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ABSPRACT 9  0
« NJ

Shi„s_r.ezlQILde.ac]:i,lacc progress during the=fig  ol  quditeely--Perin'1-Af  tbp
sub jeet-cmreractn An experiment has been designed to study the wavelength-

selected photolysis of gaseous, .covalent azide s. The apparatus to be built  for

the se studie s  is de scribed. The azide s  are  to be photolyzed by light  from  a

doubled dye laser, and the photolysis fragments probed by laser-induced

fluorescence (LIF) or by the observation of photon emission. Kinetics of the

photolysis fragments may be studied by precisely controlling the time between
i -6     St,OU/1     be     pMs ibje.

the pulses from the photolysis and probe lasers.   In such a system we-shat-

,_be.ah]:e to deterrnine the product yield s  from the photolysi s, the kinetic s  of

the electronically excited fragments,    and the spectroscopy  of the photolysi s

fragments. The latter measurement is accomplished by scanning the fragment
fluore scence spectrum with a monochromator,    or by scanning the probe laser

over the absorption bands  of the fragment molecule s. The problems  of  scat-
t.

tered laser light and techniques to reduce them are discussed in detail.

Calculations have been performed to simulate typical experimental
conditions to be expected in studies on the photolysis of HN3. Typical frag-
ment  densitie s are calculated along with the signals expected  from the  LIF

diagno stic. Several experimental problems,    such as fluore scence quenching

and  diffusion, are disucssed in detail-     It is concluded  that the propo sed

experimental  de sign  will have sufficient sensitivity and flexibility  to  per form

the experiments.

i
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I. INTRODUCTION

It is generally recognized that.a laser device possessing all of the pro-

perties required foir a·practical fusion reactor  doe s  not yet· exist. Therefore,
a   sub stantial effort is currently underway  to  find and develop   such  a  la ser.

Some  of the de sirable characteristic s  for a laser-fu sion driver are short

wavelength (300 nm 5 X< 3000 nni), high overall efficiency (22  1.%)"  and  scal-

ability to large size (2 100 kJ/pulse). The development of a laser with the

above characteristics, together with acceptable cost and reliability, is acknowl-

edged to be a difficult task, and a number of different technical approaches are

being pursued in parallel. For example, one effort is concerned with the

photolytic production of group VI atoms such as 0 or S in the meta stable    ;

singlet state.. ''

Under  the  pre sent contract  PSI is inve stigating the photolytic decompo-

sition of a class of endoergic molecules--azide.s.   Because these compounds,

contain.sub stantial chemical energy, they offer a potentially more efficient

approach for the·· production of electronically excited fragments.    The  goal of

the present program is not to demonstrate a laser, but the ac'quisition of

sufficient  data and under standing of certain fundamental proce s se s to permit

the critical evaluation of this approach for laser development..

1
Under a previous ERDA contract, we reviewed the literature per-

taining  to the decompo sition of azide s and concluded  that the production  of

electronically excited species of potential laser intere st may be achieved via   .     ·

essentially two major pathways:    (i) the photolytic or thermal decompo sition

of covalent azide s to produce electronically excited sing]:et nitrene s;  or

(ii) various chemilumine scent reactions  of the azide radical. The major  task

of  the  pre sent contract  is  to inve stigate  the  fir st method of electronic- state

production, by focussing upon the wavelength- selected photolysis of gaseous

covalent azide s.
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This report summarizes progress during  the  fir st quarterly period  of

this contract. The major effort has been directed toward a detailed design

of the experimental apparatu s  and the development of specifications  for  the  pur-

chase  of the major items of equipment.    The se accomplishments are reviewed

in the following section.
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IL EXPERIMENTAL DESIGN

A.          General

The major technical considerations of this experiment are as follows:

(i) the primary products of the photolysis' rnust be identified as d function of

photolysis wavelength, (ii) detailed spectroscopy of the electronically excited

-             fragments,  such as energy levels and life times, must be obtained, and

(iii) the kinetics of chemical and energy-transfer reactions of selected elec-

tronically excited species   must be determined. To perform these rhea sure-

ments a photochemical reactor must be developed in which the wavelength of

the photolysis source  may be varied, the detection technique s ,provide
high sensitivity with good temporal resolution, and reasonably well defined

spectral diagno stic s are available. The requirement  of a wavelength- tuneable

photolysis source  may  be  met with a tuneable dye laser provided it supplie s
sufficient intensity in the spectral region of intere st. Sensitive detection

may be achieved either by laser-induced fluorescence (LIF) or by direct

observation of photon emission. Good temporal resolution is possible by
pulsing the photolysis source  and u sing a gated detection system to monitor

species at varying times after the photolytic pulse. Suitable spectral diag-

nostics may be obtained by the use of interference filters,  a fast monochro-

mator, and/or tuning the laser used in the LIF studies over the absorption

bands  of the specie s to be studied.

