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CHAPTER II

EXPERIT'TENTAL TECTINIQUE AND APPARATUS

Eigh Resolut lon In f rared Epectroscopy

Throughout  the course of  th is  Ph 'D'  work the

inf rared absorpt ion spectra of  a  wide range of  van der

Waa Is  comp lexes  have  been  s tud ied '  Resu l t s  f rom ATDCI1 '

NeDCl l  ,  (  Dc l  )  , ' ' '  ,  Hc l -Dc I1  ,  Dc I -Hc I1 ,  and  (Hc I  )  22 '5  a re

p resen ted  i n  th i s  t hes i s '  A l I  s tud ies  repo r ted  he re in

probe e i ther  the HCI or  DCl  v ibrat ion wi th in  the complex '

As  the  HCI  and  DCI  v ib ra t i ona l  f requenc ies  a re

s u b s t a n t i a l l y  d i f f e r e n t  ( 2 8 8 5 . 9 7  c m ' 1  a n d  2 0 9 1 ' 0 6  c ' o - 1 ,

respec t i ve l y ) ,  d i f f e ren t  i n f ra red  spec t romete rs  a re  used

to  p robe  the  two  ch romophores '  The  HC l  v ib ra t i ons  (3 '46

pm)  a re  i nves t i ga ted  w i th  a  d i f f e rence  f requency  Iase r

s p e c t r o m e t e r  ( t u n a b r e  f r o m  2 . 2  4 . 2  F m ) ,  a n d  t h e  D C r

v i b r a t i o n s ( 4 . 7 8 p m ) w i t h a P b - s a l t d i o d e l a s e r ( t u n a b l e

f rom 4 -  l '0  pn)  .  These studies are not  l in i ted to  the

l o w e s t e n e r g y l e v e ] ' i n e a c h v i b r a t i o n a l s t a t e , s i n c e l o w

freguency v ibrat ions can be probed v ia  combinat ion '  hot '

o r  d i f f e rence  bands  ( see  F igu re  1 .1 ) .  one  d rawback  to

s t u d y i n g } o w f r e g u e n c y v i b r a t i o n s i n t h i s m a n n e r i s t h a t

these bands are typ ica l ly  an order  of  nagni tude weaker
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than the high frequency intramolecular fundarnental

v ibrat ions.  This  is  because these v ibrat ions are onry

in f rared act ive by v i r tue of  a  nonzero anharaonic i ty ,  ds

discussed in  chapter  r .  As wi l r  be seen in  numerous

exanpres in this text, however, these spectrorneters

possess the requis i te  sensi t iv i ty  for  such observat ions.

we shal r  spend some t i rne d iscuss ing both of  these

spectroneters.  The f i rs t  sect ion dears wi th  the pb-sal , t

d iode spectrometer ,  which was constructed as par t  o f  th is

d i sse r ta t i on .  Th i s  i s  f o r l owed  by  a  sho r te r  d i scuss ion

of  the d i f ference f reguency spectrometer ,  d ,  apparatus

wh ich  has  been  d i scussed  p rev ious l y  i n  de ta i16 -8 .  A  sho r t

d i scuss ion  fo l rows  rega rd ing  the  ope ra t i ng  p r i nc ip res  o f

the  s l i t  pu l sed  va l ve  and  gas  hand l i ng  se rup .  The

chap te r  conc ludes  w i th  a  d i scuss ion  o f  t he  techn igue  used

to  ob ta in  i n f ra red  l i ne  shapes .

fn f rared Spectroneters

Diode Laser Spectrometer

ope ra t i ng  P r inc ip les

A  Pb-sa l t  d iode  l ase r  i s

sources of  tunable radiat ion

T h i s  s e c t i o n  w i l l  d i s c u s s ,  i n

p r i nc ip les  o f  a  pb -sa l t  d iode

one of the rnost general

in  near  to  rn id- IR regions.

some de ta i l ,  t he  ope ra t i ng

lasere,  and the resul t ing
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sl i t  je t  n id- rR spectroneter  (shonn in  F igure 2.L)  vh ich
we devel0ped wi th in  our  laboratory.  This  spectrometer  is
based around a r ,aser  photonics sp5goo-2 r .aser  source
assernbly '  Br ie f ly ,  these rasers are composed of  a  p-n
junct ion which is  forward b iased.  The in jected erect rons
combine wi th  hores and radiate photons wi th  energ ies
deterrn ined by the seniconductor  band gap,  about  21oo cm- '
f o r  t he  s tud ies  p resen ted  he re in .

The  ga in  med ium fo r  a  pb -sa l t  d iode  l ase r  i s  f o rmed
a t  a  p -n  j unc t i on  i n  semiconduc to r  na te r i a l s .  The  p_ type
laye r  i s  cha rac te r i zed  by  an  e lec t ron  de f i c i ency  such
that  the pr i rnary charge carr iers  are e lect ron holes.  The
n- t ype  l aye r ,  on  the  o the r  hand ,  con ta ins  excess
elect rons which serve as the charge carr iers .  When these
laye rs  a re  p laced  i n  con tac t ,  e lec t rons  and  ho res  i n  t he
a rea  o f  t he  j unc t i on  w i l l  comb ine .  Th i s  w i l l  occu r  un t i l
a  se l f  i nduced  e lec t r i c  f i e l d  ac ross  the  p -n  j unc t i on
ba lances  the  cha rge  separa t i on  o f  t he  e lec t rons  and
ho les '  A t  t h i s  po in t  no  fu r the r  reconb ina t i on  occu rs
( s e e  F i g u r e  2 . 2 )  .

When an external  b ias is  appl ied across the
junct ion,  erect rons are re in t roduced to the n- type layer
and rernoved f rom the p- type layer  causing eLectrons to
once again recombine wi th  holes.  This  recourb inat ion
resu l t s  i n  e i t he r  a  rad ia t i ve  ( see  F igu re  2 .3 )  o r
non rad ia t i ve  re lease  o f  ene rgy .  The  rad ia t i ve  p rocess  i s
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Mult ipass
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Scheroat ic  representat ion of  the ex l rer inenta l
Pb -sa l t  d iode  l ase r  spec t rone te r .  The
monochromator  p ic tured is  not  regui red for
these  s tud ies  due  to  the  nea r  s ing le
longi tud inal  mode character is t ics  of  the
d i o d e  u s e d .  E a c h  b e a m  s p l i t t e r  ( B . S . )
p i c tu red  i s  a  pe l I i c Ie  sp l i t t e r  wh ich
ref lects  approx imate ly  10*  of  the bean and
transrn i ts  the renainder .  The nul t ipass used
fo r  t hese  s tud ies  i nvo l ves  s i x  passes
through the s l i t  expansion and not  three as
is  scheroat ica l ly  shown in  th is  f igure.

HgCdTe
Detector

F i g u r e  2 . 1



Pb-sal t  D iode P-N Junct ion

Impur i ty
S  i t e s
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Schernat ic  representa t ion  o f  a  p_n junc t ion .
The top cartoon, pictures perf lct  i_type-anan-type mater ia ls,  where electronJ ar-e tn"najo-r  charge carr ier  in an n_type nater ia l
and holes in a p-type. When theie mater ia ls
are  p laced in  contac t ,  the  e lec t ron= .naho les  in  v ic in i ty  o f  in te r face  w i l l
reconbine unt i l  the internal  e lectr ic f ie ldcounters  exac t ly  t fe  charge separa t ion .
Wl " r  the  junc t ion  is  fo ry i rd  U ias"a ,  

-

e lec t rons  and ho les  can once aga in
f e c o r n h i n e .
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Zero  B ias

C o n d u c t i o n
B a n d

V a l e n c e
B a n d

F o * ' a r d  B i a s e d

Diode Laser  EnergY Levels

Leve l

B a n d  G a P  =  P g

I
I
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/Or t^ i  

Leve l

Elec t ron  and  Ho le  Dens i tY

-._-Tffi+
I
I - . ^ h v = E aY

An approximate picture of the energly levels
of  a  d iode laser .  As the d iode is  for r rard
b iased ,  e lec t rons  a re  i n jec ted  i n to  the
n- t lpe nater ia l  which can reconbine in  the
region of  the in ter face wi th  holes in  the
p - t ype  na te r i a l .  The  recou rb ina t i on  re leases
energy  e i t he r  rad ia t i ve l y  o r  non rad ia t i ve l y .
The  rad ia t i ve  recomb ina t i on  resu l t s  i n
photons of  energy g iven by the band gap.

A c t i v

F ig ru re  2 .3
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responsib le for  the las ing of  these d iodes.  The photon

energy is determined by the band gap or energy difference

between the conduct ion and varence revels .  This  band gap

is very dependent on the choice of semiconductor

mater i -a l r  ?s wel r  as d iode tenperature and b ias current .

rn f rared tunabre d iode rasers are typ icarry  composed of

Pb-sa1ts,  such as pbr- rSnrTe and pbSr-rEurSerTer- r .  By

vary ing x  and y in  these semiconductor  rnater iars ,  the

band  gaps  can  be  ad jus ted  f rom abou t  4  to  30  pm.  o the r

Pb-sa l - t s  a re  a l so  ava i rab re  wh ich  ex tend  th i s  t un ing

range  s r i gh t l y  i n  each  d i rec t i on .  The  d iode  used  fo r  a l_ I

the Dcl  s tud ies d iscussed here in was purchased f rom r ,aser

Pho ton i cs  ( rnode l  number  sp5615) ,  and  has  a  compos i t i on  o f

Pbo.ca, rEro.ooesS"o.eeosTeo.ooss.  The d i rnensions of  the act ive

reg ion  o f  t h i s  d iode  a re  1  pm X  22  pm X  25O pm.  The

ou tpu t  f requency  i s  cen te red  a round  2ogo  c [ ' 1 ,  w i th  a

tun ing  ra te  o f  1150  WIz / r ,A .

Las ing  i s  no t  poss ib le  w i thou t  f eedback ,  wh ich  i s

prov ided by forming a cav i ty  around the semiconductor

ma te r ia l  by  c leav ing  the  face ts .  A t  app l i ed  cu r ren ts

less than a threshold va lue,  the photons are emi t ted

incoherent ly .  As the forward b ias current  is  increased,

a threshord condi t ion is  reached in  which the round t r ip

cav i t y  ga in  exac t l y  egua ls  the  l osses :

l , n . = o i n t + c t ( 2  . L )
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=€:e,  f th .  is  the gain at  threshold,  o in t  represents the

-- - , - ,e :nal  losses and o,  the t ransmiss ion losses at  the

i : :e- -s .  The in ternal  losses inc lude those due to

. -s : rp t ion of  l ight  in  both the act ive and c ladding

:e; :cn and scat ter ing at  each heterogeneous in ter face.

l - - - - -e=pts are made to n in i ro ize these in ternal  losses.  One

: :  - - : ie  approaches ut i l ized by Laser  Photonics is

: r : : : ca t i on  o f  t he  d iode  i n  a  Mesa  S t r i pe  geomet ry  ( see

i - ; . : : e  2 . 4 ) .  T h i s  d e s i g n  p l a c e s  a n  a c t i v e  r e g i o n  b e t w e e n

:b :  c ladd ing  l aye rs ,  each  o f  wh ich  have  a  h ighe r  i ndex  o f

:e : :ac t i on  and  l a rge r  band  gap  than  the  ac t i ve  reg ion .

