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Laser Characterist ics of Optically Pumped Gas
Phase Molecular Bromine

1. I\TRODI C TIO\

Optical pumping of gas phase atom s and molecules has resulted in laser

output from stimulated emission of rotational. ~ vibrational, 2 and electronic 3
~~~°

transitions at wavelengths from the visible through the far infrared. The lasing

species in these experiments have been pumped by var ious optical sources. Laser

output on individual lines in the range 544 nm to 1. 3 1.’m was obtained from 12, ~
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s t i m u l a t e d  emiss ion f rom 52 n  to 850 nm W a S  observed  in N~ 9 , 4 ’ and U ser l ine s

from 3 N 1  to 570 nm were  found in S., when these n l o l E .c u l I . s  .‘. l i C  pumped  at v a x i  -

ous pulsed laser wavelengths .  Two-p hoton p u m p in g  of mo lecu la r  ( ‘ a .,. Hb 2 ,  or 1<2
using giant  pulse laser beams resulted in s t i m u l a ted  em iss ion  from the ( a , Rb ,

or 1< atoms at wavelengths  f rom 1. 4 to 3. n ~ m.  ( o n t i n u o u s - wav e  laser c I l l i s s i o n

in H g at 54 (;  nni has been observed in sy s t e m s  pumped by Hg l amps , 8 , P and  las ing

at 1. 1, 1 .2 , and 2. P ~.im has been measured  in n i t r ic  oxide fi a sh -p hotolvzed in the

vacuum ul t raviole t .  10

We report  here the observat ion of lasing in the visible and near  i n f r a r e d  in

gaseous room t e m p e r a t u r e  Br 9, pumped  at 532 nm wi th  a f req u e n cy - d o u b le d

Q-switched Nd :Y A G laser. In p r inc i p le this  system can result  in disc~ c t t - l v  tunab le

output spanning f rom 0. 5 to 3. 5 inn , th~ wides t  output wave leng th  range of n v

op ticall y pumped  sys tem reported so fa r .

2. u~p i ; n i~u~:\ F ~i.

A schemat ic  d iagram of the exper imental  a r r angemen t  is shown in Figure 1.
Room tempera ture  13r 2 is contained in a s tat i c  cell a t tached to a monel vacuum

line. In earl y exper iments  the cell was a pyrex tube 11 cm long, 13 mm i. d.

wi th  qua r t z  windows sealed on the Brewster  ang le ends. 1.ater exper iments  used
a stainless steel cell , 38 mm in d iameter , having pyrex w i n d o w s  at each end

mounted at Brewster ’s angle with 21 cm between window centers , and a qua r t z

f luorescence  window perpendicular  to the optical  axis at the mid point  of the ‘ ll .

Br 2 pressures used ranged from 0. 7 to 40 torr and were  measured  wi th  an SINS

Barat ron cor ros ion-res i s tan t  capaci tance manome te r .

The eli and vacuum system were thoroughly seasoned wi th  b romine  before

the experiments .  The Br2 used in the laser cavity was  Mall in ckrodt  analytic

• reagent  grade ( . PP ’~ pure) .  It was  subjected to f r e e z e - p u m p - t h a w  cycles ,

distilled , keep ing onl y the middle port ion of the distillate , and stored in a 1 2

liter pyrex bulb. Dupont Kry tox fluorinated grease was  used on the ground-glass

surfaces.  The bromine was subjected to a f r eeze -pump- thaw cy cle  before each

new experiment as a precaut ionary  measure .

The gaseous Br2 was opticall y pumped  on indiv idual  v i b r a t i o n- r o t a t i o n  lines

using the frequency-doubled 532 nm output from a Chromatix model l00Pl’

Q-switched Nd :YA G laser wi th  an in t racav i ty  etalon (free sp. ctral r nn g l  4.  6 cm~~~)

that narrowed the output to 0. 03 cm~~~. The output energy of the pump laser w a s

typically 0. 6 mJ (0. 8 mJ m a x i m u m)  in a 200 ns pulse (60 ns F\ VH\ 1)  and was

tunable over 0. 1 nm by tilting the etalon. The beam wais t  at the output  m i r ro r  is

0. 52 nm , with a divergence half angle of 3 .25  x ~~~~ i ;~d i a n .  It was  found  tha t

8
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Figure 1. Schematic Diagram of Exper imenta l  A r r a n g e m e n t .  N d : Y A G
is the laser that produces na r row-band  output  532 nm.  M l , 512 , and 513
are laser cavity mi r ro r s , P is a Brewster -angle  900 prism , which can
be inserted into the cavity when single line laser output is desi red.
PD is a photodiode that tr iggers the detection electronics.  PM T 1 and
