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ABSTRACT 

A new Stark cell capable of producing higher electric field 

intensities than had been before achieved was built and used to 

examine the pure rotation infrared spectrum of the hydrogen 

molecule, 

elimination of plastic spacers traditionally used in previous Stark 

cells between the parallel plate electrodes, 

sities of 200,000 volts/cm, are easily obtained in compressed hydrogen 

at a pressure of 400 pos.io0 compared to a previous maximum of 135,000 

voltslcm, at 550 p,s,i, in a similar cell, Peak field intensity in 

the new cell just before breakdown is 240,000 volte/cm, in hydrogen 

at 400 p.s,i, 

The higher field intensities were achieved by tFe 

Operating field inten- 

The fundamental vibration-rotation spectrum and the pure rota- 

tion spectrum of hydrogen were obeerved using the new cell, 

pure rotation spectrum was measured since it has not been observed 

before using the electric field induced method, 

of the So(l)s So(2) and So(3) transitions were measured to be 

587,079 em"', 814.523 cm-', 1034,765 cmsl respectively, 

frequencies were used to calculate the molecular constants of hydro- 

gen. 

for H ~ :  3.1 x 1 0 - ~ ~  

The 

The frequencies 

These 

The calculated value for Bo was 5g0332, for Do: .0450 and 

The design of the new cell is described along with the "aging" 

and cleaning processes necessary for maximum field intensities, 

The design and operational performance of a carbon rod furnace built 

ifi 



i v  

f o r  use as an i n f r a r e d  source i s  presented i n  d e t a i l .  This furnace 

opera tes  a t  a temperature of about 2,600° Kelvin, Various experi-  

mental d i f f i c u l t i e s  as w e l l  as changes made i n  t h e  vacuum spectro- 

meter are discussed,  
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CHAPTER I 

INTRODUCTION 

Homonuclear diatomic molecules such as hydrogen do not  o r d i n a r i l y  

g ive  rise t o  an in f r a red  absorpt ion spectrum, s ince  due t o  symmetry such 

molecules do not  haveapermanent o r  t i m e  varying e l e c t r i c  d ipole  moment 

through which t r a n s i t i o n s  can occur,  T rans i t i ons  can take  place,  how- 

ever through t h e  e l e c t r i c  quadrupole moment s i n c e  t h i s  moment i n  non- . 

zero. The i n t e n s i t y  of t he  quadrupolar t r a n s i t i o n s  is  about 10 

t h a t  of e l e c t r i c  d ipole  r ad ia t ion ,  and the  observat ion of quadrupole 

-6 t i m e s  

spectrum requ i r e s  extremely long absorpt ion pa ths  and a very s e n s i t i v e  

de t ec t ion  system. Hertzberg (1,2) and Rank and Wiggens (3) have been 

ab le  t o  observe seve ra l  electric quadrupole t r a n s i t i o n s  i n  the  hydrogen 

v ibra t ion- ro ta t ion  spectrum using photographic de t ec t ion  with long 

exposure t i m e s  e 

Although homonuclear molecules do not g ive  rise t o  e l e c t r i c  d ipole  

in f r a red  t r a n s i t i o n s ,  such molecules do possess a Raman spectrum. 

Rasetti ( 4 )  observed t h e  Raman spectrum of N 

Raman work by Stoicheff  (5) has provided accurate molecular cons tan ts  

02, and H2" More recent  2' 

f o r  t h e  hydrogen molecule, The use of Raman s c a t t e r i n g  as a t o o l  f o r  

observat ion of the spec t r a  of homonuclear molecules i s  l imi ted  by t h e  

photographic de t ec t ion  required because of the  low i n t e n s i t y  of Raman 

sca t t e r ing .  