: -1ese  tend  to  l oca l i ze  the  pho tons  and  e lec t rons ,

:espec t i ve l y ,  i n  a  sma l l e r  ac t i ve  reg ion ,  t hus  reduc ing

a : s o r p t i o n .

The  t ransmiss ion  l oss  (o r )

: . : e  t o  f i n i t e  ou tpu t  coup l i ng ,

po th  the  cav i t y  l eng th  ( { )  and

f a c e t  e n d s  ( R r  =  R z ) .

at  the c leaved ends is

wh ich  i s  a  func t i on  o f

the ref lectance of  the

Q . 2 )

is  approx i rnate ly  25O pn

4 - 6 .  T h u s ,  t h e

i s  a b o u t  0 . 7 1 ,  i . e .  a

o r =  +
( t \

l n l  -  |-- ' l  
nt n, /

The  d iode  used  fo r  t hese  s tud ies

long  w i th  a  re f rac t i ve  i ndex  o f

ref lectance at  the c leaved ends

Loss  o f  abou t  14  pe r  cm.
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F i g u r e  2 . 4 A schenat ic  d iagran of  a  Desa st r ipeconstruct ion of  d iode laser .  The act ive
l?v..r  is placed berwee;- i ; ;  layers wirhhigher  index of  re f ra" i i "n  and band g. ;  a .l oca l i ze  the  e lec t ron=  ; ; d  pho tons  i n  t heact ive region.  The p ic iur .  on the bot tonhal f  o f  the f igure i^s  t f r " i  o f  an actualPb -sa l t  d iode  l ase r j
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Both of  these loss channels  i .ncrease wi th

temperature,  thus the gain (and therefore the threshord

current) needed to overcorne these Losses increases with

increasing ternperature. This effect is demonstrated in

Figrure 2.5,  which shows the threshord current  versus

temperature for the diode used in these studies. At

ternperatures above about  Loo K,  the loss channers are so

g rea t  t ha t  l as ing  i s  i r nposs ib le  fo r  t h i s  d iode .

Consequent ly ,  one needs to  operate at  very low

tenperatures,  which are achieved wi th  a commerc ia l  c losed

cyc le He ref r igerator .  This  cool ing system operates on

the  p r i nc ip le  o f  ad iaba t i c  coo r ing  wh ich  accompan ies

expans ion  o f  a  gas  th rough  a  sma l r  o r i f i ce .  The  gas  i s

compressed and forced through the or i f ice by p is tons

wh ich  run  a t  3  Hz .  As  w i r r  be  d i scussed  be low ,  i t  i s

th i s  mechan ica r  v ib ra t i on  wh ich  i s  p r imar i l y  respons ib le

fo r  t he  l ase r  f reguency  no i se .  The  co rd  head  assemb ly ,

shown  in  F igu re  2 .6 ,  i s  capab le  o f  coo l i ng  fou r  l ase r

d iodes to  approx inrate ly  l_5 K.

The output  f reguency of  the d iode laser  is  tuned by

adjust ing the d iode temperature and current .  The pb-saI t

d iode band gap changes wi th  temperature,  as much as 2oo

cm-1 for  r -oo K ternperature change.  Addi t ionar ly ,  the

f reguency of  the ras ing mode acqui res temperature

dependence v ia  a temperature dependent  index of

re f rac t i on .
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A plot  of  the threshold current versus
temperature for  the diode used in these
studies.  The trend of  h igher threshold
current for  h igher temperature is gui te
obvious from this plot .  The increase in
threshold current is due to increasing
losses in the cavi ty wi th teurperature.  In
fac t ,  th is  d iode,  wh ich  has  an  upper  cur ren t
l in i t  o f  1  A ,  w i l t  no t  lase  aUove about  125
K .
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Pb-salt diode Laser

A p i c tu re  o f  t he  co ld  head  assemb ly  o f  t he
Pb-sa l t  d iode  l ase r .  The  fou r  ho r i zon ta l
ho les  i n  t he  f ron t  a re  the  l oca t i ons  o f  t he
four  d iodes which can be mounted at  one
t ine .  The srnaI l  cy l  indr ica l  tube which
protmdes ver t ica l ly  up f rom the co ld head
is a I ' Iodion ion pump. This punp extends the
t ine necessary between vanning tne a ioaes to
roorn ternperature.  This  is  a  des i rab le
add i t i on  to  the  l ase r  s ince  repea ted  cyc l i ng
to roon tenperature degrades the d iode
charac te r i s t i cs  .
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where m refers to  the nth longi tud inat  mode,  c  is  the

speed of  l ight ,  A"  the index of  re f ract ion,  and 0 is  the

cavi ty  rength.  The d iode ternperature is  contro l led both

by external  heat ing of  the d iode and Joure heat ing due to

the current  f lowing through the d iode.  As can be seen in

Figure 2.7 ,  the spectra l  modes scan wi th  current  in  a

fa i r l y  we l l  de f i ned  manner .  F igu re  2 .9  shows  a  p ro t  o f

l as ing  f reguency  o f  t he  d iode  used  i n  these  s tud ies ,  ds  a

funct ion of  both the d iode temperature and current .

I ns tead  o f  a  s ing le  con t i nuous  scan ,  t yp i ca l l y  scans  o f

no more than about  r -z  cm- l  in  length are poss ibre.  This

is  because the under ly ing gain curve does not  scan at  the

same rate wi th  temperature as does the band gap.  AIso

the  ga in  cu rve  i s  b road  enough  (10 -20  cm ' l )  t o  suppor t

more than one longi tud inal  cav i ty  mode.  The f requency of

these  spec t ra l  modes  can  be  p red i c ted  f rom Eq .  2 .3

knowing the index of  re f ract ion and length of  the cav i ty .

The spacing between longi tud inal  rnodes is  s i rnp ly  v ,  -  v t ,

conpr icated onry by the fact  that  the index of  re f ract ion

o f  t he  d iode  i s  f requency  dependen t  (d i spe rs i ve ) .  Thus ,

inc lud ing th is  dependence,  the spacing between adjacent

modes becomes.
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Frequency Scanning with 'Bias Current

200mA

400mA

600mA

8 0 0 m A

I 000m A

Las ing  F requencY

A sarnple set  o f  longi tud inal  nodes for  one
of  the d iode lasers which we checked out
(not  the d iode wi th  which these studies were
carr ied out)  .  As for  a l l  o f  the d j .ode
lasers we invest igated,  the laser  operates
on more than one longi tud inal  mode.
Addj - t ional Iy ,  the laser  f requency scans to
h igher  f requency wi th  increasing current .
I t  is  a lso wor th not ing that  any par t j -cu lar
cavity mode grows in intensity and then
sh r inks .  Th i s  i s  due  to  the  d i f f e ren t i a l
scanning rates of  the cav i ty  modes and the
under ly ing gain curve.  A lso note that  a t
low current  (200 nA for  th is  d iode)  the
lase r  on l y  en i t s  a  s ing le  l ong i tud ina l  mode .
Th is  i s  a  genera l  t r end  fo r  nea r l y  a l l
d iodes  i nves t i ga ted .
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P b - s a l t  D i o d e  ( 8 1 7 5 - 1 5 )
Frequency vs.  Current  and T
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F i g u r e  2 . 9 Laser frequency versus both tenperature andcurrent.  AI I  spectra reported in i f r l=thesis were takln betweei i -  2060 2r2o cm-1which is in the heart  of  the scanning regionfor th is diode..  The trequency depends moresensitively on ternperaturl tnan 
""?i""1,-'andl l : :^ : . : . . typ. icalry locates a rresuency'  

:

:eg ton .oy  ad jus t ing  the  tenpera ture ,  indthen f i x  the  tenpera ture  an i .ad ju= t ' " io r fV
the current tor  n ign ,"=oir . r t ion-=."n=l-"

1 0 0
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v r r - v ,  =  A v  = ( 2  . 4 )

I f  the change in  index of  re f ract ion is  negl ig ib le

between two adjacent  longi tud inal  nodes (as is  the case

fo r  nea r l y  a I l  p rac t i ca l  d iode  d i roens ions ) ,  t he

separa t i on  be tween  two  long i tud ina l  modes  i s  s imp ly  c /221 t

o r  3 .3  cm-1  fo r  t he  d iode  used  he re in  wh ich  i s  ve ry

cons i s ten t  w i th  the  3 .  O  cm-1  separa t i on  measured  fo r  t h i s

d iode .  However ,  t he  i ndex  o f  re f rac t i on  does  va ry

s ign i f i can t l y  ove r  t he  tenpera tu re  range  o f  t he  d iode ,

and  thus  the  l ong i tud ina l  mode  spac ing  changes  w i th  d iode

tempera tu re .  Th i s  mode  s t ruc tu re  i s  no t  a lways  eas i l y

p red i c tab le ,  as  can  be  seen  i n  F igu re  2 .9 .  The  f i gu re

presents two temperature regions of  the same d iode.  At

T=105  K ,  on l y  one  l ong i tud ina l  mode  i s  p resen t ,  bu t  on l y

2 0 '  l o w e r  ( T = 8 5  K )  a t  l e a s t  1 3  d i f f e r e n t  l o n g i t u d i n a l

rnodes  a re  suppor t i ng  ga in .

Wh i le  one  can  t yp i ca l l y  e l i r n ina te  a I I  bu t  one  o f  t he

longi tud inal  modes wi th  a nonochromator ,  a  more favorable

so lu t i on  i s  f o r  t he  d iode  to  l ase  i n  a  s ing le  spec t ra l

mode.  Newer d iodes being produced wi th  such techniques

as rnolecular  beam epi tax ia l  growth show prorn ise for

s ing le mode operat ion.  The d iode used for  these studies

demonstrates remarkably  good rnode character is t ics ,  €g.

c l  n  m l
- t -  -  -  |

ze lvn ] , ,  j
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Dependent Laser Operat ion
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Near  S ing le  Mode

A demonstrat ion of  very reasonable and
unusable node character is t ics ,  both on the
same d iode and only  20 K separated in
ternperature. The higher temperature
chaiacter is t ics  are very favorable s ince
on ly  a  s ing le  l ong i tud ina l  mode  i s  p resen t .
However ,  the rnul t i rnode region is  unusable
s ince about  6 of  Dore spectra l  modes have
near l y  equa l  i n tens i t i es ,  resu l t i ng  i n
obsenrat ion of  t rans i t ions f rom each wi th  no
a pr ior i  Eanner  of  detern in ing f rom which
mode an absorPt ion arose.

\nfilt-ooo*o
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close to  80-90* of  the output  power l ies in  one spectra l

mode.  Absorpt ion peaks due to  the renain ing <2O* of  the

power are rarely obserrred, and provide only a minor

inconvenience in  data analys is .  One such observat ion of

secondary mode absorpt ion is  shown in  F igure 2.10 where

two spectral scans through the same region of the NeDCI

spectrum are p lot ted.  The large peak in  each scan is  a

DCI monomer t rans i t ion due to  near  1O0t  absorpt ion of  the

weak secondary mode present  in  the laser  beam. As can be

seen by compar ing the re la t ive t rans i t ion f reguencies of

the  NeDCI  abso rp t i ons  (due  to  the  p r i rna ry  mode) ,  and  the

monomer  t rans i t i ons  (due  to  the  secondary  mode) ,  t he

f reguency d i f ference between the two longi tud inal  modes

changes wi th  temperature,  as d iscussed above.  Thus by

scann ing  ove r  a l l  spec t ra l  reg ions  a t  two  d i f f e ren t

temperatures,  one can d iscr i ro inate between absorpt ions

due to the pr i rnary and secondary rnodes.