PMT2 are RCA 7326 photomult i p lier tubes , and the monoehr orn a tor
is a ha l f -me te r  J a r r e l l - A s h  Ebert spectrometer

focusing the pump laser beam had little effect  on the operation of the bromine
laser , ind ica t ing  that  the optically pumped bromine was near sa tura t ion.  There-
fore , the unfocused pump beam was  used in all exper iments .

The laser cell was contained in an optical cavity 34 cm long with d ie lec t r ic
coated end mir rors .  Two sets of mirrors  were  used , for lasing in the visible or
in the red and near infrared.  The input mirror  was flat wi th  the back side ant i -
reflection coated and the f ront  sur face > 90% t ransmi t t ing  at 532 nm and “ P P ~
reflecting from 570 to 720 nm or from P40 to 1000 nm , depending on the lasing
wavelengths being studied.  The rear  reflector was  1 m radius  of curvature coated
for 0. 5 ”o t ransmiss ion  from 550 to 680 oni or from 640 to 1000 nm.  For this
cavity the Br2 laser beam wa i s t  at 580 (750) nm is calculated ta be 0. 30 (0 . 34)  mm
at the input mi r ror  and 0.37 (0 .42)  mm at the output , w i th  a fa r  field d i f f ract ion  ang

le9



of ( 1 . 2 (7. 1) x 1(I ~~ i n d i a ns .  I’I I u s , the por t ion  of the a c t i v e  n i . t ~ i n i  tha t I I  — i t .—

in l as er  ac t ion  is p u m p e d  by the cen t ral  ( mo s t  m u m - a ) pa r t  of the ( h r o n m a t i x

b e a m .

l’he Hi ’9 laser  c a v i t  could he set  up in two a ay s .  \\ ith no m t ì t i a r ~v i tV ‘ l (  n . m i t

the c a v i ty  c o n s ist e d  of the -I ll : tm d two m i r r o r s , and the laser os i 1l , . t ~ I~ ‘c l .

H o w e v e r , i nd iv idua l  l as i n g  w av e l e n gt h s  could be chosen by i m i s I r t i l i g  a Hi’ ’ . . (~ t ’

angle Pfl~ p r i s m  into th e  c a v i t y  and t u n i n g  the output  r e f l i  t a m - , t he a ‘ .‘. . I —

length output  e m n e r g i m i g  p e r p e n d i c u l a r  to t h e  I h i r e l t i o n  of t l i1  h i  O~l I h l I , , l I i 1..~~i i c

c o n f i g u r a ti o n , a i n d i c a t e d  in F i g u re  1. Iden t ica l  in F i l l S  a , i i  a— I I I  a a nt s

\12 and 513 so that  it w a s  ea sy  to i n s e r t  the [I i’i sm ,nd  go f i n I  b i n  lh..IIII (II

“ sing le - l ine ” laser opera t ion .

• . The Br , lase r  emiss ion  ~ I S  i e f 1~~. te d in to  a J a r i ’ e l l — . \ sh I 2 m I . ) ,  r t  P t a -  I —

• meter  (0 . 1)2 nm resolut ion)  tha t  a as c a l i b r a t e d  us ing  a noon l am p  . . •\ a l i t  . \ 72 2 .

p hototube w a s  mounted on the ou tpu t  of ti m e s p e ct r o met ~~r an d  used t I  d m ’ t , , t t he

la s c i  l ines.  A nother 732 ) phototube a as used to v i e w  the f luore s, . L I I I f i~~ a t l , l ’

Br ., in the cell.  The o u t p u t  from each phototube could be amp li f ied  (an d , . i n i .  i-

den ta l l y ,  pulse lengthened)  and fed into a PAR 160 Box car  In teg ra to r , the ou tpu t

of a - h i c h  was  connected to a char t  e or d e c .  In this w a y  a record could he made

as the  etalon (pump w a v e l e n g t h )  or the spec t rometer  (output a ave length)  a a S S.( (:111

The boxcar ‘.‘ias t r iggered  by a si gnal f rom a photodiode looking at ref le .  ted pump

lase r  light .

An Epp ley thermop ile was  used to de te rmine  the input  t a s e r  energy , a h u e  the

Br., laser  power  w a s  m ea s u r e d  using c a l ib r a t e d  ITT’ bi p i a n a r  photodiodes .‘. tb 5-1

su r faces .  The p l ioto d iode outputs w e r e  observ ed on a dual  beam oscilloscope , an d

mea s u r e men t s  w e r e  m a d e  from photograp hic t r ace s .

3. ~~~~~~~ ii~

3. I I’ uiui j. Fr , mi i—i i i

Since at room t e m p e r a t u r e  a p p r o x i mat e l y 79% of the Br 2 molecules of a given

isotope a r e  found in the v ” O s ta te  and 177 in v ” = l , the p redominan t  ahsorptions

at 53 2 nm are du~ to }3( 39 + ) X( l~~+ ) t r a n s i t i o n s  v ’ 2 5  ~~v ” =O and
ou og +

~ 31 _ v ” r l .  There is also some absorp tion  from the A (  n lu~ 
‘~ ~~og 1

cont inuum that is thought to peak n e a r  530 nm ~~ F igu re  2 show s the to ta l

emiss ion  from I3r2 e m r i i s s t o n  as the pump wave leng th  is sc a c tw  2 over 0 . 1 n m .

