing crystal.. The bandwidth of this laser was typically 

0.1 to 0.12 cm 	(FW1111), as measured from the width of the narrower lines 
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of the CH2O spectrum, after deconvoluting the Doppler linewidth. The 

second laser, a Chromatix cC-4 flashlamp pumped dye laser, had higher 

average power and was used for spectroscopic study of all bands as well 

as for the enrichment work. This laser had intracavity frequency doubling 

and an intracavity extra-high finesse etalon (F = 20) which generally 

gave a bandwidth of 0.14 - 0.18 cm'. A commercial scanning unit tuned 

the birefringent filter, doubling crystals, and etalon simultaneously to 

allow continuous scanning. The laser output was monitored with an external 

etalon to ensure that only one etalon mode was lasing. Wavelengths were 

measured with a monochromator calibrated to ±0.03 nm. The laser per-

fortnance varied with. the dye (Rhodamine 575, .590, and 640, or Kiton Red) 

and dye solvent in use, and was especially sensitive to the tilt of the 

etalon. The bandwidth, output power, and frequency stability of the 

laser were therefore somewhat de.pendent on the operating wavelength. 

When measuring very small absorptions, the spectrum of'the. laser output 

is important since any power at frequencies several bandwidths from line 

center will be absorbed by lines other than that of interest. The laser 

spectrum was checked to about 1% of the line center intensity, but the 

' lowest 12  CH2O cross sections observed 'may stil.l be instrument limited. 

The electronics of Ref. 2 were used for the light intensity measure-

ments. Using a 5 sec time constant for the integrator and a laser scanning 

rate of 0.01 ctn' sec 1 , an absorption of 5% could be measured with a 

sign i-to-noise ratio of .2 - 10. A large part of the uncertainty in the 

me'asured absorptions stems from 'small variations in the laser beam direc-

tion during a scan that result in baseline drift. 'The position of the 
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baseline then had to be estimated from the appearance of the spectrum, 

a fairly uncertain process, or located by freezing out the formaldehyde. 

The wavelength and absorption cross section for the lines chosen 

for enrichment were remeasured with special care. a ( 14CH20) was obtained 

from 	 14 the absorption of a directly measured pressure of CH 2O, and a 

( 12CH20) was checked by repeated freezedown of the formaldehyde. The 

line positions were determined to ±0.15 cm by referring to published 

12 	 13,14 CH2O absorption spectra. 

2. 	Enrichments 

The apparatus used for enrichment experiments is similar to that 

used for the spectroscopy. About 7 Torr of formaldehyde with a 14  C con-

centration of approximately 10 were photolyzed by two passes of the 

laser beam in the 3 tn long cell. During a photolysis the laser frequency 

was monitored by observing the laser induced fluorescence from a separate 

cell filled with -1 Tort of (37%) 14CH20. When the laser began to drift 

off the 4esir.ed line.., the photo1ysi..s cell was blocked., and the laser 

manually tuned back to the proper frequency. This had to be done 'every 

15-20 minutes. The intensity transmitted through the photolysis cell 

as .aIso monLtbted.. Dae to the low tconcenration ,o1 1 ,C'H20 in the samp ]e, 

virtualLy afl c:f .the 'l'ight ábsc±hed Is .absorbed by 12CH 20. Th€'r e fore 

this .sIgnal, when trmaizeId by..:the 'incident ;IfltflSity, 'gies a .:measu;re 

. ...............12 ................ ...... .,. f 'tTh'e .:srp'ton ctoss dset:t1o.n .:for 	H2'0 during -the photo 1ysrs and an 

.'ajn'a'i check Of the laset behavior. 
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The experiments using radical scavengers were done with two 3 meter 

long photolysis cells, one filled with pure formaldehyde, the other con-

taining formaldehyde plus the scavengers0 The laser beam was divided 

into approximately equal-parts and the cells illuminated simultaneously 

to ensure that any variation in specific activity was indeed due to the 

presence of the scavengers and not variation in laser behavior. 