In 1932 Condon (6) c o r r e c t l y  pred ic ted  chat t he  i n f r a r e d  abosorp- 

t i o n  of  homonuclear molecules could be observed by placing the  gas  i n  

1 
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a s t rong  electric f i e l d ,  thereby inducing an electric d ipo le  moment 

through which t r a n s i t i o n s  could occur. Since t h a t  t i m e ,  several 

s t u d i e s  have been made by Crawford and MacDonald (7), Terhune and 

P e t e r s  ( 8 ) ,  Church (9 ) ,  and Brannon (10) of t h e  H2 and D2 molecules 

using t h e  e lec t r ic  f i e l d  induced method. 

I n  t h i s  technique t h e  gas is placed between two p l a t e s  kept a t  

a high p o t e n t i a l  difference.  The r e s u l t a n t  e lectr ic  f i e l d  induces 

an  electric d ipo le  moment i n  t h e  molecules and t h e  normally forbidden 

i n f r a r e d  absorption can occurc 

f o r  t h e  Raman e f f e c t ;  i .e. Av = 0,1,2 - - -; A J  = 0, k 2, 

The s e l e c t i o n  ru les  are t h e  s a m e  as 

G a s  pressures  of several atmospheres are used t o  enable a high 

e lec t r ic  f i e l d  t o  be maintained between t h e  p l a t e s ,  

s u r e  induces a s h i f t  i n  t h e  l i n e  pos i t i ons ,  and t o  ob ta in  the  t r u e  

l i n e  pos i t i ons ,  t h e  absorption l i n e  should be observed a t  several 

pressures  and t h e  l i n e  p o s i t i o n s  extrapolated back t o  zero pressure.  

May, Degen, Styland and Welsh (11) studied t h e  pressure s h i f t s  of 

t h e  pure r o t a t i o n  spectrum of hydrogen and found a p o s i t i u e  s h i f t  i n  

This high pres- 

frequency proport ional  t o  t h e  square of t h e  dens i ty  f o r  very high 

d e n s i t i e s .  The pressure s h i f t  f o r  t h e  pure r o t a t i o n  l i n e s  w a s  found 

however t o  be very small even f o r  high d e n s i t i e s .  

May e t , a l , ( l l )  t h e  pressure s h i f t  f o r  t h e  pure r o t a t i o n  l i n e s  a t  t h e  

moderate d e n s i t i e s  used i n  t h i s  experiment would be only about 

.006 c m  

expected accuracy of t h e  l i n e  frequency dererminations,  

r o t a t i o n  l i n e s  i n  t h i s  experiment were the re fo re  observed a t  only one 

pressure e 

From t h e  d a t a  of 

-1 This w a s  considered n e g l i g i b l e  i n  comparison t o  t h e  

The pure 
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The pure rotation line positions of hydrogen have been studied 

by both Stoicheff (5) and May et, al. (11) using Raman scattering. 

Both measured four transitions from So(0 )  through So(3). However, 

the pure rotation lines have not previously been observed using the 

electric field induced method. The position of the S ( 0 )  line was 

not determined in this experiment due to experimental difficulties, 

but the line positions of So( l ) ,So (2 )  and S o ( 3 )  were determined and 

used to calculate the molecular constants B D and H for hydrogen, 

and the results compared with previously obtained values, 

The electric field induced technique of observing normally for- 

bidden absorptions in homonuclear molecules is superior to the Raman 

scattering technique in many ways. Photographic detection is not needed, 

and aside from the fact that chart recording is often more convenient,the 

0 

o 9  o 0 

chart recording makes intensity and line shape measurements really 

practical even though such measurements were not made in this experi- 

ment. In addition to a high resolution infrared spectrometer only a 

special cell is needed to begin electric field induced work, whereas 

rather elaborate Raman equipment is needed. 

Since the intensity of a transition in a homonuclear molecule due 

to an induced electric dipole moment is proportional to the square of 

the applied field intensity, it is important to use very high field 

intensities. 

in this work is about 200,000 volts/cm, 

135,000 volts/cm was achieved in previous work with a Stark cell built 

by Church (9) and operated by Brannon (10). 