This spectrum is un . ’orre c ted  for var ia t ions  in t i .  pump laser power .~s the etalon

11. ( o x on , .T. A .  (16 73)  in Molecular_Sp ect r o scopy ,  ed. B. Ui Barrow (5 1 ec ia l i s t
Per iodica l  R e p o r t ) ,  The ( hen i ic~ l Society. London , 1073 , vol. 1, ( h.  4.

10
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Figure 2.  Total Br2 Fluorescence as the Nd:Y A G Pump Laser Int racavi ty
Etalon is Sw ept. The spectrum is uncorrected for power and detector
variations with wavelength. The circles denote lines that result in laser
action when they are pumped. The numbered lines are listed and assigned
in Table 1

Table 1. Ass ignment  of Transitions That  Resul t  in Lasing

Rotational - . , - I
Linea v ’ -v ” Transition Isotope ~calc

(
~

m in air) k0~ P(cm torr

1 26-0 B(45) 79-79  531. 994 0. 0148
2 29 -0  P(74)  79-8 1  531. 976 0 .0106

25-0 P(9) 79-8 1 531. 971 0. 0092
3 25-0  P( 17) 79-79  ‘331. 954 0 .0103
4 2 5 -0  R(19 )  79-79  531. 952 0 .0 118
5 27 -0  R ( 5 7 )  79- 81  531. 948 0. 0188
6 2 6 -0  R ( 4 2 )  79-81 531. 933 0. 0239
7 26 -0  P (40) 79-81 531. 927 0. 0237
8 27-0  P (5f5 ) 79 -8 1 531. 923 0 .01 95
9 25-0 P( 16)  79-79  531. 912 0. 0059

10 25-0 R ( l 8 )  79-79  531 .911  0. 0068
I I  25-0  R(8 )  79-8 1 53 1.908 0. 0092
12 2 6 - 0  R (3 9 )  81-81 531. 903 0. 0148

F ~ 13 26—0 P(37) 81— 81 531. 901 0.0145
27-0  R ( 5 5 )  81-8 1 5 3 1 . 8 9 1  0 .0122

aCorresponds to numbering of lines in Figure 2 .
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III -p t , a nd all  t l i ,  t i - : i i s l ) i o n s  t I l e pon cc 10 ,1. 6 1 0 : 1 . ~I lin,,i- t .11 nt  I l l .
t ion l i m i t ’ s  could l i t ’  ~, s s i g i i t d to l ie  of the : , l iuve t i m a — i t i o n s  of the l i i’ ,  S l I t ,1 , a of
Br9 . N i m u i c 7” Hr and P I Br e x i s t  n a t u r a l l y  in al m ost equa l  .~ , , i m i , l : t i .  , , the 1 3 F 2

i sotop es Gin o!’ in the ra t io  ( 7 1 I . . 7 1 1 ) : ( 7 9 _ 8 l ) ’ ( ; t l _ 3 1)  1:2 :1 ;  ha l i p t i o m i s  duo to all
three  isotopic c o m b i n a t i o n s  l i - c r ead i l y oh~ c i v , ’ d .  ) The l ines  m a rked a i th a ic  le
in 1” igur e 2 a re  those t im. t a c i t  observed  to lase u n d er  the p resen t  p u m p ing  cundi  —

t ions .  l ah i e  1 l i st s  th e  n u m n h , , ’ r e I J  l ines and t h e i r  spt . troseop ic ass i g n m e n t s .
which  a. ci - ’ based  on the a g r e c m i i e m i t  ‘c ’t we ,  m: the n i e l - s u r e d  las ing  wave leng ths  a n d
those , a l e u l : . t e d  using the data of Barrow ct  al. 12 In all cases the las ing ou tpu t
c ons is t s  of double ts  cor r e spond ing  to P- and H -b r an . lm t r a n s i t i o n s  to J ’ .1’  ± 1

in the lower laser  level.
l’able 2 shon s a compar i son  of some of the m e a s u r e d  and ca lcula ted  l a s e r

ou tpu t  a L c e l e n g t h s  for ci  a l c i c t  p u mn i ’  t r a n s i t i o n s  separa ted  by 0. 002 nni . It an

be seen t h a t  the f i t  is good , and the ass ignments  ar t -  unambiguous  in each  c ase .

The larger  w a v l l e n g t h  d is r e p a m m c i e s  ap p e a l ’  to be due to sy st em atm  er rors  in
c a l i b r a t i n g  the spec t romete r .

r .i 1L 2 .  ( ‘omp a r i s o n  of Observed and ( alcu li ’ted Wavelengths  (am , in a i r )
of Se1e~ ted I . a s in ~ T rans i t i ons  in A dj a c e n t  Pumped Trans i t ions

t r a n s i t i o n :
l i ne 1.] , 53 h I l l  nm n I inc 12 , 2 3 1 .  903 nm

1~~~~~~ 5 A l ( ) b a  - cale) 1obs .SX(obs - calc)

5 5 0 .2 1 1  0 . 04 55 1] , 53 0. I ) 2

- a 5 8 0 . 4 8  0. 02

580. 90 5 . 0 1
1 . 12 , 7 2  0 . 0 2

12 .  18 0. 00 6 13. 16 0. 04
• 

6 1 3 . 6 8  0. 09

63) . 12 0. 00
1536 , 5(3 - 0. 0 1 63 15. 54 -0. 02

6 3 7 . 0 5  0 . 0 1

17 4 08 0. 04
7 4 .  51. 0. 02 6 7 4 . 5 5  1 , 0 3

c 75  06 — 0 .  02
7 4 5 .  82 — 0 . 02
746 . 4 1  -0. { i 4  7 4 r ;  38 -0. 03L_______ 

- ~•~~_____ • • _______ ___________

a
1 or re spond ing  out p u t  not seen. See Sec tIon  3 of the text .

12. ;a rr o ’ .~, B . F.,  (‘lar k , T. ( . , Coxon , .T , , 5 . • and lee , K . K. (19 74)  . 1 , Sl o l .
~~~~~~~t~~ I )s7 . 5 1 :4 2 8 .