The laser power was generally on the order of 0.1 mW and samples 

were photolyzed for 1.5 - 2 hours (4 hours for the double cell experi-

ments). The laser was run at low power to avoid lasing on a second 

etalon mode. In these experiments, samples were photolyzed just enough 

to give measurable amounts of product--no attempt was made to extract a 

major portion of the 14C in any particular sample. Generally -3% of the 

14CH2  was photolyzed, yielding -0.1 .imole of product. 

After a photolysis, the formaldehyde was frozen into a sidearm with 

liquid nitrogen. The products (H 2  and CO) were collected in a glass 

transfer loop with liquid helium, then injected into a Varian 3600 gas 

chromatograph equipped with a thermal conductivity detector and helium 

carrier gas (40 ml/min). The column (0.25 in OD x 15 ft of MS5A, 50/60 

mesh) was held at 40 °C for 20 mm, then temperature programmed at 10 ° /mm 

tà O °  . Yor isamplies containing NO,, the analysis was done isothermally 

at 40 °C with a 7 foot -column end 60 rnl/inin of helium to decrease inter-

fe.rene between the NO and CO signals. The amount of CO present was 

dte:minëd b.y te 1eák area. Since the CC is About 10 - 15 times less 

seflsit:1ve to H2  than CO when using helium as the carrier gas, the H 2  was 

barely detectáble. Tve GC was cal ibrated by inj ecting known amounts of 



139 

CO and was found to be linear in this region. The GC effluent was then 

mixed with air in a two-to-one ratio and flowed into a Johnston Labora-

tories Triton 1055C radiation monitor. This instrument measures the 

conductivity induced by beta activity In a 1 liter chamber, and the corn-

position of the gas mixture in the chamber had to be controlled to obtain 

reproducible activity measurements. The radiation monitor was calibrated 

with dilue 14CO2  and was found to be linear. The reproducibility of 

specific activity measurements is estimated at ±10%, based on the 

analysis of a divided sample. 

The enrichment factor was obtained by taking the ratio of the 

specific activity of the laser photolyzed sample to that of a sample 

photolyzed for 2 min by a medium pressure mercury lamp. In the latter, 

-10% of the formaldehyde was photolyzed, and the samples analyzed in 

the same manner as the laser photolyzed samples. The products of these 

short photolyses were found to be slightly (-10%) enriched in 14C, as 

judged by comparison to the products of 90% complete photolyses, and the 

enrichment factors have been adjusted accordingly. 
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C. RESULTS AND DISCUSSION 

1. 	Spectroscopy 

Two conditions must be met if photolysis at a given wavelength is 

to be useful for isotopic enrichment. The cross-section for absorption 

by 14CH20 must be much greater than that for 12CH20 (i.e. the spectral 

selectivity must be large), and a(14CH20) should be as large as possible 

for the most efficient use of photons. Table IV-1 lists the wavelengths 

found where the selectivity was greater than -50, and G(14CH20) was on 

-19 
the order of 	cm2 . Except for the 305 and 355 rim bands, which were 

not carefully studied, these are the only lines among the 	lines in 

the formaldehyde absorption spectrum suitable for 14C enrichment. The 

uncertainties given were estimated from the degree of consistency of 

repeated experiments, including variation in formaldehyde pressure and 

laser performance. Values for the cross sections were often based on an 

estimated baseline position and have a correspondingly large uncertainty. 