In  add i t i on  to  mu l t i p le  l ong i tud ina l  modes ,  pb -sa I t

d iode  l ase r  rad ia t i on  i s  o f ten  composed  o f  rnu l t i p le

spa t i a l  modes .  These  a re  due  to  l as ing  wh ich  occu rs  i n

separate r r f i laments i l  w i th in  the act ive region,  thus these

modes are referred to  as f i lamentary modes.  The presence

of  these ext ra modes produces an ast ig i rnat ic  beam, i .e .  i t

is  i rnpossib le  to  focus both hor izonta l  and ver t ica l

components of  the beam s imul taneously .  The beam is

the re fo re  suscep t i b le  to  ove r f i l l i ng  an  op t i c  i n  one



SecondarY Mode AbsorPt ion

,
D!5c t  n ( to )  Trns i t ioo  , /
Due To SecooP
2 l 0 l . 6 l ? 8 c r r - '

NeDCI  f l  Bcnd

R e l r t i v e  F r e q u c n c Y
O f  P r i m a r Y  r  n d

S c c o n d a r Y  M o d c

C b r n g e d  B Y
T c m p c r 8 t u ! c
t n d  C u r r c n t
Ad . l us toen t

*.ri,'rr,,J^n^^f,*
PriorrY Modc Frcq '  (cm- l )

The observation of a transit ion froro a

r . "ot raury t rode.  This  mode is  present  at

1; ; ;  i r ,u t  10*  the povter  o f  the pr inary mode'

i r , . - t i i r i i t ion is  
-on ly  

obsenrable s ince the

rono t . t  R (1 )  t rans i t i on  abso rbs  essen t i a l l y

. r r  Ln.  r ight  in that  secondary node'
iocatea about 3 cm'1 to lower frequency than

ine prirnary node. Such an obsen/ation
rarely occurs and can be discr in inated by

i.un.ing over the sane sPectral region more

th;  ot t6" wi th di f ferent current and

temperature.  The relat ive separat ion
between tne prinary and secondary modes is

changed in th is lDanner '
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di - rect ion.  This  probren is  dear t  wi th  very s inpry by

passing the bearn through a spat iar  f i l ter  and e l iur inat ing

all  but one spatiar roode. we have used a 100 prn hole in

cu foi l  for this purpose. The beam is focused into the

spat iar  f i l ter  wi th  an f /2 ,  t ,  d ianeter  caF.  p lano-convex

lens .  Rou t ine l y ,  abou t  50*  o f  t he  rR  rad ia t i on  i s

t ransmi t ted through the spat ia l  f i l ter .  The beam eni t ted

f rom the  spa t i a l  f i r t e r  i s  reco r r i r na ted  w i th  a  f / 6 ,  1 r r

d iamete r  CaF ,  p lano -convex  1ens .

Frequency Noise

rn addi t ion to  the f requency scanning,  output  power

and spectra l  node character is t ics  d iscussed above,  the

nagni tude of  both ampl i tude and f reguency noise are

ex t reme ly  impor tan t  c r i t e r i a  t o  assess  the  use fu rness  o f

th i s  l ase r  f o r  t unab le  rR  spec t roscopy .  we  w i l l  de ray  a

d i scuss ion  o f  t he  d iode  l -ase r  amp l i t ude  no i se  un t i l  t he

da ta  acgu is i t i on  sec t i on .

The ura in source of  f reguency noise on the d iode

laser  is  due to  nechanicar  v ibrat ions which accompany

each  ex tens ion  o f  t he  p i s ton  used  to  coo r  t he  co ld  head .

This  is  shown unambiguously  in  F igure 2. r r ,  which is  a

t race of  the laser  f reguency noise versus t ine.  The prot

was obta ined by t r igger ing a s torage osc i r loscope wi th  a

microphone posi t ioned near  the co ld head.  The f requency

noise is  rnapped in to anpl i tude noise by posi t ion ing the



Co ld  Head  P is ton  Induced

S c o p e
T r i g g e r

F ig ru re  2  . I L Diode laser f req"uency noiser ds deterained
by select ing a laser t reguency which 

" i t= 
o. ,the sarne of a f ringe. fh; laige increi=e i-nno ise  is  due to  the  co ld  head p is ton i . - -a

sini lar  burst  of  noise occurs i r i t t  eachs t roke  o f  the  p is tons  in  the  co ld  head.  Infact ,  the t race was obtained by t r igger ing
the osci l loscope with a micropirone piu".a
near  the  co ld  head.

Frequency Noise
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diode laser  on the s ide of  an etaron t ransrn iss ion f r inge

and moni tor ing the aropl i tude of  the t ransmiss ion s ignal .

The burst  o f  no ise in  F igure 2.11 is  associated wi th  a

cycre of  the cord head p is ton.  By knowing the s lope of

the etalon fr inge one can obtain a rough measure of this

freguency noise. However, a better nethod to quantify

the freguency noise invorves rneasuring accuratery the

l i ne  w id th  o f  a  s tab re  mo lecu re  (ocs )  i n  t he  s r i t  j e t .

The procedure by which the r ine widths are measured wi l r

be d iscussed rater  in  th is  chapter  and onry the resul ts

w i l r  be  p resen ted  he re .  s ince  the  rna jo r  sou rces  o f  l i ne

w id th  b roaden ing  o f  s tab le  morecu res  (eg .  ocs )  i n  t he

s r i t  j e t  a re  res idua l  Doppre r  b roaden ing  and  f reguency

noise,  by determin i .ng the Doppler  width and the

abso rp t i on  l i ne  w id th ,  t he  f reguency  no i se  i s  measurab re .

The average FWHM Gaussian absorpt ion r ine width for  ocs

t rans i t i ons  i s  52  (4  )  MHz .  Th i s  i s  subs tan t i a r r y  l a rge r

than the L6 Ml Iz  predic ted for  Doppler  width at  I  K.

Thus ,  essen t i a r r y  t he  en t i re  l i ne  w id th  can  be  a t t r i bu ted

to f reguency noise.  However ,  i t  should be s t ressed here

that  th is  measurement  is  representat ive of  onry a smarr

reg ion  o f  poss ib le  l as ing  f reguenc ies ,  and  tha t  t he

f reguency noise var ies across th is  reg ion.  The magni tude

of  th is  ef fect  is  approx i rnated to  be about  t t  o  MHz.

Thus,  the f reguency noise on the d iode laser  is  best

r e p r e s e n t e d  a s  4 9 ( 1 0 )  M l I z .
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since the inherent  spectrar  width of  species in  the

jet  is  less than the observed f requency noise,  the

absorption sensit ivity wil l  be increased if  the freq.uency

noise is  reduced (due to  rarger  peak absorpt ion

st rengths) .  A reduct ion in  the f requency noise has the

addi t ional  benef i t  o f  inprov ing the detect ion sensi t iv i ty

to  l i fe t ine broadening in  spectrar  t rans i t ions.  one way

to reduce the f reguency noise sampled by the exper iment

i s  t o  s inp l y  shu t  o f f  t he  da ta  acgu is i t i on  du r ing  the

per iods of  excess f requency noise.  The d isadvantage of

such  a  mod i f i ca t i on  i s  a  l oss  o f  abou t  r / 3  o f  poss ib re

da ta  tak ing  t ime .

An a l ternate rnethod,  which does not  suf fer  f rom th is

p rob lem,  i s  t o  s tab i r i ze  ac t i ve l y  t he  }ase r  ou tpu t  by

feeding a f requency dependent  correct ion back onto the

Iaser  through an external  current  input .  The error

s igna l  i s  ob ta ined  by  se lec t i ng  the  f requency  o f  t he

d iode  rase r  such  tha t  i t  i s  on  the  s ide  o f  a  t ransmiss ion

f r i nge .  Th i s  s igna r  i s  passed  to  a  home bu i l t  se rvo

c i rcu i t  composed of  propor t ional  and in tegra l  ga in

a n p r i f i e r s  ( s h o w n  i n  F i g u r e  z . L 2 ) .  B r i e f l y ,  t h e  c i r c u i t

i s  composed  o f  a  pu re  i n teg ra to r ,  wh ich  ro l r s  o f f  a t

about  15 kHz.  The f i rs t  erement  is  an in tegrator  a t  low

frequency,  prov id ing ext ra gain,  and at  about  a f requency

d i c t a t e d  b y  n ( 2 o k n ) * c ( 3 3 n f )  i t  a c t s  a s  p r o p o r t i o n a r  g a i n .

The last  two e lements are responsibre for  set t ing a
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33o f  20 tO

L a s e r  S t a b i l i z a t i o n  S e r v o

The  lase r  s tab i l i za t i on  se rvo .  The  c i r cu i t
is  composed of  one stage of  pure in tegrat ion
i s  i nc luded  ( the  second  ope ra t i ona l
a rnp l i f i e r  (op .  anp .  ) .  One  s tage  w i th  a  knee
( the  f i r s t  op .  amp.  )  f o r  add i t i ona l
gai .n  at  low f requency but  the gain ro l ls  o f f
and becones s inp ly  propor t ional  ga in of  z
a t  abou t  240  Hz .  The  l as t  two  op .  amps .
ro11  o f f  t he  ga in  nea r  DCI  wh ich  wou ld
o the rw ise  be  i n f i n i t e .  A l so  i nc luded  bu t
not  shown is  an adjustable gain propor t j -ona1
a m p l  i f i e r .

I R  D c t c c  t o t

\-

F i g u r e  2 . 1 2

F r b r y - P c r o t
E L a l o n

P b - S  8 l l

D r o d !  L r s r r



f in i te  ga in at  very row f requencies.  Addi t ionarry ,  one
stage of  ad justabre propor t ional  ga in is  incruded (not

shown).  The error  s ignar  f rom th is  c i rcu i t  is  fed back

on the laser  v ia  an externar  vo l tage to  current  input .

This  input  has a f la t  response to about  zo k 'z .  A pure

integrator  has a phase sh i f t  o f  -go.  and a f requency

ro1l -of f  o f  -6  dBloctave.  potent ia l  probrems ar ise i f
another  source of  phase sh i f t  is  present  at  f reguencies

where  the  ga in  goes  th rough  un i t y .  r f  t h i s  i s  t he  case ,

the  c i r cu i t  w i r l  be  uns tab re  due  to  pos i t i ve  feedback .

This  technigue has been demonstrated to  reduce the

f ree running f requency noise of  50 Ml Iz  to  about  r .o  Ml Iz .

This  represents a substant iar  reduct ion in  the f reguency

no ise  wh ich  i s  su f f i c i en t  t o  p race  the  f reguency  no i se

l0wer  than  the  res idua l  Dopp le r  w id th .  However ,  i t  i s

no t  used  i n  eve ryday  da ta  acgu is i t i on  due  to  d i f f i cu r t y

in  f reguency  scann ing r .  wh i re  a  p iezoe rec t r i c  c rys ta l  i s
the  e lemen t  o f  cho i ce  to  scan  the  ex te rna r .  cav i t y  (and

thus  the  d iode  l ase r ) ,  one  needs  to  change  the  cav i t y

rength by L-2 t i rnes the waverength of  l ight .  This  is

d i f f i cu l t  t o  do  rap id l y  ( -1  kHz )  fo r  5  pm rad ia t i on .