12

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ . ~~~~~~~ ~~~~~~~~~



r ~ 
.‘—

~~~ 

—

~~~~~~~~~ 

— -

~~~~~~~~~

-•

~~~~~~~~~

--

~~~~~~~~~~ 

--- - .

Table 2.  (‘omparison of Observed and (‘alculated Wavelengths  (n m , in a ir)
of Selected Lasing Transi t ions in Adjacen t  Pum ped ‘r rans i t ions  (Contd)

Pump t rans i t ion :

Line 4 , 531. 952 nm l~ine 3 , 531. 954 nm

Xobs ~~X(obs - ca ic)  
— — ~obs AX(obs - caic)

5 5 0,  82 0.  00 550. (38 0. 02
55 1 . 0 1  -0. 02 550. 84 0 . 0 1

581 .26  0. 03 581.05 -0 .01
581.40 0.01 581.26 0.02

6 14 . 50  0 . 07 6 1 4 . 37  0 .  13

6 1 4 . 7 2  0. 05 ‘ 1 4 .  54 0. 10

1538.40 0. 11 t~38. 24 0. 15
(138. 65 0. 10 638. 42 0. 12

6 7 7 . 0 2  0. 03
6 7 7 . 3 1  

~~~~~~ 

0. 05 
. _____- ________________

3.2 I • ,n~ IrIc

Figure  3 shows potent ia l  e n e r gy  ‘urves I :  I3r~ . I n i ’. . l i . s a-’. t , s th~ processes
by which  Br 2 lases. The n . m I’ I , a e l  532 t i n  c i i i  t am l a l l i p s  : u l i ’  i ii ’s f rom the
(v ”=O , J ”) level in the N state Into a lv ’ ‘2 . , 3, 

~J ” I )  ~c ’. ‘ 1 in the exci ted B state .
The excited molecules  lase back doa n to one of t i m e  v ” I ’ v . ls sh , ,a  ii . ( I  .1.5mg can

and almost certainl y does o ‘or to v ’ f~ l c v ” l s , but the in . c - u l t i r g  radiation was

outside the detection limits of the ph o to tube  nc- I in these e x p e r i m e n t s .  Hence .
we are here restricting our discussion to lasing v. .,velt’m~~th s  less t h a n  800 rim ,

implying v ” ~ 18. ) Wavelengths co r r e spond ing  to t ine  solid l ines  in Figure 2 have
been observed and match transitions with the larger 1’ranck- (’ondon factors. 13

(See Figure 4.  ) The dotted line transition to v ’ = I was  not observed because of
poor mi r ro r  ref lect ivi ty at 540 nm , but  th i s  t r ans i t i on  is expected to lase wi th
in tens i ty  comparable  to the v ’ 2 t ransi t ion , w h i c h  was the strongest lasing
doublet observed.  When operated in the broadband conf igura t ion , the relative
in tens i t i e s  of the t r ans i t ions  are qua l i t a t i ve l y given by the Fran ck-Condon  factors

~~~~~~~~~~~ 
Therefore , the output power  is concentrated more in the shorter wave-

length  output .

13. A ppendix Ito Ref. 12 and calculations performed by Prof. B. W. Field and
M r .  13 .  Koffend of MIT.
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- I ~i I k l I IH TRANSIT IONS
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‘~~~~~
‘
~~~ 18795 ~~~~~~~~~~~~~ 