Operational field intensity obtainable with the cell used 

A peak field intensity of 

The increase in field 
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intensity is due to the elimination of the spacers used between the 

parallel plates in previous Stark cells. It is felt that this 

increase in field intensity made the observation of the S (3)  liae 

possible, and of course enhanced the observation of the stronger 

S o ( l )  and S0(2) lines, 

0 

In summary, the purpose of this work was to test the performance 

of the new Stark cell and to observe the S o ( l ) ,  So(2) and S0(3) lines 

in the pure rotation spectrum of hydrogen using the higher electric 

field intensities, The positions of these lines were determined and 

the molecular constants B D and H for hydrogen were calculated 

and compared to results previously obtained from Raman and electric 

field induced work, 

0) o 0 



CHAPTER TI 

THEORY OF ELECTRIC FIELD INDUCED ABSORPTION SPECTRA 

2 , l  Enerpy Levels of Diatomic Molecules 

A diatomic molecule w i l l  absorb energy corresponding t o  t h e  

t r a n s i t i o n s  between its quantized ro ta t ion-v ibra t ion  energy states, 

The energy of t h e  molecule can the re fo re  be expressed as a sum of  

t h e  v ib ra t iona l  and r o t a t i o n a l  energy, The r o t a t i o n a l  energy w i l l  

depend on t h e  v ib ra t iona l  energy s ta te  s ince  the  in te rnuc lear  d i s tance  

i s  a funct ion of t h e  state of v ib ra t iona l  exc i t a t ion ,  This v a r i a t i o n  

of t h e  in te rnuc lear  d i s tance  changes the  moment o f  i n e r t i a  which i n  

tu rn  e f f e c t s  t h e  r o t a t i o n a l  energy? Therefore t h e  energy of t h e  

molecule, according t o  Dunham (13) is: 

T(v,J) = G(v) + Fv(J) 

where v is  t h e  v ib ra t iona l  quantum number and J i s  t h e  r o t a t i o n a l  

quantum number, 

I f  t h e  molecule i s  assumed t o  be a s i m p l e  harmonic o s c i l l a t o r ,  

t h e  v i b r a t i o n a l  energy would be: 

G(v) = dv+1/2) 

-1 where LO is the  v ib ra t iona l  frequency i n  cm However, due t o  t h e  

anharmonicity of t he  p o t e n t i a l  funct ion,  a more accura te  representa- 

t i o n  of t h e  v i b r a t i o n a l  energy i s  t h e  sum of seve ra l  €erms, i.e, 

G(v) = we(*1/2) - weXe(v+1/2) 2 -we Ye(v+1/2) 3 + 

where we is  t h e  harmonic v ib ra t ion  frequency and Xe and Y 

s t a n t s  dependent on t h e  degree of anharmonicity of fhe  p o t e n t i a l  

funct ion,  

are con- e 

5 
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Forgetting for a moment that a coupling between vibrational and 

rotational energy exists, the energy levels of a rigid diatomic rotator 

are: 

F(J) = BJ(J+l) 

where : 
-1 B =  h cm - 

2 8n CI 

h = Planck's constant 

c = speed of light 

I = moment of inertia 

If the rigid support between the atoms is replaced with a massless 

spring so that centrifugal distortion may be included, the rotational 

energy becomes: 
2 2 3 3 F(J) =BJ(J+l) - DJ (J+1) + HJ (J+l) + 

where D and H are constants which specify the effects of centrifugal 

distortion on the energy of rotation, 

Taking account of the effect of vibration on the internuclear 

distance, the rotational energy is expressed as: 

Fv(j> = Bv~(~+i) - D~J~(J+~) 2 + H ~ J  3 (J+U 3 + e 

where : 
2 

= B - ae(v+1/2) + ye (~+1/2) + a Bv e 

= D + Be(v+l/2) + (v+1/2) + e e e 'v e 

'v" He 

2 

Here Be' De and He are constants which correspond to an equilibrum 
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nuclear separation, r and are given by: 

- - 4Be 2 
2 

a 33," 4%Be5 
e' 

'e---------- - h  9 ' D e  - 9  
4 w w 

2 87~ e1 
e e e 

and 6 are constants which reflect the anharmonicity of the ae,Y eP Be e 

potential function. 