Figure IV-2 shows the calculated 
14 
 C isotope shifts 

15
for the vibra-

tional band origins in the formaldehyde S absorption. Because of the 

bandhead structure, blue-shifted bands should have a highe.r probability 

of yielding good selectivities, but only two bands are blue sh±f ted, and 

only to a small extent. For red-shifted bands, the isotopic shift is 

larger at shorter wavelengths, and one would expect such regions to be 

better for enrichment. The resilts of our spec.troscopic studies, hcwever, 

do not completely agree with these preliminary 'xpectatloiis. The Pumber 

of anti-coinc.idn.ces is fairly high for the 290 mm region,, but is quite 



141 

Table IV-l. Formaldehyde absorption lines suitable for Carbon-14 
enrichment, a 

A, a(14cR20), G(12CH20), a( 14CH20) 

(nm) 	. -19 (l0 cm2) (l0_21 cm2 ) c(' 2CH20) 

289•79b 2.5 ± 20% 5 ± 40% 50 ± 50% 

2.5 ± 20% 4 ± 25%C 60 ± 35% 

2.5 ± 20% 4 ± 50% 60 ± 60% 

2.1 ± 20% 5 ± %C 45 ± 35% 

295.78 1.2 ± 25% 8 ± 25% 25 ± 50% 

297.37 0.8 ± 25% 1 
± 50%C .80 ± 60% 

299.70 1 	± 20% 3 
± 30%d 35 ± 30% 

299.75 1.4 ± 20% 2.5 
± 50%d 50 ± 60% 

300.18 1.1 ± 20% 2 ± 50% 50 ± 60% 

300.17 1.5 ± 20% 2 
± 50%c 75 ± 60% 

300.23 1.1 ± 20% 2 ± 
50%d 50 ± 60% 

318.59 1.5 ± 207. 2.5 ± 25% 60 ± 30% 

319.48 1.0 ± .207. 2 ± 50% 50 ± 60% 

3.26.94 36 ± 0,8 ± 30% . 	450 ± 40% 

323 :3:0 ±20% .1 ± 50% 400 ± 60% 

327.40 .1.5 	± 20% 1 ± 30% 175 ± 40% 

3:27.42 2.5 ± 20% 1 ± 50% 250 .± 60% 

50% . 	150 .± 60% 

50% ZOO ± 607. 

32823 1-.c2 	± 2Q% 1 ±50% 100 ± 60% 
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Table IV-l. Continued. 

329.97 2.5 ± 20% 1 ± 50% 250 ± 60% 

330.10 1.9 ± 20% 1 ± 50% 200 ± 60% 

331.19 0.8 ± 20% 0.8 ± 50% 100 ± 60% 

381.26 1.3 ± 20% 0.8 ± 50% 150 ± 60% 

331.42 1.8 ± 20% 0.6 ± 50% 300 ± 60% 

339.56 1.6 ± 20% 2 ± 50% 90 ± 60% 

339.58 3.2 ± 25% 2.2 ± 20% 150 ± 35% 

339.61 1.3 ± 20% 1.5 ± 50% 100 ± 60% 

339.65 1.5 ± 20% 1.5 ± 50% 100 ± 60% 

340.11 0.9 ± 20% 0.5 ± 40% 180 ± 50% 

340.48 1.1 ±. 20% 0.6 ± 30% 180 ± 40% 

340.61 1.1 ± 20% 0.4 ± 50% 250 ± 60% 

340.62 1.7 ± 20% 0.8 ± 30% 200 ± 35% 

342.84 1.1 ± 20% 0.55±40% 200 ± 50% 

343.43 0.65±20% 0.3 ± 60% 200 ± 70% 

343.45 1.0 ± 20% 0.4 ± 30% 250 ± 40% 

Except as noted, the flashiamp pumped dye laser was used, and 
a( 12CH20) was measured using 2 - 4 Torr of formaldehyde and a 600 
cm ..pathlength. 
V.2 laser pimped dye laser used. 

factor of2l ower at -80 ° C. 
d) A facto of 3 lower at -80°C. 
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Fig. IV-2. Low resolution absorption spectrum of 12CH20 with the cal-

culated shifts of the band origins for 14CH20 displayed. 