A r te rna t i ve l y ,  a  sma l1  f requency  d i t he r  can  be  app l i ed  to
the  d iode  l ase r ,  wh ich  i s  an  o f ten  used  techn igue .

rnt racavi ty  caF,  ga lvo p lates are capable of  changing the
cav i t y  l eng th  by  the  regu is i t e  amoun t ,  bu t  i n i t i a l

a t ternpts  to  incorporate them fa i led s ince the resul tant
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eta lon f r inge height  was reduced to an unusable level .

Further work is reguired to make this scheme practical

for  da i ly  use,  but  i t  has been shown to be feas ib le  and

represents substant ia l  benef i ts  for  fu ture data

acgu is i t i on .

Optical Layout

The opt ica l  layout  for  the Pb-sal t  d iode laser

spec t romete r  i s  shown  in  F igu re  2 . I .  The  i n f ra red

rad ia t i on  emi t ted  f rom the  d iode  l ase r  i s  co l l ec ted  w i th

a n  o f f - a x i s  p a r a b o l i c  m i r r o r  w i t h  a  f o c a l  l e n g t h  o f  1 . 5 r r .

The advantages of  th is  mir ror  over  a large d iameter  lens

are near  unj - ty  re f lect ion over  most  of  the in f rared and

no  d i spe rs ion ,  ds  we l l  as  be ing  a  pa rabo l i c  e lemen t  wh ich

w j - I ]  f ocus  o f f  ax i s  w i th  no  s t i gma t i sm.  I t  i s  pos i t i oned

to  co l l ima te  the  h igh l y  d i ve rgen t  (= f /L )  d iode  beam.  A

nunber  of  f la t  go ld turn ing n i r rors  are used to red i rect

t h e  b e a m  ( s e e  F i g u r e  2 . L ) .  A d j u s t a b l e  i r i s e s  a r e  u s e d  t o

Ioca l i ze  the  i n f ra red  beam and  to  fac i l i t a te  ove r lap  w j - th

a  v i s ib le  HeNe t race r  beam.  The  on l y  t ransmiss ion  op t i cs

a long the beam path are CaF,  lenses used to f - )  focus the

beam th rough  a  spa t i a l  f i l t e r  (d i scussed  ea r l i e r ) ,  2 )

co l l i r na te  the  beam fo l l ow ing  the  spa t i a l  f i l t e r ,  and  3 )

focus the bearn ( f /2 ,  1 t ' )  onto the in f rared detector .

Fo l l ow ing  the  spa t i a l  f i l t e r ,  t he  beam i s  d i v ided

v ia  a  pe l l i c l e  bean  sp l i - t t e r .  App rox ina te l y  L0*  i s
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sanpled for  d iagnost ics,  dS d j .scussed below,  wi th  the

rernainder  pass ing through to the molecular  expansion.  A

schemat ic  of  the pulsed va l .ve (d iscussed in  more deta i l

la ter  in  th is  chapter) ,  vacuum chamber,  and nul t ipass

mir rors  is  shown in  F igure 2.L3.  A smal l  vacuum chanber

(6 "  d iane te r  X  5 r r  t a I I )  i s  used  to  s inp l i f y  l ase r

a l ignrnent  a long the s l i t  ax is  and to  maxi rn ize punping

speed.  The d isadvantage of  such a smal l  charnber  is  that

the  mu l t i pass  m i r ro rs  can  no t  be  p laced  i ns ide  the

chamber.  Thus,  each pass requi res t ransmiss ion through

two CaF,  windows.  The opt i rnum number of  passes used

therefore represents a balance between longer  path length

and  the  reduc t i on  i n  l ase r  power  due  to  add i t i ona l  l osses

f o r  e a c h  p a s s .

one can ca lcuLate the number of  passes which

p rov ides  the  op t ima l  s igna ls  g i ven  the  t ransmiss ion  o f

the  w indow as  fo l l ows .  F i r s t ,  t he  obse rved  s igna l

anpl i tude is  expressed in  terms of  the fR power and

number  o f  passes .

S d P * n ( 2  . 5 )

where ,  t he  s igna l  amp l i t ude  i s  l abe led  as  S ,  t he  power  as

P,  and the number of  passes as n.  I f  we assume that  the

on ly  power  l oss  due  to  rnu l t i pass  i s  re f l ec t i on  l osses  a t

each window sur face,  the power fo l lowing any par t icu lar
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Sli t  Pulsed Valve and Vacuum Chamber

T
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a t r
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I t

Schenat ic  d iagran of  the pulsed va lve and
vacuum chanber .  As is  apparent  in  th is
f igure the vacuun chanbei  is  gu i te  snal l ,
and in  fact  is  on ly  s l ight ly  larger  than the
s l i t  pu l sed  va l ve .  The  s l i t  va l ve  res ts  on
the vacuum chamber and points downwards
in to  a  6 ' r  d i f f us ion  punp .  The  s i x
passes  t yp i ca l l y  u t i l i zed  fo r  t hese  s tud ies
are shorrn. The vacuum chamber windows are
e i the r  CaF ,  o r  sapph i re ,  bo th  o f  wh ich
p rov ide  es3en t ia l l y  i den t i ca l  behav io r ,
except  sapphi re windows (1 nrn)  are th inner
than  CaF ,  (8  nn )  .

a t 4

v

F i g r u r e  2 . L 3



number of passes (n)  is  expressed as

P n  :  P o  ( T ) 2 n ( 2  . 6 )

fh is  loss is  due to  both absorpt ion of  the in f rared l ight

by the opt ica l  mater ia l  and scat ter ing of f  each of  the

inter faces.  The exponent  is  2n rather  than n s ince each

pass regui res t ransmiss ion through 2 windows (4

s u r f a c e s ) .  T h e  s i g n a l ,  d S  a  f u n c t i o n  o f  T  a n d  n ,  i s

g i v e n  b y  E q  .  2 . 7  .

s c n T 2 n ( 2 . 7 )

E q .  2 . 7  i s  m a x i m i z e d  w i t h

d e r i v a t i v e  a n d  s e t t i n g  i t

respect  to  n by tak ing i ts

e g u a l  t o  0 .

a
6

l ^ q . 2 n )  - ' > ^
l t J  J  |  

-  L r l t n ( T l  T 2 n  +  T 2 '  =  A

S o l v i n g f o r  n  y i e l d s ,

n = -  L
2  Q n ( T )

( 2  . 8 )

( 2 . e )

Us ing  a  t yp i ca l  t r ansmiss ion  th rough a CaF^ window of
I
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abou t  94 t  (T=0 .94 )  l eads  to  a  p red i c t i on  o f  8  passes  fo r

the optirnum signal. However, the windows on the vacuum

chamber are coated with a thin diffusion punp oi l  f irrn

whi le  running which can fur ther  reduce the t ransmiss ion.

A l igu id N,  t rap is  not  used s ince i t  reduces the

ef fect ive purnping speed berow an acceptable rever .  A

s l ight  reduct ion to  T=0.9 rowers the opt i rnun condi t ions

to  4 -5  passes .  Thus ,  s i x  passes  h re re  used  fo r  a l l

expe r imen ts  repo r ted  he re in .  Fo t row ing  the  mur t i pass ,

which is  formed by two f la t  mir rors  as shown in  F igure

2 .1 ,3 ,  t he  i n f ra red  beam i s  f ocussed  on to  HgCdTe

detectors,  d iscussed below.  Reference bearn subtract j -on

(as  i s  u t i l i zed  w i th  the  d i f f e rence  f reguency

spec t romete r )  i s  no t  used  i n  th i s  expe r imen ta l

ar ranqement .  whi le  f ixed f requency advantages of  about  a

fac to r  o f  up  to  20  i n  abso rp t i on  sens i t i v i t y  a re  ob ta ined

w i th  dua r  beam sub t rac t i on  o f  t he  d iode  rase r  sou rce ,

th is  advantage is  lost  very guick ly  when the f reguency is

changed .  we  be l i . eve  th i s  i s  due  to  d i f f i cu r t i es  w i th

s l ight  beam steer ing concurrent  wi th  f reguency scans,  and

anpr i tude noise wr i t ten on the s ignar  beam due to the

uru l t ipass which is  not  coherent  wi th  respect  to  any

re fe rence  beam no ise .

The two types of  in f rared detectors used wi th  th is

apparatus are ind ium ant imonide ( rnsb)  and nercury

cadin iurn te l lur ide (HgCdTe) A 1. o rnrna HgCdTe detector is
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used for  s ignal  observat ion.  This  is  a  photoconduct ive

detector ,  Purchased f rom Inf rared Associates,  model

number HCT-90, which is inherently AC coupted and is used

wi th an ampl i f ier  a lso f rom fnf rared Associates (nodel

PPA-15-10) .  The arnpl i f ier  is  powered by l -5  vo l t

rechargeable gel  ce l l  bat ter ies.  The detector  and

arnpl i f ier  pa i r  has a to ta l  responsiv i ty  o f  3  X 105 V/W in

a band width of  Lo Hz to  l -o  MHz.  The detector  has a peak

detect iv i ty  a t  about  10 pm of  3 .4 x  l -010 cm Hzl /? /w in  a

1 kHz bandwidth.  At  about  5 pnr  where these studies are

carr ied out ,  the sensi t iv i ty  per  wat t  is  down by about  a

fac to r  o f  two .

The  o the r  de tec to rs  used  a re  pho tovo l ta i c  I nSb '

These were assembled in-house f rom InSb e lements.  The

wa fe rs  a re  f i xed  to  copper  base  p la tes  ( see  F igu re  2 .L4 )

w j . t n  a  th in  f i lm  o f  i nd ium.  These  Cu  p la tes  a l so  se rve

as the ground p lane for  the detectors.  The output  is

amp l i f i ed  by  home bu i l t  t r ans i rnpedence  amp l i f i e r s  ( see

F igu re  2 . ]5 )  w i th  a  sw i t chab le  to ta l  ga in  o f  e i t he r  10  kn

or  1 !n .  whi le  the output  o f  these detectors is  capable

of  DC operat ion,  the h igh gain set t ing requi res Ac

coupl ing (at  about  5 Hz)  due to  res idual  DC of fsets  in

the anrp l i f iers .  These are large area detectors (about

a 4r t )  which saturate wi th  b lack body radiat ion f rorn the

laboratory.  Therefore,  an AR coated Ge window, cooled to

I igu id N,  ternperature,  is  p laced in  f ront  o f  the detector
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InSb Mount ing SuPPor t

Cover
Piate --=--=f-.l-l

F i g u r e  2 . t 4

AR Coated
Ge Windou '

E lec t r i ca l
Lead

E l  emen t

The hone-bui l t  nount ing suppor t  for  InSb
detector  ch ips.  The whole assenrb ly  is
construct  o f  Cu to nax in ize both theraal  and
e lec t r i ca l  conduc t i on .  A  s rna l l  w i re  i s
at tached to the center  o f  the detector
e lement .  The back sur face of  the e leroent
senres as ground and is  at tached to the Cu
moun t  v ia  a  th in  l aye r  o f  f n .  A  Ge  w indow
is p laced in  f ront  o f  the detector  and
coo led  to  77  K  to  reduce  b lack  body
rad ia t i on  i np ing ing  on  the  de tec to r .