B.         Experiment

The apparatus which we are constructing for this-experiment is shown

schernatically in Fig. 1. It consists of a photolysis cell to contain the

azide and an inert buffer gas.  A slow flow is used to maintain good gas purity

and to control the relative concentrations of the reagents. The azide is

photolyzed by pulse s  from a doubled  dye  la ser operating  at a repetition  rate

3-
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of 5-30 Hz. The density of fragements is probed via LIF from pulses from

a  second dye laser which is triggered off the photolysis laser after a precisely

controlled dela -The fluore scence induced from the probe-laser pulse  is

detected by a photomultiplier placed at right angle s  to the plane defined by

the photolysis and probe lasers. Output from the photomultiplier is fed to

a  box-car inte grator,   the   gate of which opens shortly after the pulse  from

the probe laser is off. For studies in which the fragments produced in the

photolysis radiate, the box-car integrator will be gated off the photolysis

la ser,   and the probe  la ser  will  not  be  u sed. In addition, a monochromator  will

be  used to monitor any chemiluminescence emissions. The average intensitie s

of the two laser s will be monitored  so that corrections  may be  made  for  long

term  drift.     The  time re solution  of the system is determined  e s sentially  by  the

ninir:nurn box-car gate width appropriate to the species under study,  or for
the short-lived fluore scing specie s,   by the pulse width  of the photoly sis  la ser

which is 1 Ws.

The major requirement of the photolysis laser is that it have a high

energy per pulse in the wavelength region of interest. This requirement is

most easily met by a flashlamp-pumped dye laser.  We have selected the

Candela ST:,L-1 laser which provides about 5 mJ per pulse at 265 nm at 20 Hz

in a beam approximately 1 cm square. This recent entry into the commercial-

laser market provides more than an order of magnitude increase·in output    ·,

over its competitors with no sacrifice in beam quality. The Candela dye laser
-1,

has a nominal visible tuning range of 430-730 nm. With temperature-tuned       '·

doubling, this range can be extended to cover 255-310 nm in the ultraviolet.

By operating at reduced power. (- one half of nominal), ,where excellent

-              beam quality is claimed, angle tuning can be employed to further extend the

wavelength range to 217-360 nm.

The laser to be used for the LIF probe should ideally have high energy

per pulse, short pulse width and precise triggering. The high-energy-per-

pulse requirement is less important, however, than the other two requirements.
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It is useful to have a short pulse width so that one may delay gating on the

detection electronic s until long after the laser pulse has terminated.     Thi s

technique reduces significantly interference from scattered laser light.  If

the laser-pulse time is comparable to or longer than the fluorescence lifetime

of the species being probed,.  then a signific ant fraction  of the signal of intere st

will decay before the laser pulse has terminated. The pulse width of a nitrogen-

pumped dye laser is about 5 ns, significantly shorter than the lifetime s of most

allowed molecular transitions. By contrast, the pulse width  of mo st fla shlamp-
pumped dye lasers is on the order of 1 Fs. The short pulse width was the major
criterion in our :selection of the moledtron N2 pumped dye laser (DL-200)
for  the LIF technique. Calculations (discussed below) indic ate   that the energy

per pulse  of the se lasersi is more than adequate  for our applications.