Shaded portions of the top band indicate spectral regions 

not searched for enrichment lines. 
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low for the 297, 300 and 320 nm bands, becoming large again for the 

330 and 340 nm bands. This may be due to the increasing complexity 

of the spectrum as combination and overtone absorptions appear. 

There also appears to be an unresolved absorption underlying the 

discrete spectrum, which can be seen when the formaldehyde is frozen 

out of the cell to find the baseline. This residual absorption is 

stronger at shorter wavelengths--it is significantly smaller at 330 

and 340 nm than at 290 nm. Since this feature appears in fluorescence 

excitation spectra with approximately the same quantum yield as the 

resolved absorptions, it is unlikely that it involves excitation to a 

continuum. A reasonable explanation is that this absorption consists 

of a large number of weak overlapping lines. Since many of these 

weaker lines would be high rotational states, absorption spectra at 

-80 ° C were measured for the 290, 297, and 300 nm regions. The low 

temperature spectra resemble the room temperature spectra--no important 

new anti-coincidences were produced. The unresolved absorption was 

reduced by a factor of 2 or 3, but since the regions explored are well 

above the vibrational band origin, the overall absorption was reduced 

by 30 - 40%. 

In the 330 and .340nm ;regions, the anti-coincidences gener'al1y 

Involve smaller 12CH20 cross sections than those at higher energy, and 

the -very lowest cr-os-s -s-ect:ons measured seem to be dependent on the 

Laser cavity -alignment. 1-n cne case, he cross section -feil from I .2 x 

io21 to - o.. 3 x 10_ 21  cm2  upon adjusttnent of the laser. Since there are 

'strong 12'CH 20 :absortions near these anti-coincidences, this behavior 
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suggests that the linewidth and spectral purity of the laser have become 

limiting factors. 

- 	 Figure IV-3 shows two of the more interesting anti-coincidences. 

The line at 326.94 nm seemed very promising so it was chosen for further 

experiments. Careful cross section measurements yielded ( 14CH20) = 

(3.0 x 0.6) x 10 	cm , where the error given reflects the reproduc- 

ibility of the measurements. Besides being sensitive to laser perf or-

mance, cT( 12CH20) was found to be depend on pressure over the range 1 - 

20 Torr 

c( 12CH2O) = 1.12 x 10_ 21  (1 + 0.11 P) cm2  

where P is the pressure in Torr and the uncertainty is ±10%. Since the 

lines is located in a narrow valley between two strong absorptions, 

pressure broadening increases the cross section. 

2. 	Enrichments 

Table IV-2 gives the enrichment results at 326.94 nm. Two photolyses 

done at 331.42 nm gave enrichment factors of only 49 and 59, so that line 

was not pursued further. The values of o( 12CH20) given are estimates 

based -on measurements of the absorption as the formaldehyde was being 

loaded into the cell. The variation of a( 12CH20), and hence in the 

selectivity and enrichment, reflects the variation in laser linewidth 

and spectral purity from run to run. 

in pure fo-rmaldthyde wIth a low 
1,4,C  concênttat ion, the radicals 

-formed in (2) react as follows: 
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Fig. IV-3. High resolution spectra of 12CH20 and 14CH20 (shaded) showing 

lines suitable for enrichment. (a) is near 326.94 nm and 

(b) is near 331.42 nm. The 12CH20 spectrum was taken with 

4 Torr and a 600 cm pathlength, the 14CH20 spectrum with -1 

Torr of 37% 14CH20 and 200 cm pathlength. 
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Table IV-2. Enrichment experiments at 326.93 nm 

c(12CH2o) ,b 

Ea 	(10_21 cm2 ) 	Sc 	 E/S 	 E/Ed 

123 1.76 170 0.72 	 - 

162 1.36 221 0.73 	 - 

91 - - - 	 - 

108 2.07 145 0.74 	 - 

129 1.77 169 0.76 	 - 

107 	 0.69 

	