I n S b  D e t e c t o r



I n S b
P h o t o d i o C e

F i g u r e  2 . 1 5

In S b Transimpedence Ampl i f ier

S  i  g n a l
O u t

4 . 9  9 K
g  n ,

6  R r r f

4 9 . 9 K

The  t rans inpedance  anp l i f i e r  used  fo r  t he
InSb  in f ra red  de tec to rs .  The  op .  anp .  shown
at  top is  the actual  t rans inpedance
arnp l i f i e r  w i th  a  ga in  o f  10  kn .  The  o the r
two  anp l i f i e r s  p rov ide  add i t i ona l  ga in  i f  so
desi red.  The output  can be se lected to  come
ei ther  d i rect ly  f rorn the t rans inpedance
ampl i f ier  or  a f ter  the two addi t ional .  s tages
o f  ga in .  S ince  each  o f  t hese  anp l i f i e r s
p rov ides  a  fac to r  o f  10  ga in ,  t he  f i na l
ou tpu t  has  a  ga in  o f  e i t he r  10  K0  o r  1  Un .
Due  to  o f f se t  d r i f t s  i n  t he  two  ex t ra
a rnp l i f i e r s ,  t h i s  s igna l  i s  AC coup led  w i th
the  6 .  I  1 t f  capac i to r .

I  50pF

l 0 K  1 0 0
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element  to  reduce the ef fects  of  brack body radiat ion.

s ince th is  rad iat ion depends on d,  a  reduct ion f rom room

temperature to  27 K is  a  s ign i f icant  improvement ,  arso

the Ge f i l ter is guite srnarr (5 nrn) and placed about a cm

away fron the detector erement thus reducing the clear

aper ture.

S igna l  De tec t i on  and  Ana lys i s

The  da ta  acgu is i t i on  i s  con t ro l l ed  by  a  bas i c

program cal led SCANBELL.BAS (see Appendix  f  for  a

I i s t i ng ) .  Th i s  p rog ram ca l l s  a  number  o f  i n -house

wr i t t en  assembry  l anguage  sub rou t i nes  wh ich  a re  l i s ted  i n

Append ix  r r .  B r i e f r y ,  t r ans ien t  s igna rs  a re  ave raged  on

a  d ig i t a r  osc i r l oscope  and  then  sen t  t o  t he  compu te r  f o r

i n teg ra t i on .

T h e  b a s i c  p r o g r a m  i n i t i a l i z e s  a  s c i e n t i f i c  s o r u t i o n s

(#8OOO22) ,  D /A  boa rd  to  s ta r t  a  t ra in  o f  pu l ses .  Once

in i t i a ted ,  t hose  pu rses  run  un impeded .  A  vo r tage  ramp,

suppr ied by the D/A board,  is  passed to the vor tage to

current  conver ter  to  scan the laser  f reguency.  An

assernbry ranguage subrout ine Vour .AsM (see Appendix  r r )

dr ives the vor tage ramp.  The t ra in  of  purses f ron the

D/A board t r iggers both the pulsed va lve and the d ig i ta l

osc i l loscope.  The AC coupled output  o f  the HgcdTe

de tec to r  (d i scussed  above )  i s  band  pass  f i r t e red  w i th

5  dB  po in t s  a t  l - 00  Hz  and  3 .5  kHz  and  reco rded  on  a



f , -

dig i ta l  s torage osc i r loscope (Tektronix  nodel  2430A).

The scope is  operated in  a data averaging mode,  i .e .  the

oscil loscope runs independentry untiL i t  has averaged a

speci f ied nurnber  of  s l i t  va lve pulses.  upon conplet ion

of this average, the scope signals the computer to

acguire the waveforrn, which is sent to the conputer over

a GPfB bus in  the i l fast  t ransrn i t  moder  opt ion of  the

Tektronix  scope.

Ac t i ve  base l i ne  sub t rac t i on  i s  used  as  fo l l ows :

Two  base l i ne  ga tes  a re  pos i t i oned  on  e i t he r  s ide  o f  t he

cen t ra l l y  l oca ted  s igna l  ga te  ( see  F igu re  2 .L6 ) .  These

basel ine gates are each 256 channels  long and separated

frorn the s ignal  gate by 1.00 channels .  A s t ra ight  I j -ne is

Ieas t  squa res  f i t  t o  each  base l i ne  ga te  ( see  sub rou t i ne

SL IM.ASM in  Append ix  I I ) .  The  base l i ne  fo r  i n teg ra t i on  i s

determined by the I ine connect ing the point  where the

base l i ne  ex t rapo la ted  s t ra igh t  l i nes  i n te rsec t  t he  s igna l

g a t e ,  I a b e l l e d  a - b  i n  F i g u r e  2 . L 6 .  T h e  a c t u a l

i n teg ra t i on  i s  a l so  ca r r i ed  ou t  w i th in  the  sub rou t i ne

SUM.ASM, and involves s inp ly  adding the va lue of  each

data point  in  the s ignal  gate minus the va lue of  the

base l i ne  a t  t ha t  po in t .  Th i s  ac t i ve  base l i ne  sub t rac t i on

y ie lds an output  which is  insensi t ive to  arnpl i tude noise

on the -1 msec t ine constant  or  longer .  The spectrometer

absorpt ion sensi t iv i ty  o f  6  X LO-1 is  rout ine ly  obta ined

a n d  r e s u l t s  i n  a  d e t e c t i o n  l i n i t  o f  2 . O  X  L O 1 0  D C I
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Time Profi le of
Absorpt ion

Sl i t  Va lue
S i  gnal

()
C)

(a

450 p tsFWHN{

B a s e l i n
G  a te

S igna l
Gate

B  ase l i ne
Gate

F i g u r e  2 . 1 6

Time

A t ine t race of  a  typ ica l  absorpt ion s ignal
obta ined on the d i f ference f reguency
spectrorneter .  The s ignal  is  f la t  across the
top and exhib i ts  a  turn-on and turn-of f  t i rne
o f  50 -75  ps .  Base l i ne  ga tes  a re  de te rm ined
by  f i t t i ng  s t ra igh t  l i nes  to  reg ions  o f  da ta
outs ide the absorpt ion range.  The points  at
which these st ra ight  l ines in tersect  the
edges of  the s ignal  gate deter- r r ine the
base l i ne  fo r  i n teg ra t i on  ( the  l i ne  a -b ) .



containing conplexes/cm3/quantun state based on a

transi t ion moment of  the conprex eguar to that  of  f ree

D C l .

The absolute frequencies for the obserrred absorption

s ignars are determined wi th  a conbinat ion of  a  reference

gas absorption celr and a f ixed length Fabry-perot

cav i ty .  About  lo t  o f  the to tar  power is  used for  the gas

ce l I  and  e ta lon .  Th i s  f rac t i on  i s  f u r the r  sp l i t  w i th

about  9z of  the to tar  power going to  the reference cerr

and  L t  t o  e ta lon ,  wh ich  rep resen ts  su f f i c i en t  power  to

p rov ide  s /N  o f  >1oo  fo r  bo th  re fe rence  and  e ta lon

s igna ls .  Bo th  a re  ob ta ined  by  chopp ing  the  rR  beam a t

abou t  300  Hz  w i th  a  mechan ica r  chopper  and  co l rec t i ng  the

s igna ls  w i th  l ock - i n  de tec to rs  (S tan fo rd  Research  sys tems

M o d e l  5 1 0 ) .  T h e  l o c k - i n  r e f e r e n c e  s i g n a r  i s  s u p p l i e d  b y

a HeNe laser  which is  chopped s i rnu l taneousry wi th  the

d iagnos t i c  beams  and  focused  on  an  FND- ]oo  s i  pho tod iode .

The  e ta lon  i s  f o rmed  f rom 95 t  re f l ec t i ve  f l a t

m i r ro rs  spaced  ( znSe  subs t ra te )  by  abou t  25  c r ,  p rov id ing

a f ree spectra l  range (FSR) of  about  635 Ml tz  and a

f i nesse  o f  L0 -15 .  s ince  the  back  su r faces  o f  t he  e ta ron

opt ics are uncoated,  about  3t  is  re f rected back toward

the Iaser .  r f  roore than about  5t  o f  the to tar  pot rer  is

put  on the etaLon,  enough of  th is  re f lected l ight  gets

back to  the laser  source to  cause an observable increase

in  f requency  no i se .
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The etalon fr inges serve two purposes in this

exper iment .  F i rs t ,  the f r inges are used to ind icate the

presence of ruult iple longitudinal modes when searching

for optirnal tenperature/current condit ions for a

par t icu lar  f reguency region.  This  search is  carr ied out

by  scann ing  the  l ase r  cu r ren t  abou t  o .L  -  0 .5  cm '1  i n  a

rapid scan ut i l iz ing the in ternal  sawtooth rnode of  the

current  supply .  Secondary mode f r inges are wel l

separated f rom those of  the pr imary urode and are readi ly

observable i f  the secondary node power is  greater  than

about  l -Ot  of  the to ta l  power.

Second Iy ,  and  more  i rnpo r tan t l y ,  t he  t ransmiss ion

f r inges are used to in terpolate the unknown absorpt ion

peak f requencies f rom those of  a  reference gas.  Carbonyl

Su l f i de  (OCS)  abso rp t i on  f reguenc ies  a re  used  fo r  t he

absolute f reguency s tandard for  a l l  s tud ies repor ted

here in .  The  oCS gas  j . s  con ta ined  i n  a  s ta t i c  ce I l ,  and

the at tenuat ion of  the laser  beam is  rnoni tored wi th  a

Iock - in  de tec to r  as  d i scussed  above .  The  t rans i t i on

f reguencies are repor ted by Hunt  et  a I .11 to  an accuracy

o f  o .ooo3  cm-1 .  Two  such  oCS peaks  a re  used  to  ca l i b ra te

the eta lon FSR for  each spectra l  scan.  The unknol tn

f reguency posi t ions are then in terpolated f rom two or

more nearby OCS posi t ions.  Mu1t ip le  scans over  the same

freq 'uency regions are recorded and the resul ts  averaged

to reduce the ef fects  of  random errors.  This  procedure



prov ides  a  rep roduc ib i l i t y  o f  tO .OOO5 cD '1 ,  as  de te rmr " . ;

by conparisons rr i th nult iple OCS reference gas

t rans i t ions.  The convolut ion of  our  prec is ion wi th  the

quote accuracy of the OCS measurements yield an absolute

a c c u r a c y  o f  + 0 . 0 0 0 6  c m - 1 .

Di f ference Frequency Laser  Spectrometer

The  fundamen ta l  p r i nc ip le  beh ind  the  d i f f e rence

f reguency  l ase r  spec t ro rne te r  ( shown  in  F igu re  2 .L7 )  i s

t h e  n o n l i n e a r  m i x i n g  o f  t w o  v i s i b l e  I a s e r s 1 1 .