V ”= i S

~~~~~~~~~~~~~ 

I

r (A)
Figure 3. Potential Energy Diagram of Excited (B) and Ground (N)
States of Br 2 . The pump t ransi t ion at 18795 cm~~ (532 rim in air)
t ransfers  population to one of the vibrat ional-rotat ional  levels
shown in the B-state , f rom which st imulated emission to any of
the indicated ground state vibrational levels can occur
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Figure  4 Plot of F ranck- ( ’ondon Factor  (q , ‘ )  vs Lower S ta te
Vib ra t iona l  Quantum N u m b er  for v ’ 02 5~ 27 oY tIle (7 9 -8 1)  Isotope

3.3 I un~, bj I j t ~ i i i ’ I.a~u .r Output

rable 3 lists the range of d i s c r e te  ou tpu t  wavelengths  -
~ 800 mu that result

when the p u m p  wave leng th  is changed by 0. 1 nm .  It is seen that there  is at  le st
1( 1 t imes  the wavelength range in output  for a 0. 1 nm sweep of the input  pump
w a v e l e n g t h .  Fu r the rmore , the t u n i n g  range widens  as the output  w a v e l e n g t h  in-
creases , so that  by 750 nm a 1. 1 nm sw eep of the pump resul ts  in a 4 9 nm sn o op

of the output.

15
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Table 3. Calculated Output Wavelen~ th Range (~< 1000 nm )  of Lasing
rransitions in Br9 Pumped on (v -v ) (25, 2(3, 27- 0) I’ransi tions at
531. 9-532, (1 nm Output for v” l to 18 has been observed in these
exper iments

Lower Laser / Franck-Condon factor
v ’ Level Xair range ~nm) (v ’=2 5-2?)

540. 7 - 54 1,  7 0. 0 1)

2 55 1) . 2 - 551. 3 0. 013 - 0. 017

4 5(39.8 -571. 3 0.004 - 0.007

5 580. 1 -581.7 0.008 - 0 .011
7 6 0 1 .  5 - 603. 5 0. 005 - 0. 007
8 1512. 7 - 614. 9 0. 004 - 0. 008

lIt 1531;. 1 - 638.7 0. 007 - 0. 008
13 1574.  0 - ( 177.4 0 .007  - 0. 008
15 70 1.4 - 705. 3 0. 00( 1 - 0. 007
16 718. (1 - 719. 9 0. 00( 1

18 7 4 5 ,  8 - 750. 7 0. 00(3 - 0. 007
20 779. 1 - 781 .2  0. 006
2 1 795 .  0 - 801. 1 0. 008
23 830. 5 - 837. 8 0. 007
24 853.9-857.2 0.006

25 870. 8 - 8 7 3 . 2  0. 005
26 889. 1 - 897.7 0. 007 - 0 .  008

28 931.8 - 9 41 . 7  0. 0015 - 0. 007

2 9  9(3 1 1 - 9 6 5 .  6 0. 008

— 

1 1. 1 Output I’ ii~s ,’r

In the course of the experiments it was found that one of the pump lines (0 13)

that resulted in strong output power in the broadband configurat ion produced laser
output  that appeared red to the eye when the “visible mi r ro r s ” w e r e  used .  In this
cavity the broadband laser output from all the other pump lines appeared yellow.

It is not known why the outp ut f rom pump ing this line (a 26-0, P( 37) , 81-81 line) is
d i f fe ren t  from the output of its im m e d iate neighbor ( 12 , 2 6-0 , R (3 9) ,  8 1-81),
which  d i f fe rs  onl y by two rotat ional  quanta.  It is conceivable that an accidental

coincidence be tween  the yellow (2(3-5 , 580 rim) laser transitions and Br2 absorp-

tions reduces the gain su f f i c i en t l y to quench  the la sing  on those t rans i t ions .  The
red laser output was convenient because of both its intensity and its unique color.

For examp le , when the pump laser wavelength drifted , it was  easy to return to the

16
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proper trans ition by tuning the etalon back to t in t  i’ eml  o u t p u t .  rhis  broadband red
output was used for studies of the out put  power  vs both Hr 2 p ressure  arid i n p u t
energy .

3 . 4 . 1  POWER VS Br2 P R E S S U R E

Figure 5 shows a plot of the peak broadband output power (as measured .‘. ith a
cal ibrated photodiode ) vs Br 9 p ressure  when line 13 is pumped  w ith 0. ‘5 mJ ~~
pulse. The output  pulse has a 1” W I I M  of 11() ns . and a t t al pu lse  lacn gt b  m pp r ’ ..xi -
mate l y 140 ns. Since the pump laser used hops from one t ransverse  mode to
another ( l !2L  = 0. 007 cm ’, AV L . 0 3  cm~~~) wi th  each shot , the wa v e l e n g t h  dot’s
not always coincide wi th  the peak of the Br9 t r ans i t ion  being pumped
(i
~
vD 0.017 cm ’). (‘onsequen tly, the Br2 laser outpu t  va r ies in pow er f ron

shot to shot. ‘Fhe output power p lotted corresponds to the peak ou tput  obs erv ed in
a set of 50 pulses , since it was  felt  that  th is  represents  more  trul y the possible
power output obtainable from a better  f requency-s tab i l i zed  pump source .  Fhe
smoothness of the curve , indica t ing the reproducibi l i ty of the data , supports the

Br B r o a d t a r d  I.3t ng
30 2

L i n e  ~ P u m p e d  0,6 mJ
per pJ i s e

S
. 21 cm ce ll

~~
‘ 20-

0

V
C

V
0
0

10-

~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~ 

‘ 

I~ 
‘ I - 

25

Br 2 P r e s s u r e  ( T o r r )

Figure 5. Peak Output Power in the Broadband Configuration vs
Pressure of Active Material
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reasonableness of this approach. Other methods of determining the power , such

as signal averaging 2 00 pulses or tak ing the average  of S I )  shots on a pho tograp h of

oscilloscope traces , yield the same type of curve.
F’rom Figure  5 it is seen that  under  the s tated condit ions (0. I;  mJ p u m p  energy

on line 13 , 21 cm path length) the ou tpu t  peaks near’ 10 torr’ . The pressure at

which  this peak occurs is expected to shift  to hi gher values  as the p u m p  energy is

increased , since the peak is determined by the point a t  wh ich  the m:hange in the

pump rate (a f i rs t  order  process)  in the gain expression is less than the change in

the rate of collisional quenching of the exci ted s t a t e  ( e f f ec t ive l y a second-order

process). That th is  is t rue  is verif ied by exper imen t :  when the input pu m p energy

per pulse is changed to 0 . 4  mJ , the peak of the output  power occurs  around 7. 5

torr , whi le  at 0. 415 mJ it lies be tween 8 and 0 torr

3 . 4 . 2  INPUT VS OUTPUT POWEB

Figure (; shows how the broadband outpu t  power  v a r i e s  ‘.~ ith inpu t  e n e r gy  at

constant  pressure.  A t  this pressure , th resho ld  is m u m  0. 2 ”  m i  per pulse , and

the pump t rans i t ion  appears to sa tura te  at ; I , m i t  ml , S nm. l  “ pu l se .  I’Ii e i ’ , a re  t w o

other indicat ions that  we are approach ing  s : , t u r : t m i , n i  : ,t  hi gher  inpu t  pu n  e m ’ s ’

10— 0

P(8r2):6.8 torr ° .—‘ ‘
~~~ 0

21cm path
Pump line 13 / a

0
a-

S
a..