1.94 	 155 150e 	
0.97 	 0.71 

98 	
2.04 	 147 	

0.67 	
0.77 

125f 	 0.85 

Enrichment factor, uncertainty ±15%. 
Uncertainty, ±10%. 
Selectivity, S = G( 14CH2O)/c(- 2cH20), G(14CH20) = (3.0 ± 0.6) x 
10-1 9 	2 •  

.d) The last two experiments were double cell experiments using radical 
scavengers. 
2 Torr isobutene and 0.4 Torr NO. 
4.7 Tor.r isobutene -and 0.4 Torr NO. 
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H + 12CH20 	H + H12C0 

2 H'2C0 - 12CH20 + 12C0 

	

H12C0 + H14C0 	.[l2cH2o + 14CH20 + 12co + 14c01 

In the presence of the scavengers, HCO reacts with NO 

HCO + NO - HNO + CO 	 (3) 

while isobutene is a good H atom scavenger 

	

H + C 4  H  8 	C4H9 . 	 (4) 

Further reactions of the species formed in (3) and (4) are not expected 

to involve CH2O or CO. The radical chemistry of the CH2O/NO and CH 2O/ 

isobutene systems has been discussed elsewhere. 2 ' 1621  

At 326 nm, 	= 0.6 and 0 2 = 0.4,2 so this simple reaction scheme 

yields E/S = 0.8 for the pure CH2O case and E/S = 1.0 with scavengers. 

The data give E/S (pure CH 2O) 	0.72 ± 0.05 and E/S (scavengers) 

0.91 ± 0.06. Although the experimental uncertainties (Table IV-2) are 

rather large, these results suggest that ener gy transfer, or some other 

mechanism for loss of isotopic selectivity, may be important. Harling 4  

observed a similar loss of selectivity in his experiments. While 

enriching 180 and 13C near 332 run, he found a 24% probability of isotopic 

scrambling, approximately half of which can be accounted for by radical 

reactions. Photolysing CHDO at 325 nm gave 40% isotopic scrambling, 

again only partially accounted for by radical scrambling, while CHDO 

at 338 nm and CD20 at 332 and 338 run gave less than 10% scrambling. 

Al though 

CH 2O(S 1 ) + CD2O(S 0) - CH2O(S0) + CD2O(S1) 
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is slow at 370 nm (-2% of gas kinetic), 22  it is not unreasonable to 

expect that 1) the transfer rate would increase with energy, and 2) 

transfer to another protonated formaldehyde would be faster than trans-

fer to a deuterated species. 23  Energy transfer could also occur from 

the Intermediate (see Chapter III), if it exists. 

Although radical scavengers appear to be effective In reducing 

isotopic scrambling, the enrichment procedure would be simpler without 

them. The longer wavelength bands (340 and 350 rim), therefore, may 

deserve further consideration. The unresolved background absorption 

is smaller at longer wavelengths, and energy transfer might be less 

important. However, these wavelengths have a somewhat smaller quantum 

yield for product formation and are outside the optimum range for 

frequency-doubled dye lasers. 
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D. APPLICATION OF ENRICHMENT TO RADIOCARBON DATING 