0 1 = 0 3 0 2 ( 2 . 1 0 )

The h ighest  f reguency (or)  laser  is  a  Spectra phys ics

2O2O Ar *  l ase r  w i th  an  i n te rna l  t empera tu re  s tab i l i zed

e t a l o n .  W h j - I e  t h i s  L a s e r  w i l l  l a s e  o n  e i t h e r  b l u e  ( 4 8 9 . 0

n r n  o r  2 0 4 8 6 . 8  c m - 1 )  o r  g r e e n  ( 5 1 4 . 5  m n  o r  L 9 4 Z g . 2  c m - 1 )

t rans i t i ons ,  d I I  spec t ra  he re in  were  taken  w i th  the  g reen

l i ne .  S ing le  f requency .  ou tpu ts  o f  0 .8  W w i th  a  f requency

stabi l i ty  o f  1  I ' I l Iz  are rout ine ly  avai lab le wi th  th is

I a s e r .

The output  o f  the Ar*  Iaser  is  n ixed wi th  the s ing le

f reguency output  o f  a  Spectra Physics 380A dye laser ,

pumped by a 4 W Spectra Physics 2020-05 Ar*  Iaser .  Dye

lase r  ou tpu t  powers  o f  O .2  0 .5  w  a re  ach ieved  w i th

Rhodarn ine 6G dye.  The dye laser  has been nodi f ied

s l i gh t l y  t o  p rov ide  ac t i ve  f requency  s tab i l i za t i on ,  v ia
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Dif ference Frequency Laser Spectrometer

Ar+ Laser

R ing  Dye
Laser

LiNbOr

cn
.\

+

l " -meter

Compu  t e r Detec to r

F i g u r e  2 . L 7 A  schena t i c  l ayou t  o f  t he  d i f f e rence
frequency laser  spectrometer .  The outputs
of  a  s ing le f reguency Ar '  and r ing dye
lasers are over lapped and passed in to a
LiNbor  crysta l .  A smal l  amount  of  in f rared
l ight -  a t  the d i f ference f requency is
p roduced .  Th i s  beam i s  sp l i t  w i th  50 t  go i -ng
to a Whi te ceI I  rnu l t ipass through the s l i t
je t  expansion and the reura inder  serv ing as
the reference beam. The outputs  of  the
s ignal  detector  is  subtracted f ron that  o f
the reference detector ,  the resul t  be ing
sen t  t o  a  t rans ien t  d ig i t i ze r .



inser t ion of  a  p iezoelect r ic  crysta l  (PzT)  behind one of

the cavity mirrorss. A fraction of the output power is

passed into an external Fabry-Perot etalon which is

equipped wi th  a p iezo dr iven end n i r ror '  The dye laser

is  forced to  lock to  one s ide of  a  cav i ty  eta lon f r inge '

scanning is  accompl ished by s lowty changing the external

c a v i t y l e n g t h v i a a v o l t a g e r a m p t o t h e P z T . S i n c e t h e

P z : n s c a n i s s l i g h t l y n o n l i n e a r , t h e r e s u l t i n g s p e c t r a l

scan  i s  non l i nea r ,  ds  ev idenced  by  abou t  a  10 t  d i f f e rence

in channel  numbers between dye laser  eta lon f r inges near

the beginning of  a  scan and near  the end '  The f requency

o f t h e d y e l a s e r i s t h e n p u l l e d a l o n g w i t h t h e e x t e r n a l

cav i t y  p roduc ing  scans  o f  up  to  abou t  2 .5  cm-1  i n  l eng th .

T h i s t e c h n i g u e r e d u c e s t h e f r e q u e n c y n o i s e o n t h e d y e

laser  f rom the f ree running vaLue of  about  50 MHz to

about 3 l '1l lz in a 2 YJIz bandwidth'

The  ho r i zon ta l l y  po la r i zed  dye  l ase r  and  ve r t j - ca l I y

po la r i zed  A r *  l ase r  a re  comb ined  w i th  a  po la r i za t i on  beam

spl i t ter  and rendered coLl inear  v i -a  a l ignrnent  through

va r iab le  d iamete r  i r i ses .  The  v i s ib le  l ase rs  a re  focused

into a L iNbo3 crysta l  v ia  a 20 cm focal  length achromat ic

Iens .  The  c rys ta l  i s  cu t  and  pos i t i oned  fo r  90 '  phase

na tch ing  o f  t he  v i s ib le  l ase rs .  The  co r rec t  phase

rnatch ing condi t ions are mainta ined throughout  a spectra l

scan by adjust ing the crysta l  temperature which is

c o n t r o l l e d  t o  t o . o 5 "  v i a  a c t i v e  s t a b i l i z a t i o n  b y
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comparison with a reference thermocouple junction.

Because L iNbO3 wi l l  t ransni t  f rom v is ib le  to  only  4.2 1rr ,

the crystal i tself is responsible for the long wavelength

l init  of the difference frequency spectrometer.

Conversely ,  the shor t  wavelength ext rerne (2.2 pn)  is

determined by the lowest ternperature at which the LiNbO,

crystal can operate and not suffer index damage due to

absorpt ion of  the Ar*  laser .  This  damage is  prevented at

h igher  temperatures as a resul t  o f  se l f  anneal ing in  the

c r y s t a l .

The resul t ing IR beam (power < 1O-5 W) is  focused

wi th a LO cm focal  length CaFr lens and then sp l i t ;

app rox ima te l y  50 t  i s  used  fo r  a  re fe rence  beam and  50 t

fo r  s igna l  de tec t i on .  The  s igna l  beam i s  passed  i n to  a

Wh i te  ce l112  mu l t i pass  a r rangemen t .  I n  t h i s  op t i ca l

Iayout ,  end mir rors  (go1d coated pyrex substrates)  are

separa ted  by  the i r  rad ius  o f  cu rva tu re  (30  cn ) .  The  beam

is focussed at  the input  mir ror  (M1) and refocussed on

th i s  m i r ro r  w i th  each  pass .  The  i n f ra red  beam i s

typ ica l ly  nu l tJ .passed through the Whi te ceI I  e i ther  L2 or

1.5 t i rnes and then focussed on the s ignal  detector .

Both the s ignal  and reference detectors are

pho tovo l ta i c  I nSb  w i th  an  ac t i ve  a rea  o f  0 .049  mnz .  The

current  s ignals  produced by the detectors are conver ted

to vo l tages v ia  t rans i rnpedence arnpl i f iers  ( ident ica l  in

p r i nc ipa l  t o  t ha t  shown  in  F ig  2 .L5  w i th  a  to ta l  ga in  o f
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Lgs n.  These aurp l i f iers  are assernbled in-house us ing

components careful ly chosen to rnatch the freguency

responses as c losely  as poss ib le .  The outputs  of  the

signal and reference detectors are subtracted, thus

reducing the IR anpli tude noise to about ]--2 x l-O'a of the

inc ident  l ight  leve] ,  wi th in  a factor  o f  2-3 of  the shot

noise l in i t  in  a  5 kHz band r r r id th for  about  5 pw of  IR

power.

Absorpt ion s ignals  are concurrent  wi th  the pulsed

va lve  and  a re  rnon i to red  v ia  a t tenua t i on  o f  l i gh t  reach ing

the s ignal  detector  The in f rared s ignal  recorded

dur ing  each  va l ve  pu l se  i s  d i sp layed  on  an  osc i l l oscope

and  ave raged  w i th  a  t rans ien t  d ig i t i ze r  (DSP Techno logy

Mode l  2oo1s ) .  Typ i ca l l y ,  f ou r  pu l ses  a re  summed toge the r

to  i nc rease  the  S /N .  Th i s  sum i s  t hen  passed  to  a

pe rsona l  compu te r  f o r  i n teg ra t i on  w i th  base l i ne

sub t rac t i on  p rov id ing  a  de tec t i on  sens i t i v i t y  o f  1O-5

absorpt ion/  Hz1/2 per  s ing le gas pulse in  a 5 k l lz  band

w id th .  Th i s  co r responds  to  a  de tec t i on  l i r n i t  o f  1  x  Lo8

Hcl  conta in ing complexeslcms/quantum state.  This

de tec t i on  l im i t  i s  2OO- fo Id  sma l l e r  t han  tha t  f o r  t he

d iode  l ase r .  Th i s  i s  due  to  1 )  5 - fo ld  h ighe r

sens j . t i v i t y ,  2 )  t he  2 .5 - fo ld  l a rge r  HCI  abso rp t i on

s t reng th ,  3 )  t he  2 - fo1d  na r rove r  l i ne  w id th ,  4 )  t he

2 - fo1d  l onger  pa th leng th ,  and  5 )  t he  ab i l i t y  t o  coo l  a l l

HCI  mo lecu les  i n to  J=0 ,  bu t  no t  DCI .  S i rnu l taneous ly ,  t he
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computer  records both dye laser  t ransmiss ion eta lon

f r inges f rom a f ixed length external  cav i ty  and the

inf rared power measured on the s ignal  detector .  These

data are co l lected through A-D por ts  read d i rect ly  by the

computer.

Once s ignals  are observed,  the absolute f reguencies

must  be determined for  each t rans i t ion.  A home bui l t

t ravel ing Michelson in ter ferometer ,  re ferred to  as a

r r l ambda  me te r r r ,  i s  used  fo r  t h i s  t ask .  The  appara tus  i s

shown  in  F igu re  2 . I8  and  i s  based  on  the  o r i g ina l  des ign

of  Lee and HaI113.  The scheme involves separat ing the

lase r  beam o f  i n te res t  w i th  a  50 t  beam sp l i t t e r ,  and

pass ing  each  f rac t i on  th rough  a  d i f f e ren t  a rm o f  t he

in te r fe romete r .  I n te r fe rence  f r i nges  a re  co l l ec ted  ( see

F igu re  2 .L9  )  as  the  ca r t  t r ave l s  f rom one  ex t reme to  the

o t h e r  ( 4 0  c m  i n  o u r  a p p a r a t u s ) .  T h e  r a t i o  o f

i n te r fe rence  f r i nges  coun ted  i n  a  ce r ta in  t ime  in te rva l

f rom the  l i gh t  o f  i n te res t  t o  t hose  o f  a  re fe rence

po la r i za t i on  s tab i l i zed  HeNe lase r  i s  egua l  t o  t he  ra t i o

o f  wave leng ths  fo r  t he  two  l ase rs .  S ince  on l y  an

integra l  number of  wavelengths can be measured,  the error

associated wi th  th is  measurement  is  as large as 1 count

out  o f  about  L X 106 to ta l  counts,  or  an error  o f  1  par t

in  105.  This  error  is  reduced by increasing the number

o f  coun ts  v ia  a  phase  l ock  l oop  wh ich  nu l t i p l i es  the

count  ra te by as much as 1-6,  thus reducing th is  er ror  to
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1,-meter OPtical  LaYout
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De tec to r

Corner
Tu  be

F i g u r e  2 . I 8 The opt ica l  layout  for  the l -neter ,  which is

used tor  f reguency measurement '  A 50t  beant

spl i t ter  d iv ides the beanr  in to equal  par ts ,

* i r i .n  ravel  the separate arms of  the

inter feroneter .  When the beams are

recombined,  they in ter fere and produce-

fr inges at a frLguency determined by the

* i , r " i . tg th of  l ight  and the car t  speed'  The

- f t icar  paths are ro laed wi th  a corner  cube,

,t i .n iJ shown near the bottorn of the

i i i l ; . .  Th is  corner  cube r ides on an a i r

beir ing to provide a near constant cart speed'

V is i b l e
Detec tor
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An example of  the l -neter  f r inges obta ined
fo r  t he  dye  Lase r ,  w i th  s in i l a i  f r i nges
observed for both the Ar' and HeNe f i-qnt.
The f reguencies of  both the Ar*  and d ie
lasers is  deterrn ined f rorn the rat io  df
ze ro  coun ts  fo r  t hese  1ase rs  to  tha t  o f  a
re fe rence  f requency  s tab i l i zed  HeNe lase r .