In  general, a gated detection system may consist of either   a  box- car

integrator  or a photon-counting system. Error s re sulting from pulse  pile

up limit photon-counting systems to effective counting rates less than about

10 MHz, which for a typical 2 gs gate time is only . 20 photoelectrons per  ·

laser pulse. The box-car integrator is an analog device which is limited pri-

marily by current saturation  in the photomultiplier dynode chain.      For  fa st-

focussed photomultipliers, peak currents of 100 mA are possible without satura-

tion.      This  pe ak current dorre sponds to approximately 105 photoelectric events

per laser pulse for a 2 ils gate time.  The- box-car integrator should be

reasonably sensitive· down to  le ss than 5 photoelectric events per laser pulse,

so that it is only at very low. signal levels that a photon-counting system

offers an advantage over a box-car integrator.  At such low signal levels,
-                               the,:collection  time  to  obtain good signal-to-noi se ratio  at  the  mode st repeti-

tion rates of the experiment becomes excessively long for either type of

detection technique:    The. calculations. ( shown below) indicate signal levels .
several orders of magnitude above the maximum allowable for a photon-

counting system, therefore we have decided to detect fluore scence signals
with a box-car integrator.

6-
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the cell.     This is accomplished with a serie s of lense s which image the excita-

One  of the major problems associated with laser-induced fluore scence

detection is scattered laser light. The radiation arises not only from scat-

tered photons from the laser beam, but also by fluorescence from cell mate-

rials which have been excited by photons scattered from the laser beam.

This fluore scence  can be an e specially severe problem because it is typically

of long duration compared  to  the  la se r  pul se, and cannot readily be avoided  .            t

by  delaying the opening-of. the  box- car gate. Several techniques  will be

used to minimize this problem.      Fir stly, photons scattered  out of the. laser

-             beam will be reduced significantly by having the laser beam enter the cell

through  very  long  side   arm s provided  with  a   se rie s of carefully aligned

baffels. Secondly, the reaction cell will be constructed out of chemically

blackened metal, anodized stainless steel, rather than glass.  This will reduce,

but not eliminate, fluore scence  from cell materials. Thirdly,   the  use  of

appropriate filter s  or a monochromator between the excitation region  and

the photomultiplier will further reduce interference from scattered light

1 -        and materials fluorescence. Finally, scattered light and fluorescence may

be reduced by the use of spatial' filtering techniques,  i. e. the design of a

light-collection system which will efficiently collect light emanating from the

excitation region,· but which will reject light arising from all other regions of

tion region on the photocathode of the photomultiplier. The disadvantage of

this technique is that the restricted field-of-view resulting from the spatial

imaging can degrade temporal information.  At low pressures,  the time re -

quired for a molecule to diffuse from the detector field-of-view can become

short compared to molecular fluore scence life times  or to chemical reaction

times. Diffusion may be slowed to some extent by using an inert buffer gas

at high pressures. This approach will work however,  only if quenching of the

LIF by the buffer gas is not too significant.  This is true for most diatomic

molecules even at pressures of a few hundred torr; however for polyatomic

-7-
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molecules such as NHZ(2Al)' 2 the quenching by the bath gas may be more

important,    so that operation at lower  pre s sure s  and  with a larger field-of-

view  may  be  nece s sary.

1
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III. SUPPORTING CALCULATIONS

A.          General

Calculations, based  upon the photoly sis of hydrazoic   acid,    HN3'    were
performed, to test the feasibility of the experiment..  The HN3 system has

been studied in sufficient detail that reasonably accurate calculations are

possible.     The se calculations  give an indication  of the sensitivity  and flexi-

bility of the apparatus. The first experiments will be performed on HN3'. and
the se data compared against the calculations will provide a further  test  of  

apparatus performance.
3McDonald et. al. have claimed that photolysis of HN3 at 266 nm

produces
NH(ath) and N2(X 3E ) in over 99% yield.  The NH(alb) -appears -

2
to  be highly reactive toward HN3 producing NH2( -Al )  and pre sumably N3,
McDonald et. al. have not attempted to observe N3 in their system, but

4-7
, others report it as being pre sent  as a secondary product  of the photolysis.                         -

The experiments of McDonald et. al. do not preclude the possibility that N3
57

may also be formed in the primary photolysis as others have·sugge sted,    "

nor ·do they indicate the origin of other states of NH which have been observed

by  other s in photolytic systems.

In the following sections we reproduce the calculations performed to

test the experimental concept.     Fir st, we compute the   density of fragments

-·                 produced  in the photoly sis laser  beam  and  the signal level  to be expected

by probing this fragment density with LIF both in: terms of photon flux inci-

dent upon  the PMT photocathode  and the voltage s  to be  easured  by  the  box-

car  integrator.    In the lattef computation we also treat source s of signal

noise. Finally, we consider the effect s of fluore scence quenching  and  dif-

fu sion upon the expected signals.