Laser enrichment, when combined with direct detection, should have 

its most significant impact in the dating of very old samples. 6 ' 7 ' 24  

The range of a 14C detection system is ultimately limited by either too 

low a signal counting rate, too high a background, or both. Groups 

working with direct detection methods have reported background 14C 

counting rates equal to 25  or greater than26  the counting rates of 40,000 

to 70,000 year old samples, which were caused by contamination of the 

accelerator. This problem should be reduced or eliminated in machines 

dedicated to 14C measurement, so the counting rate could prove to be 

the limiting factor. The overall detection efficiency, of a dedicated 

tandem Van de Graaf accelerator is expected to be 2%, at best. 27  Using 

a 50 hA C beam, a 10 5  year old sample would yield one count every 6.6 

hours. This would require a run of many days to accumulate a statistic-

ally reasonable number of counts, which is not really practical. Enrich-

ment by a factor of 150 would raise the count rate by the same factor to 

23 counts/hour, allowing a considerable savings in'acceier.ato'r time. If 

400 Counts are desired for an age determination, 2 x 10 14C atoms are 

required, and would be provided by 60 mg of 110 year -old -carbo:n.. however., 

since ovetaIl enric hm:ent decreases as the 'C is'dpFeted, It is 1more 

:.pr:act i'cài to :'horolys'e :20 	5:07. . of the ''C frm a 	 -a'ger 

initial samp1e. At 10 Torr, extracting '50% of thefrom .12'O'g f 

ini:tial carbon requires '90/'L iW hr Of .Lasr energy,, where I -is the 

iengt.h in meters.. A 100 m pathlength (e.g. .5 rn x .20 'passes) is ;reasn-

able.. In practice thes.e energy f'igurs may 'need tO be imrea:s:.ed "by a 
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factor of 2 or 3 to allow for losses, monitoring requirements, and 

the simultaneous photolysis of a standard. 

From experiments, it is clear that the laser used for enrichment 

should have a bandwidth less than the Doppler width of formaldehyde, 

must run reliably, and have a spectrally pure output. There are 

several types of lasers that may be suitable. A commercially avail-

able ring dye laser has been frequency doubled to give more than 50 mW 

at 300 nm (the peak of the Rh 6G tuning curve) with a linewidth 50 

1,1Hz, and a commercial option for frequency doubling is available. 

Commercial YAG-puxnped dye lasers provide -'100 mW at 280 rim, but have 

a uv linewidth of -0.12 cm 	a bit wide. Output powers will be lower 	 0• 

at other wavelengths. It should be noted that the strong Rhodamine 

dyes lase at longer wavelengths in the ring dye laser. This is an 

advantage because the longer wavelengths are of more interest for 

enrichment. In the 340 - 350 rim region, where the corresponding visible 

dyes are poor, p-terphenyl, or other dyes that lase directly in the uv, 

may be pumped with an excimer or quadrupled YAG laser. This type of 

laser system eliminates the frequency doubling step, but is not as well 

developed as the commercial systems. It should be possible to enrich 

s'everl grams of  foniaidehyae per hour. 

a
. In spite of the fairly low efficiency of the J.asers, (l0" to 10_6), 

othe cost of Ithe power to run them should be .neg1igibLe0. The c:ap:ttal cost 

øf 	laSer ab'out $6O , 0OO for the commercial  systems), would, in any 

casTe, be  nuch J.Tes than the c-o:st of -a dedicated accel-erator. It is 

d1f:itult to estiniate the - cast of s:anipIe tr:eatiient and chemical 
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processing, but it could represent a significant portion of the total 

enrichment cost. 

The combination of laser isotopic enrichment and accelerator dating 

should make it possible to measure C-14 abundances corresponding to 

ages greater than 100,000 years. However, the range of radiocarbon 

dating may actually prove to be limited by problems of sample integrity. 

For a 100,000 year old sample, contamination by 6 ppm of modern carbon 

would double the counting rate. The smaller sample requirement of 

accelerator dating should make it easier to obtain intact samples, but 

will also magnify the deleterious effect of any given contamination. 

The increased manipulation of a sample associated with enrichment may 

also increase the possibility of laboratory contamination. Groups in 

Groningen28  and Seattle 29  using gaseous diffusion methods for 
14 

 C enrich- 

ment have encountered contamination problems with 75,000 year old samples. 

Their experiences will serve as a guide to dealing with such problems. 

This work at 326.94 run shows that significant enrichments of 

carbon-14 by photolysis of formaldehyde can be achieved, even under non-

optimal conditions. It is reasonable to expect that use of a more suit-

able laser will be accompanied by significant improvements in selectivity 

and enrichment. 
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