F ig ru re  2  .19
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less  than  L  pa r t  i n  I o7 ,  o r  abou t  o 'oo1  cm-1 '  f o r  each

re ia ing of  the lanbda meter  for  the v is ib le  1asers.  As

discussed below,  severa l  repet i t ive readings are nade to

reduce this uncertainty even further'

To convert this wavelength to frequency reguires an

accurate knowledge of  the index of  re f ract ion of  a i r ,

which is  far  too sensi t ive a funct ion of  temperature and

color  for  our  purposes.  Instead,  the absolute in f rared

frequency is  determined v ia  observat ion of  re ference gas

t rans i t i ons  (eg .  HCIT  o r  HF la )  f o r  mo lecu les  seeded  in to

the supersonic  expansion '  This  prov ides an in f rared

freguency correct ion due to  the srnal l  uncer ta in t ies in

the HeNe f reguency and index of  re f ract ion.  s ince the

HeNe f  reguency is  s tab le to  !2  l t f t Iz  over  severa l  hours,

and the room ternperature var ies only  s l ight ly  over  a day

( < 5  " C ) ,  t h i s  f r e g u e n c y  c o r r e c t i o n  i s  u s e f u l  f o r  a n

extended per iod of  t i rne.  one could use a reference gas

ce l l  s im i l a r  t o  t ha t  used  w i th  the  d iode  l ase r

s p e c t r o m e t e r , b u t t h e r e a r e n o t a s m a n y l i k e l y c a n d i d a t e s

for  re ference gases in  th is  reg ion of  the spectrum (2 4

p rn ) .  Add i t i ona l I y ,  mos t  o f  t he  rno lecu les  (eg '  CH l r  HF '

HzO) which could serve as reference gases have large

rotat ional  constants ,  and thus rotat ional  spacings

>1 cm-1.  One i ,s  then forced to  in terpolate a s ign i f icant

d i s tance  to  cove r  a I I  o f  t he  spec t ra l  scan '

s ince lambda meter  condi t ibns (eg.  a l ignrnent  and
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room ternperature) change from day to day, the lanbda

meter  must  be car ibrated dai ly .  This  invorves repeatedly

measuring the apparent transit ion frequency in the sl i t
je t  to  detera ine the correct ion factor ,  i .e .  measured

trans i t ion f reguency n inus the t rue f reguencyt , l4 .  By

averaging about  40 measurements,  a  res idual  s tandard

dev ia t i on  o f  t he  nean  o f  abou t  o .ooo2  cm ' r  i s  ob ta ined  fo r

d e t e r m i n a t i o n  o f  t h e  c o r r e c t i o n  f a c t o r  ( 0 . 0 4 1 6  c n - 1 ) .

This  correct ion factor  changes sJ. ight ly  f rom day to  day,

but  is  never  more than about  1t  un less the rarnbda meter
j -s  rea l igned in  which case i t  roay vary by up to  L_3t .

The  van  de r  Waa Is  t rans i t i on  f requenc ies  can  be

determined us ing the same procedure as for  the reference

gas  t rans i t i ons .  However ,  due  to  the  s ign i f i can t  numr re r

o f  van  de r  waars  t rans i t i ons  obse rved  (eg .  ove r  12oo  fo r

Hc r  d i rne r  a lone ) ,  no t  a l l  van  de r  waars  t rans i t i on

f reguenc ies  a re  measured  d i rec t r y  i n  t h i s  manner .  The

frequencies of  these absorpt ion peaks are determined by

interpolat ion f rom lambda meter  determined f requencies

u t i l i z i ng  the  dye  l ase r  t ransmiss ion  f r i nges .  The  f ree

spec t ra r  range  o f  t h i s  cav i t y  ( ca .  322 .3  M l I z )  i s

detenni -ned by ca l ibrat ion wi th  two peaks on a par t icu lar

scan which have been neasured in ter ferometr ica l ly .  The

absolute f requency accuracy for  peak posi t ion detera ined

i n  t h i s  m a n n e r  i s  + o . o o o 5  c r ' l ,  o r  + 1 5  w H z ,  a s  d e t e r n i n e d

by cornpar ing in terpolated reference gas posi t ions wi th



the publ ished va lues7,14.

SI i t  hr lsed Valve and Gas Handl ing

The study of van der Waals complexes reguires an

ef f ic ient  rneans to  synthesize these weakly  bound species.

A supersonic  expansion,  wi th  i ts  h igh number densi ty  and

lor . r  ro tat ional  and v ibrat ional  temperatures,  has proven

to  be  one  o f  t he  mos t  use fu l  means  o f  syn thes i z ing  these

comp lexes .  Add i t i ona I I y ,  t he  s l i t  j e t  geomet ry  p rov ides

a long absorpt ion path length as compared wi th  a p inhole

expans ion .  The  s ing le  pass  abso rp t i on  pa th leng th  i n  t he

s l i t  used  fo r  t hese  expe r inen ts  (4  cm)  p rov ides  abou t  a

400- fo ld  i nc rease  i n  pa th  l eng th  ove r  t ha t  o f  a  LOO pm

d ia rne te r  p inho le .  A  mu l t i pass ,  o f  cou rse ,  can  fu r the r

inc rease  the  pa th  l eng th ;  12  passes  fo r  a  to ta l  pa th

leng th  o f  48  cm a re  used  fo r  t hese  s tud ies .

Add i t i ona l l y ,  s i nce  a  s l i t  j e t  on l y  expands  pe rpend icu la r

t o  t h e  s l i t  a x i s ,  t h e  d e n s i t y  o f  g a s  f a l l s  o f f  a s  I / r ,

ra ther  than the L/ rz  drop of f  in  densi ty  for  a  p inhole

wh ich  expands  i n  two  d i rec t i ons .  Th i s  p rov ides  a  h ighe r

number densi ty  and more co l l is ions than for  the p inhole

expans ion  w i th  the  same back ing  p ressu re .  The  s l i t  has

an addi t ional  advantage that  the nolecules do not  expand

along the long ax is ,  thus the Doppler  f reguency sh i f ts

are gui te  smal l  for  the s l i t  expansion (eg.  25 l l&tz  FWHM
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measured for  ArHCl  t rans i t ions wi th  400 tor r  back ing

pressure.

One fur ther  benef i t  o f  the s l i t  je ts ,  d iscovered

only  af ter  hav ing s tudied a number of  systems,  is  that

the v ibrat ionar ,  ro tat ional ,  and t rans lat ionar  nodes tend

to be in eguil ibriurn at a conmon teurperature. This

presumabry resul ts  f ron the large number of  corr is ions in

the  s l i t  expans ion .  Th i s  equ i l i b r i um p rope r t y  o f  s l i t

expansions has been explo i ted in  the HCI-DCI /  DCI-HCI

systems to obta in a measure of  the energy d i f ference

be tween  the  two  con fo rmers ,  as  w i l l  be  d i scussed  i n

Chap te r  V I .

One  d i sadvan tage  o f  a  s l i t  expans ion  i s  t ha t  f o r  t he

same backing pressure behind the expansion,  the purnping

regu i remen ts  fo r  a  s l i t  expans ion  a re  cons ide rab l y

g rea te r  t han  those  fo r  a  p inho le .  Th i s  i s  a  d i rec t

r e s u l t  o f  t h e  5 0 0 - f o l d  l a r g e r  a r e a  f o r  a  s 1 i t ,  4 . O  c m  X

1 0 0  p m  =  O . O 4  c h 2 ,  t h a n  a  L O O  p m  p i n h o l e  w i t h  a r e a  =

8  x  t o - 5  c m 2 .  W i t h  t h e  o . o 4  c m 2  s l i t  a n d  5 o o  t o r r  b a c k i n g

pressure (opt inra l  for  HC1 d i rner  s tud ies)  ,  the gas f low is

abou t  400  to r r -L i t e r / sec .  The  ava i l ab le  pump ing  sys tem

for  the d iode laser  spectrometer  (6 t '  d i f fus ion pump wi th

rnechanicar  back ing pump) has a rnax imurn throughput  of  onry

4  to r r - l i t e r / sec .  Thus ,  t he  va l ve  i s  pu l sed  a t  abou t  20

H z  w i t h  4 0 0  p s  l o n g  p u l s e s  y i e l d i n g  a  L t  d u t y  c y c l e .

The impor tant  cr i ter ia  is  whether  or  not  the
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pressure in the vacuum ehanber is suff iciently 10w to

avoid r rshockingt t  the expansion.  This  is  accompanied by a

warning of the species in the expansion to near room

temperature, a phenonenon which is not observed with the

s l i t  je t  under  t lp ica l  expansion condi t ions.

Operat ing the va lve in  a pulsed manner  has

s ign i f i can t  advan tages .  p r i na r i r y ,  s i nce  the  va rve  i s

only  open for  a  shor t  per iod of  t i rne ( typ icar ly  about

A t = 4 O O  p r s e c ) ,  t h e  a b s o r p t i o n  s i g n a l  l i e s  a t  f /  e * A t ) ,  o r

about  r -2  kr lz-  Moving the s ignar  f rom near  DC to r -  kr rz

pushes th is  s ignal  above the nain sources of  no ise on the

lase rs ,  such  as  s low  f l uc tua t i ons  i n  t he  rR  power .