~ 5-• 0
V 0
C

• 0
0

V
0
0

0 - 

0.
’
I 0.3 0.4 0.5 0~ 0.7

Inpu t Energy (mJ)

Figure 1 . Broadband Output Power vs Input Pump Laser Energy
per Pulse
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(a)  Phei ’r m a l i t t le  dis e i m i i ) , I , ’  ‘ ((i . t , m m m  t h e  i c c - ,  m’ t I , m ’ . c - I m l l  , m , 1 out put  p a l m

a l ie n the  i m i p t m t  1 , 1 1111 IS  !OI ’U S( ’ m i m m m t i  the c & ’l l l  . , m n m l

(b ) A l , s o m I I I ri es (log I / l  ) n e r o  s e v e r a l  f~, m ’ t m u’s s m m i i e l l e ’ m ’  if t i m e ’, ‘. 1 c m .  l i e

s i m m e d  a ith the ’ L m a e ’ r  Q— sw  itched i n st e a d  ‘f m m n — Q — s n  i t l ’ I m I (l

3 . 4 . 3  E I ” l ” I t ’ I F ’N ( ’ Y

For , m m  i npu t  powem’  of z ,hj u t  10 kW a t ’  f i nd , i i r c l e  m o p t i m a  urn  condi tions , 1 I e l I k

output powers  on the order  of tens of w a t t s  hm’ In I I I lm am i I ’. ~ mi d a few ’ a at t .s m a t he sing l e —

l ine  lasing con f igu ra t i on .  rhe o f f i c i e m i ’~ of this  FIr., l a s e r is thus  on the m i l l e r of

a f e w  t en ths  of a percent  broadband , om ’ h u n d r e d t h s  of a p e -m ’c en t  s ing le lune .

.l . . ~le = ee rp teeere . ,ee ’ l I  j , ’ , e i i m  fo r I~ IIIUp e’II I . I f l e ’ =

Beer ’s law states that  at low light in tens i t i es  t~ inc ident  on a gas of p r e s su r e  1’,

the t r ansmi t ted  in tens i ty  I can be related to the path length liv the equ ~~tm m m m

log (1~~’I )  = kI = m , Pc . ( 1)

At  the peak of an absorption , k( m’ ~~n’ ) k = P , and fom ’ a l ine  of ful l  w i d t h
o o m

at half m a x i m u m  of ~~i

k 2c 2 A 9 1 g9 ~j log 2 / t r
— - 

‘ 

- 
‘ (2 )

N 1 8~~ 1 2 g 1 i~ c

w h e r e  N
1 

is the densi ty  of molecules  in the lower  level of the absorbing t ransi t ion

2 — 1, is the peak absorption cross section per molecule for the t ransi t ion ,

g~ is the degeneracy of the j th level , and A 2 1 is the rate of spontaneous emission

for the absorbing t rans i t ion.  For a Dopp ler-broadened (Gaussian)  line

2 !t12 kT log2 (3)
D c y  m

and , s ince

. 4 3
A 2 1 = 

14 ~~~~~c 
~ B 2 q , ” , (4)