-9-



B.      Density of Photolysis Products

The density of photolytic fragments produced by the photolysis laser

pulse may be calculated using Beer' s Law,

I  - I  ·I

·      =        1.1           =  .fi     (1    -    i c   ok:)             , (1)

which in the thin target limit reduce s to

Ca
N-'    k
V
- A Io .          (2)

N/V is the fragment density produced by a laser beam of initial intensity

Io and cross sectional area A propagating a distance 1 through HN3 at con-
centration C. The absorption cross section at wavelength k is given by a .
I is the intensity  of the laser beam after it exits  the  cell.      For a typical condi-
tion  of our experiment, the following value s are appropriate:

14 -3
C  = 10 molec cm  ,

-20 2 8
a265  =  5.75 x 10 crn ,

2
A     =  1 crn ,

15I             =    5  mJ  =  6.  67  x 10 photons.0

This leads to a transient fragment density,

.

N            10          13- =  3. 84 x 10 molec cmV '

which is the density of NH(al&) produced in the photolysis before losses due to

chemical reaction and/or diffusion have occurred.

-10-



C. LIF Intensity

The NH(a*&) is detected by LIF operating upon the clA 4 all transi-

tion  at  326  nm. The calculation  of the signal  due  to  LIF a s surne s no quench-

ing of the NH(cITT) fluorescence and no optical losses due to reflections or

ab sorptions  in the collection system. The optical system  is de signed  to  have

an  effective f- number  of 1.6 corre sponding to collection  of  2.5%  of the total

-            fluorescence. We also-assume a photomultiplier quantum efficiency, n, of
20%. The probe laser intersects'the observation region at right angles to

the  photoly sis  la ser, thus giving an effective ab sorption path length  for  the

probe laser  of  1  cm. The detector fluore scence signal is  then the number  of

photons absorbed by NH from the probe laser beam multip]ied by the collec-

tion efficiency of the optical system and the quantum efficiency of the photo-

multiplier:

i. . . . .

...

II .   =    (I o    -    I)    .3    71             . (3)

The   absorption of photons  in the probe laser  beam  by the photoly sis fragments

can be calculated adequately  by line- absorption formulae. We assume  that
1           ·

the line width  of the absorbing  NH(a  A) is dominated· entirely by Doppler
broadening at.ambient,ten:iperature,  i.-e.  300'K.    The Dop#ler width (FWHM)
'9

i.s given by

.--

2(2R.en2)1/2 /T)1/2 (cm-1) -  (4)
AYD

=
X c (M)

0

-1
or = 0.1 cm for NH transitions at 326 nm. The probe laser beam can be

-1
adequately described as a Gaussian distribution with a width of 0.4 cm

10
(the manufacturer' s specifications).
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The  fractional. ab s·orption  i s given  by

n+1I - I  6 (-1) (k £)n
0                     0

A =   =                 (5)a    I                2 1/2  'o           n!(1 + Ila )
n-1

where k ,e is
the optical depth of tha absorbers and a is the ratio of the emis-:

Sion  to ab sorption line widths.     In the limit of small optical depth,   we  need

-             retain only the first term in the sum.  Thus, the number of absorbed photons

become s

k £I
0   0I·   =I  -I =                                        (6)abs   o    ·      2 1/2

(1+a)

The optical depth  may be calculated  if the absorption o scillator strength  of
+ 9.the transistion is known,   1. e.

2
2           -  i £n 2        1-rek.e =- 1/- - Nf (7)0 AV . Tr  mcD v   e

For a single rotational line we have,

J'
S

Ji,J'                     J"          Labsfv"v   = 2J" -1- 1   v"v  ' (8)

-12_



J'                                                                      abs
where  ST„  is the Honl- London factor  and f i s  the  band ab sorption  o scil-

lr"VI
11

lator · strength given  by.