The  pu rsed  s l i t  va rve  used  i n  these  s tud ies  was

deve loped  in  ou r  rabo ra to ry  and  has  been  d i scussed  i n

de ta i l  i n  p rev ious  pub r i ca t i ons15 .  A  schemat i c  o f  t he

va lve  i s  shown  in  F igu re  2 .2o .  The  sea l  i s  made  be tween

a  v i t on  o - r i ng  s t re t ched  i n to  a  l i nea r  channer ,  and  a

kn i fe  edge  s ta in less  s tee l  base  p la te .  The  ac tua r  s r i t

is  formed by two aruminum hal f  prates bor ted to  the

bo t ton  o f  t he  s ta in less  base  p ra te .  The  va l ve  i s  opened

by momentum t ransfer  f rom a preaccelerated fer rornagnet ic

p lug to  a rod on which the v i ton seal  is  a t tached.  The

vi ton is  then pul red of f  the kn i fe  edge and returned by a

compressed spr ing.  A pai r  o f  leaf  spr ings at tached to

the  v i t on  ho rde r  ma in ta in  i t s  o r i en ta t i on  re la t i ve  to  the

s r i t .  s l i t  g e o m e t r i e s  o f  7 5  o r  1 o o  p n  b y  4  c n ,  a n d  p u l s e
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Pulsed Sl i t  Va lve Schemat ic

S O L E N O I DF E R R O M A G N E T I C
P L U N G E R

A D J U S T A B L E  G A P G A S  I N  L E T

W O R  M
G E A R  ( 3 )

L I F T I N G
R O D

S E A L  A S S E M B L Y

F i c r u r e  2 . 2 0

G E A R  ( 3 )

c 0 r  L
S P R I N G

N O Z Z L E
H O L D E R

I N T E R C H A N G A B L E  N O Z Z L E

A schenat ic  representat ion of  the pulsed
value.  The actual  seal  is  made between a
Vi ton o-r ing and a ra ised kn i fe  edge at  the
bot torn of  the va1ve.  Just  above th is  is  a
compressed spr ing which is  responsib le for
c los ing  the  va1ue .  The  va l ve  i s  opened  v ia
momentum t ransfer  f ron a preaccelarated
ferromagnet ic  p lug to  the rod connecteo to
the o-r ing seal .  Three uorn gears labeled
D,  L  and  S  fo r  de lay ,  pu l se  l eng th  and
spr ing tens ion respect ive ly  are connected to
feedthroughs to  a l low external  ad justnent  o f
these parameters.  AI I  par ts  of  the va lve
a re  cons t ruc ted  o f  s ta in less  s tee l  excep t
the in terchangeable nozz le,  shown at  the
bo t ton .
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l eng ths  o f  400 -5oo  psec  a re  used  fo r  a r r  s tud ies  expec t

the NeDCl.  Ef f ic ient  product ion of  th is  especiar ly

weakry bound species requires higher backing pressure and

an associated reduct ion in  the purse length to  3oo 350
psec in  order  to  n in imize the gas road.  Feedthroughs,

which connect with worn gears inside the varve per-rnit the

pulse length,  dS wer l  as the delay and spr ing tens ion,  to

be  ad jus ted  wh i re  the  va rve  i s  ope ra t i ng .  The  tu rn -on

and turn-of f  t i rnes for  the gas pulses are approx i rnatery

5 0  p s e c r  d S  c a n  b e  s e e n  i n  F i g u r e  2 . L 6 .

Two  pa i r s  o f  r / 4 "  ho res  d r i l r ed  th rough  the  body  o f

the  va l ve  w i l r  accep t  e i t he r  t ube  hea te rs  o r  p ipe  th read

f i t t i ngs  so  tha t  a  coo ran t  can  be  c i r cu ra ted  th rough  the

va lve .  The  p roduc t i on  o f  weak ly  bound  van  de r  l { aa l s

comp lexes  such  as  NeDCI1  i s  enhanced  g rea t l y  by

p recoo l i ng  the  expand ing  gas .  E i the r  co ld  wa te r

( 5 ' c  =  2 7 8  I ( )  o r  c o o l e d  e t h a n o l  ( - o o . c  =  2 r 3  K )  i s  u s e d

fo r  t h i s  pu rpose .

The  so leno id  requ i res  app rox ima te l y  3OO V ,  40  A rnp

e lec t r i ca r  pu rses  to  compre te ry  open  the  va rve .  These

are prov ided by a home bui r t  dr iver  c i rcu i t  based on

dumping a large arnount  of  charge stored on an g4o t t f

capac i to r  t h rough  the  pu l sed  va l ve  so reno id .  s i l i con

contror '1ed rect i f iers ,  t r iggered by a pulse f rorn the

computer ,  are used to i -n i t ia te the charge f low.  This

c i r cu i t  p roduces  a  cu r ren t  pu l se  o f  abou t  2oo  ssec  i n
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length which can dr ive the s l i t  va lve at  a  repet i t ion

ra te  as  h igh  as  23  Hz .

The part ial pressures of the constituents f lowing

through the va lve are var ied v ia  f low contror lers  and are

adjusted to  maximize the absorpt ions of  van der  waars

molecures.  once an opt ina l  rn ix ture is  detern ined,  .

s ta inress s teer  or  aruminum tanks are used to prenix  up

to 2oo standard l i ters  of  gas.  The gas ur ix tures found to

prov ide maximum s ignals  for  each of  the comprexes s tudied

a re  p resen ted  i n  each  chap te r .

A I I  gas  l i nes  a re  s ta in less  s tee l  and  on l y  VCR type

f i t t i ngs  a re  used  fo r  connec t i ons .  Need le  va l ves  and  a

pressure regurator  are used to contror  the s tagnat ion

p ressu re .  The  excep t i on  to  th i s  i s  when  s tudy ing  DCI

comp lexes , '  t he  regu la to r  i s  bypassed  and  on l y  a  need le

va l ve  i s  used  to  regu ra te  the  back ing  p ressu re  i n  o rde r

to  rn in i rn i ze  the  Dc I  I oss .  Add i t i ona r l y ,  t he  Dc r  s tud ies

regu i re  season ing  o f  t he  gas  l i nes  w i th  DF  to  d i sp race

any hydrogen conta in ing molecures wi th  those conta in ing

deu te r i um.  DF  i s  chosen  s ince  we  can  eas i r y  syn thes i ze

DF by mix ing ex imer laser  grade F,  wi th  an excess of  D2 in

our  rn ix ing tanks.  The DF is  then separated f rom the

res idua l  De  by  f reez ing  i t  ou t  i n  a  l i qu id  N ,  t rap .

Deuterat ion of  the gas l ines and rn ix ing tank is

mainta ined by arways keeping them above atmospher ic

Pressu re .

. . l



Alr rare gases used in the expansions are used as
p u r c h a s e d ;  i . e .  A r  ( 9 9 . 9 9 5 t  p u r i t y ) ,  N e  ( 7 5 t  N e ,  2 5 *  H e ) ,

and He (99 .995t  pur i t y ) .  The grade o f  Ne is  re fe r red  to

as nf i rst  runt  and is used since i t  is  substant iarry ress

expensive than high pur i ty Ne. Both HCI (99.9t  pure) and

Dcr (99t isotopic pur i ty)  are f reeze-pump-thawed nul t ipre

t imes to remove volat i le contaminants.

L ine  Wid th  Measuremen ts

rn f ra red  exc i ta t i on  o f  Dc r  o r  HCr  w i th in  a  van  de r

waa ls  comp lex  depos i t s  app rox in ra te l y  2Loo  o r  2goo  cm-1  o f

ene rgy  i n to  the  respec t i ve  comp lex .  Th i s  ene rgy  i s

cons ide rab l y  l a rge r  t han  the  b ind ing  ene rgy  fo r  t hese

comp lexes  o f  be tween  1oo  5oo  cm-1 .  o f  i n te res t  i s  t he

t ime  sca re  requ i red  to  red i s t r i bu te  the  H(D)c r

v ib ra t i ona r  ene rgy  i n to  the  van  de r  waars  bond .  As  the

l i f e t i ne  o f  a  comp lex  i s  reduced ,  t he  co r respond ing

abso rp t i on  r i ne  w id th  w i l r  be  i nc reased .  The  ab i r i t y  t o

accu ra te l y  measure  the  i nc rease  i n  l i ne  w id th  due  to

p red i ssoc ia t i on  b roaden ing  regu i res  a  knowredge  o f  o the r

sou rces  o f  l i ne  w id th  b roaden ing .

The rnost  inrpor tant  source of  broadening in  the d iode

spec t romete r  i s  f requency  no i se  t49 (10 )  t f t i z l .  The  l a rge

uncer ta in ty  in  the f requency noise r iva ls  the expected

con t r i bu t i on  to  l i ne  w id th  b roaden ing  by  p red i ssoc ia t i on ,
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and i t  is  therefore very d i f f icur t  to  quant i fy  th is

source of  broadening wi th  the d iode raser  spectrometer .

Al l  l ine width measurements made on the d iode raser  are
presented as rower l in i ts  to  the v ibrat ional ry  exc i ted

l i fe t ines.  Act ive f requency s tabi r izat ion has been

demonstrated to  reduce the l ine rv id th by 3- fo1d,  which

should improve these measurements.

Accurate r ine width neasurements are poss ib le  on the
d i f f e rence  f requency  spec t romete r .  A  de ta i l ed  d i scuss ion

of  the sources of  l ine broadening has been presented by

Love joyz  and  w i l l  on ry  be  b r i e f r y  d i scussed  he re .  The

con t r i bu t i ons  to  the  l i ne  w id th  due  to  p ressu re

broadening and t rans i t  t ime broadening are expected to  be
n e g l i g i b l e  f o r  a l r  e x p a n s i o n  c o n d i t i o n s  w i t h  < 1 o o o  t o r r
back ing  p ressu res .  However ,  Dopp le r  b roaden ing  i s

obse rved  i n  the  s l i t  j e t ,  as  ev idenced  by  29  NHz  l i ne

widths for  ArHCr at  r -o  K.  Doppler  broadening increases

the  he te rogeneous  l i ne  w id th ,  t hus ,  t he  e f fec ts  o f

Dopprer  broadening are mani fested in  an increased

Gauss ian  componen t  t o  the  l i ne  shape .  Th i s  con t r i bu t i on

is  guant i f ied by scanning over  absorpt ions due to  e i_ ther

s tab le  mo lecu les  (eg .  cHo  o r  HCr )  o r  10ng  l i ved  van  de r

w a a r s  n o l e c u l e s  ( e g .  A r H C l )  i n  t h e  s r i t  j e t .  F i g u r e  2 . 2 r
shows  a  r i ne  shape  f i t  t o  a  ne thane  Q b ranch  t rans i t i on .

The  f i t t ed  l i ne  shape  i s  Gauss ian  w i th  a  FWFIM o f  63 .8 ( r -4 )

M l l z .  The  l i ne  shapes  o f  t hese  s tab le  spec ies  i n  t he  j e t
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C'qussion FWHII = 63.80.4) yHz

lorcnlrlon FWH! = 4 [7 MHz

0.0
Fequercy (un )

F i g u r e  2 . Z I L ine shape f i t  to  a rnethane t rans i t ion in
t h e  s l i t  j e t .  T h i s  t r a n s i t i o n  i s  f i t
quan t i t a t i ve l y  t o  a  Gauss ian  l i ne  shape  w i th

w id th  o f  t h i s  CHo  t rans i t i on  i s  2 - fo1d
la rge r  t han  tha t -o f  (HC l ) "  t r ans i t i ons  due
to  the  l i gh t  mass  o f  t he  bHo  no lecu le .
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F igu re  z .22  A  de rnons t ra t i on  o f  p red i ssoc ia t i on
broadening.  The rower t race is  due to  ArHCI
which is expected to have a very loncr
v i b r a t i o n a l l y  e x c i t e d  1 i f e t i n e  i i . .  

'

de te ra ined  to  be  >0 .3  ES,  wh ich  wou ld
correspond to a Lorentz ian width of  500 Hz) .
The n iddre t race is  due to  HCr v ibrat ionar
exc i ta t i on  o f  Hc t -Dc I .  Th i s  ] i ne  ;h ; ; "  i sbroader  than that  o f  ArHCr.  but  narro* . f  than
tha t  HC l  exc i t a t i on  o f  DCI -HCI .  as  w i f : .  Ue
d iscussed  i n  Chap te r  V I ,  t h i s  i s  au "  1 "  .
s i gn i f i can t l y  sho r te r  t i f e t i ne  to i -oc i_Hc f
t h a n  H C I - D C I .
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