3hc g9

we get

= ~~L_ S~ I B 2 
% ‘~~

“ 
~~~~~~~ 

‘ 
( 5 )
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where  Sj  is the rotational line strength for this t r a n s i t i o n  and I R e I 2 
i~~ the square

of the electronic part of the transition moment, whi ch is usual l y a ssumed to he
constant .  [‘his equation is more useful if we express it in terms of quant i t i es  n o
lf l t ’~.sur t ’  in the laboratory.  If we denote the isotop ic f rac t ion  by i (0. 50 for 79-81 .
0. 2 5  for 79 - 7 0  or 81-81)  and the total par ta t ion  funct ion by Q, then from
E3olt zmann ’s equation

- ~ 1 “ k r
ig. e

N

and the ideal gas law

P = N k T , (7 )

E q. (5) can be rear ranged to give

k0 87r 3 i g 1
’ f~’~i 2 -E 1/k T

— = — S I R I e q , “ . (8)
P 3hQ g 1 ~ 2~ J e v v

Here both g 1 and Q take account of nuclear spin statistics for homonuclear
-.  79 8 1  . 3 -diatomics. Since Br and Br each have nuclear  spin = 2. the s tat is t ical

weight  for even J rotational levels is 1(21+1) = 6 and for odd J it is ( I+l ) (2 1+ l)  = 10.

(The partition function for these homonuclear isotopes correspondingly includes
a factor  of (2 1+ 1) 2 = 16 to account for the nuclear spin and a factor  of 1 2  to account
for the symmetry .  ) For the heteronuclear 79-8 1 isotopes , all rotational levels
have the same weight , which cancels in the division of g 1!Q; thus the s ta t is t ical
weight for the herteronuclear diatomics need not be considered. Using the value
of I R I  2 0. 12 D2 measured in Ref .  14 together with Eq. (8), values of k0/P
in units of cm~~ torr~~ at 300 K were  calculated for all of the pumped t ransi t ions
and are listed in Table 1. These numbers  agree within  50% with the values mea-
sured using two planar photodiodes and a PAR model 162 dual channel boxcar
integrator. However , because no precautions were  taken to stabilize the laser
wavelength and force it into single-mode operation , the calculated absorption
coefficients are felt to be more accurate.

The measurement  of the continuum A —X absorption , however , is not expected
to be subject to these constraints, and the value of ( 2 ± l) Y l 0 3 cm 1 torr 1 is found
for k cont inuum /P  at 300K. This number may  be compared with 6 . 7 ~~~10

3cm~~~torr~~

14. Zaraga , F . ,  Nogar , N. S. • and Moore , C. B. ( 197 15) Transit ion moment ,
radiative l ifetime and quantum yield for dissociation of the ~~~~~ state of
81Br 2 , to be published.
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mn e ’a s u r e d  at 558 nun 14 and t in e va lue  of I~ i l0 —
~ ~ 

— 1  torr  pre di ’ ’ted ~~ to be the’

pe ak  absorp t ion  coeffic ’ie ’nt for’ A N near ’ 53 ) )  urn A l l  these  absorpt ion , m m m ’ a s u r e —
m n t ’n t  I t , t a  im n p lv t h a t  the A —  N con t inuum absorp t ion  is a smal le r f r a c t i o n  of the-

tot  1 absorption (H— N and A — N )  at 532 nm t h a m i  the 80 in fe r red  f rom pho to-

f r . ’ 5 m n e n t  spec t rosco py exper i ments .  ‘ the fac t  tha t  the l inewid th  of the fn e q oen l ’v-

doubled Nd:g lass laser  used in the ph o t o f r a gm e nt  work  was  not as n a r r o w  as those

of the cur ren t  experim ents and of Z al ’Lmga et a114 means  that  not all of the r a d i a t i o n

could be ef f ic ient l y absorbed by the sharp ,  widel y spaced H — N  absorpt ion l ines.

H ence , the absorp tion by the cont inuum may have been ef fec t ive l y en h a n c e d .  The

in terpola ted  value  111 of k0
7P at 532 nm and 2 0 8 K is 7 .‘ 10~ ’~ cm torr  ~~, mea-

sured  a i t im a bro adbamid exci ta t ion  source , which  s imi la r ly samp les r e l a t i v e l y more

m : on tj n u u mn than  d iscre te  t rans i t ions .

I i ,  ~~~~~~~ of l~~ej , ,

Let us consider a system in w h i c h  molecules i n i t i a l ly  in s ta te  I are excited to

state 2 , f rom which  they can radia te  or lase down to a s t a t, ’  3. If the dens i ty  of
molecules in state 1 in t he rma l  equilibrium is designated N 1

0 . then when  the

t r ans i t i on  2 — 1  is saturated ,

= g 1N ,, (~ )

0and , a s s u min g  N 1 + N 2 = N
1 

, then

I)

_____ 
0N ,, = —i ~~~~l 2N

1 
. (10)

- g 1 g2

Fhe gain per pass on the laser t ransi t ion 2 3 is

g = = o1 N 2~ . ( 11)

Hei ’e is the peak value  of the amp lif icat ion curve , I is the length of the active

m a t e r i a l , and 01 is the cross section per molecule for the laser t rans i t ion .  We

‘an t he re fo re  es t ima te  the gain for the Br 2 laser t ransi t ions in te rms  of the cross
t i l ) m i S  for the pump and laser t rans i t ions  using Eqs. (5) and ( 1 1) :

15 . Oldm an , B . J . ,  Sander , F L K . , and Wilson , K . B .  ( 1 9 7 5) J. Chem. Ph ys.
1 53 : 4 2 S2 .

115 . Passa h m i e ’ r , A .  A .  , (‘h r i s t i an , .J. D . , and Gregory,  N. \V . ( 1215 7) J. Ph ys.
(‘hem, 7 :037 ,
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(S.q~ , e u / d3
),

0 
- 

( Sq  , ,~/ d Tp j~ v v  i p

Because the line strength is given by S~ = J (P-branch)  or J+I (B-branch),

(S~~)~ ± 1. where the subscript refers to the laser or pump transition.

Similarly, since J 3 = J 1 or J 1 ±2 (because only P- and B-branch pump and laser

transitions are allowed), and because we are dealing here with mostly high J

transi t ions (see Table 1), we make the approximations (Sj )~ (S~ )~ and

g 1 g2 g3. Eq. ( 12) therefore becomes

(q , ,,) ~v v  0 .  (13)
‘ ~~~~~~~~ ~

Since (k 0
)~ = a~~N 1

0. by Eq. (10) we find that

1 (q~~1 ‘‘~1
2. ( )  (k0

)~ . (14)

Because (q~~,~~ i) 1 2 (~~~~i~~ e i ) ~ for the transitions that lase (see Figure 4), we get