2

abs In C X

f     -         -A                             (9)
e   0 du

v' vI -   2 2. d V'V" I
8TT e    1

A    „ is the Einstein coefficient and du and dl are the electronic degeneracies
viv

-                        of the upper and lower state s re spectively. The transition probability  for  the
1 1                     6 12

transition NH(c  TT,  v' = 0) -* NH(a  8,  v"·- 0) is 2.27 x 10 . For the P-branch

transition from J" = 2 we calculate S „ = 3/2 for each component of the A-
13

doublet, or 3 overall. The A -doublet splitting  for  the  P( 2) transition is
12only 0.06 cm-1, which isless than the Doppler line width. We, therefore,

consider the two components as a compound line with an effective Doppler

width of 0.12 cm- 1, i. e. slightly broadened from the single line case due to
2.1            -3

 
the A -doubling. The oscillator strength is fl' 0., = 2.17 x 10 . Using Eq. 7

'

we find that

- 14     J"=2
k    £     =1.5 3   x 1 0                N 1 (10)

0                                           V"=0

3McDonald et.  al. have shown that the phytolysis of HN3 yields only NH(alb ,
v"=0)..'if we assume a Boltzmann rotational distribution at 300'K,   N „= /·

-4N       = 0.25, and k ·£ = 1.47 x 10   .  From Eq. 6 wecalculate 8.45 x 107
total               0                                  ·                  5

photons are absorbed from the probe laser beam and that I  = 4.2 x 10
photoelectric events per laser pulse. A signal this large would saturate the

photomultiplier. The actual signal' should be smaller  due  to  10 sse s  in  the

collection system  and to losses  from the narrow-band interference filter s

used to reject scattered light. However, the magnitude of the calculated signal

indic ate s that initial experiment s sh6uld  not be signal limited,    and  that  our
sensitivity for the detection of fragments should be on the order of 106 to 107

-3
molec cm

-13_



D. PMT Signal and Noise

The output from the photomultiplier is a current pulse, which is .  U- . . .

shunted to ground through a load resistor, R '  and a voltage is detected by

the box-car integrator. The value of RL is made as large as possible to

maximize the voltage within limitations imposed by the box-car gate width

and the capacitance of the line between the PMT and the input of the box-car.
Optimum values of the -PMT RLCI, time constant are between 0.02 and 0.2

14times the box-car gate width,     e. g., for ·r = 2.0 gs, 40-400 ns.  In
gate

order to minimize CL, the cable length between the PMT and the box-car
must be kept short.   It is easiest to do this if a preamplifier is inserted

clo se  to  the PMT output. Then, cable lengths  of  a  foot  are fea sible  for

which CL - 30 pf and RL will be - 1040.

The voltage signal read by the box-car is given by Ohrn' s Law

V=I R (11)s s L

where I  is the average PMT anode current,
S

is  = 7Ge . ,(12)
gate

n is the PMT quantum efficiency, N is the number of photons incident upon
.-

I the photocathode,Gis the PMT gain and e is the electron charge.  For_a
1

typical gain of 106, R  .' 1049.and T = 2 ws, the voltage will be  0.80 mV   :.
gate    4           -

per photoelectric event (UN),.  or 8. OV for 10 photoelectric events per laser
shoto

-14-
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Sources 6f signal noise are statistical fluctuations in the signal

source itself,

Ge R
L

=  ' fiN'T                '                                                    (13)
gate

dark noise generated within  the  PMT,

1/2
V    = (2e Id GAf)     R                         (14)DN L '

thermal noise in the load resistor,

-10 1/2

V      =  1.29 x 10     [RL Af]         ,                            (15)TN

and amplifier noise in the box-car or preamplifier (specified by manufacturer).

In the above equation I  is the PMT anode dark current, and Af is the noise

band width of the system. The noise band width is 1.57 times the signal band

width which is 0.35/'r ..    (r.;c· =R_C  ). The total noise isthe square root
rise rise L L

of the sum of squares of the various noise components. The signal noise,

the  fir st three noise components,   may be reduced by using a photomultiplier

of high quantum efficiency, high gain, and low dark current,  and by working
6

with a large load resistor.
Taking  G  =   10    ,    Id  =   2  nA,   RLCI4 =  300  ns,4

RL  =   1 0   0,    and
r =   2  Els, we calculate  that  VSN  =  8x  1 0-     ,/fiNV,    V          =DN -4 gate  5

3.4 2  x  1 0      V,    and V = 1- 75 x 10-  V.   Thus the only important contribu-
TN  -

tion to the noise .is the statistical fluctuation in the number of photons emitted

per laser shot. This noise may be reduced an arbitrary amount by signal

averaging.