g —‘ (k0
)~! . (15)

That is, the magni tude of the gain is given by that of the absorption coefficients

for the pump transitions. At  6. 8 torr pressure, for example , g —‘ 0. 04-0. 16 cm~~
or 0. 8 - 3 . 4  per pass for a 21 cm active length.

We can also estimate the gain using the method of Ref .  3. Using the reported

lifetime and quenching cross section at 532 nm , 17 we calculate at 6. 8 torr an

• excited state lifetime (t 2 ) of 11 ns. We estimate the loss per pass in the laser

cavity to be 5% or less, and measure the time after pumping at which laser action

begins (tb ) to be typically 75 ns. Using these values and the expression for gain

found in Ref.  3, we find g “- 0. 05 - 0. 06 cm ’’  = 1. 1- 1. 3 per pass in good agree-

ment  with the estimate made above. This can be compared with the gain of

0. 024 em~~ for room temperature 12 found in Ref .  3.

:1. ‘ ~t ise ’ t ’ Ilaneous Ex per ime’ n ts

An attempt was made to determine whether the upper state population can be

rotationally relaxed rap idl y enough by collisions with argon to enable quasi-tunable

17. ( apelle , G . ,  Sakurai , K . ,  and Broida , H . P .  (1971) J. Chem. Phys. 54: 1728.
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lasing,  in analogy wi th  dye lasers.  Howevem ’ , th~ onl y e f fec t  of the argon at the
available pump power  was  to quench  the lasing at pressures  ~ 1:5 torr ,

A m i  experiment  was also t r ied in w h i c h  the N d : Y A G  pump laser was operated
wi thout  the i n t r acav ity  etalon. In this case , the spectral wid th  of the pump pulse
was  1 cm~~ (0. 03 n m )  and it overlapped several of the pump t r ans i t ions .  The Br 9
lased very weakl y , but no studies were  m a d e  of the spectral  output  wavelengths
and power , so that  it is not known how m a n y  t rans i t ions  were  made  to lase.

I. flI ’d I

From the preceding discussion it is clear that  the molecular  bromine laser
is an at tract ive source of tunable rad ia t ion  in certain regions of the visible and

near infrared spectrum , out to about 3pm. The exact output wavelengths depend

on the transition pumped , and , as seen in Section 3. 3, a small change in pump

wavelength produces a large change in output wavelength , the range increas ing  3
with increasing wavelength of the las ing rad ia t ion .  I)ue to the high dens i ty  of
vibration-rotation lines available , the output tunability is quasi-continuous. In

the 532 nm pump region used in this stud y, we calculate on the average 12 absorp-
tion lines per cm ”~ from all isotop ic species or iginat ing from v ’ = 0 and 1 levels ,

• some regions having as m any as 10 transit ions in 0. 1 cm ’
~~. The spectroscopic

constants are known well enough so that  they can be relied on to predic t  lasing
wavelengths to within 0. 1 nm up to fair l y high v ’ lower laser levels .

The Br 2 laser performance compares favorabl y w ith  respect  to that  of the

room temperature 12 laser. The eff ic iency of the output is slightly less hut  of
• sim ilar magnitude. However , the higher pressure attainable at room tempera ture

wi th  Br 2 (150 - 500 torr) means that hi gher gain is possible with this system than
with room temperature 12 in the same call length , provided adequate pump power
is available to overcome collisional quenching  losses 17 due to the higher pressures
involved. Furthermore, the range of Out put laser lines extends fa r ther  into the
infrared for the Br 2 laser.

The Br2 laser can also be used for an accurate determinat ion of spectroscop ic
information about high lying vibrational levels of the ground state and as a means
of measuring Franek-Condon factors.  Furthermore, in the single-line confi gura-
tion one can selectively populate specific vibrational levels in the ground state
with a large number of molecules. Such capability would be useful  for exper iments
in state-selected chemistry,  such as energy transfer , reaction kinetics , pho to-
chemistry,  and isotope separation.

One might be tempted to envision a flashlamp-pumped Br2 laser analogous to

a dye laser system. Such a laser would be at tract ive because of its very wide
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tuning  range . low cost , and long life under  flashlaru p exci tat ion.  H owever , because
of the large self-quenching cross sections for the B state 17 and collisional dissoci-

ation processes , the high pressures needed to broaden the spectrum and achieve
the rotational relaxation necessary for cont inuous tunabi l i ty  would be counter-

productive to lasing.
The u l t ima te  power possible from the Br 2 laser is l imi ted  by the ver y fas t

radiationless processes (spontaneous p re -d i s soc ia t ion)  postulated 17 and mea-

sured ’8 for the B state levels , which lower the ’ m a x i m u m  at ta inable  energy s torage

per uni t  volume.  And  al thoug h the gain could be augmented  by increas ing  the pa th
length of the active medium , other problems and comp licat ions (such as . ph ysical
size) associated wi th  this solution mus t  be dealt w i t h ,

Nonetheless , the op tically pumped Br 2 laser is a convenient  source of low

power , discretely tunable radiation extending from the visible out to 3 i.~m in the
infrared.  It fur thermore  serves as a protot ype system from which much can be

learned about the nature of optically pumped gas phase diatomic molecule l ase r

systems.

I
1 ’

18. Lum , B. M. , and M cAfee , K. B. , Jr. (1P7~ ) J. Chem. Phys. R 3 ’~~m ) 2 ~
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