-15_



E. LIF Fluorescence Quenching

The  reduction of the fluore scence signal by collisional quenching may

be  calculated  from the Stern- Volmer relationship9

f-  =l  +  ,      1  k[Qi        .                                                                           (1 6)
rad q,

For NH(c 1TT), 'r =4 x 10- s. If we assume a quenching rate constant of7  16
rad

-10 3 -1 -1 '
1 x 10 .cm  molec s „then the reduction offluorescence is less than  '

15          -3
10% for quencher concentrations less than 2.5 x 10 molec crn or about

100 mtorr.  This is not a severe lijnitation except for the inert buffer gas

which will be at higher pressures. However, rate constants for quenching of

electronic energy by gases such as helium and argon are generally 4 1-5 x
-16 3 -1 -1

10     cm  molec   s   . Thus, buffer-gas pressures of several hundred torr

should not significantly reduce fluorescence  due to colli sional quenching.:6

i F.          Diffusion

There are two problems created by diffusion. First,· the molecules'
I excited by the probe laser can diffuse  out of the· detector field-of-view before

fluore scing, thus reducing  the LIF detection efficiency  and, in addition,,

render it pressure dependent. Second, the,photolysis fragments can

diffuse from the excitation region during the time interval between the photo-

lysis and probe pulses, thus complicating the analysis of the temporal behav-

ior.     In both cases, the effects of diffu sion  may be reduced by operating  at

higher pressure, although one must be careful to strike a balance between the

reduction of diffusional effects and the enhancement of quenching.

In the diffusion of electronically excited molecules out of the detector

field-of-view prior to fluorescence, we are concerned only with diffusion in

the plane defined by the two laser beams. Molecules diffusing in directions

-16-
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normal  to this plane remain within the detector field- of-view. The solution
of the problem is that for the decay of the on-axis concentration in an infinite

cylinder due to radial diffusion.  In this case the radius is the effective radius
of the detector field-of-view. The decay of photolysis-fragment density due

i to diffusion out of the region defined by the photolysis beam is also a problem
in  loss by radial diffusion  but not axial diffu sion.      The LIF laser essentially

probes the density along -the  axis  of the cylinder defined  by the photolysis
laser beam.  For this case the solution of the diffusion equation leads to the

17
re sult

2
-a P/4 D t

f.1- e
0

(17)
; 0

where  C     is the initial concentration,   a the cylinder radiu s,   P the pressure0
and D the diffusion coefficient.

r                     0

Combining a first-order loss process such as radiation or chemical
. 17reaction with the diffusive losses, we obtain  

2

-a P/4 D t 1
t = et/, {1- e      , cC

(18)

--

where ·r  is the first-order decay time,  i  p    r for radiation or (k[Q])- 1o v'  'rad
for a bimolecular reaction under pseudo first-order conditions. The diffu-

2--1sion coefficient of most gases in argon is about 160 cm s at 1 torr.  For
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the radius a = 0,5 cm, which is essentially the radius of the photolysis laser
beam as well as the diameter of the detector field-of-view, we conclude that

the reduction in concentration is less than 10% if          ·          '

t < 1.7·x 10-4 P. (19)

for  t in seconds  and  P  in  torr.      Thus,   even  at  1 torr diffu sional losses  will
be negligible during typic al rriolecular decay times  of  less  than  a few micro-    .

seconds. Chemical reaction time s  in our reactor will be more typically  on

the order of hundreds of microseconds so that losses due to diffusion of the

photolysis fragments will compete in importance with reaction losses at a

bath gas pressure of l torr. However, operation at pressures of 10 to 100

torr will alleviate this problem.
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IV. CONCLUSIONS

The major feature s of the planned experiment have been defined and

approximate experimental conditions have been calculated.    The se calculations

indicate that the experiment to study the wavelength photolysis of gaseous

azides is feasible and that the apparatus has considerable flexibility as

designed. This information has been used to define the required specifica-

tions for the major equipment necessary to perform the experiment.  The

major components of the experiment have been purchased under the capital

budget of the contract. During the next reporting period the major efforts

will  be the detailed  de sign and construction  of the apparatu s, the purchase
of the necessary peripheral equipment and supplies, and the completion of

a laboratory area to house End perform the experiments.

1

.-
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