Combining the two expressions for the energy of rotation and the 

energy of vibration, the total vibration-rotation eqergy of a diatomic 

molecule is: 

The rotational energy levels are much clover together than are the 

vibrational energy levels, so that the vibration-rotation energy 

level diagram of a diatomic molecule will appear as closely spaced 

rotation states superimposed on the vibrational levels, 

The selection rules for allowed field induced transitions are 

identical to those of the Raman effect i.e,? 

AJ=O, k 2 ; Av= 1, 2, o. e 

The Q branch corresponds to AJ = 0, the S branch corresponds to 

AJ = 6-2 and the 0 branch corresponds to AJ = -2, The expressions for 

the frequencies of the three branches are: 

2 2 Q, (J) = vv+v, 4- (Bv,- f3J J(J+l) - (Dv,- Dv)J (J+1) 

3 3 + (H,, - Hv>J (J6-1) 
f Bv,(J-2)(J-l) - BvJ(J+l) - Dv,(J-2) 2 (J-1) 2 

Ov(J) = vvv, 
+D J2(J+1)2 + Hv,(J-2) 3 (J-lI3 - HvJ 3 (J4-1) 3 

V 



Sv(J) = vv+v, + Bvi (54-2) (J+3) - BvJ (J+1) - Dvu (J+2) ‘ (J+3) ‘ 

where v 

the transition in question, 

means 45 = +2, the subscript two is the final vibration state and the 

three is the initial rotation state. Therefore S2(3) i s  a transition 

from v = 1, J = 3 to v = 2, J = 5. A list of some of the pure rotation 

transitions is given in Table I, The molecular constants 3 

can be Calculated from these equations. 

vibration state of hydrogen along with the first six allowed pure rotation 

transitions are shown in Figure 1, 

using the molecular constants determined in this experiment, 

= G(v’) - G(v), Each transition symbol completely specifies v+vr 
For example in the symbol S2(3), the S 

Do and H 
0’ 0 

Energy levels of the zero 

The energy levels are calculated 

2.2 Induced Dipole Moment 

In order for a vibration-rotation transition to take place and permit 

absorption to occur, a molecule must possess a non-zero changing electric 

dipole moment; for pure rotation transitions a permanent electric dipole 

moment, 

dipole moment because of a displacement of the centers of positive and 

negative charge. 

duces asymmetric displacements of the centers of charge and leads to a 

permanent dipole moment. 

ments are symmetric and produce no net dipole moment. 

As a general rule diatomic molecules possess a permanent electric 

In hetronuclear molecules the imbalance o f  charge pro- 

For homonuclear molecules however,the displace- 

If the homonuclear molecules are placed in a strong electric field 

the centers of charge are displaced from their ordinary symmetric 
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TABLE I 

PURE ROTATIONAL TaAWSITIOPilS 

0 
So(0) = 6Bo - 36D + 216H 

0 

So(l) = POB - 140D + 

S0(2) = P4Bo - 364D + 

S0(3) = 18Bo - 756D 

S 0 ( 4 )  = 22B - 1,364D 

S0(5) = 26Bo - 2,236Do 

0 0 

0 

+ 
0 

0 0 

0 
1,72OH 

7, 7841i0 

25,272H0 

+ 

+ 

66 , 088110 

148,616H 
0 



2YIY.87 em-' 

1740.30 em-' 

1168.89cm" 

70s. 56 cm-I 

i/?.YScrn-' 

0.00 cm -' 

J= 6 

J= 5 

5.4 

3-= 3 

3-a 2 

J= I 

;b= 0 

F igu re  1. P u r e  r o t o t i o n a l  t r a n s i t i o n s  o f  h y d r o g e n  
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pos i t ions  and an electric d ipo le  moment w i l l  be induced. 

allows t h e  normally inac t ive  electric d ipole  t r a n s i t i o n s  t o  take  

This 

place 

The magnitude of t h e  induced electric d ipole  moment is  pro- 

po r t iona l  t o  t h e  e l e c t r i c  f i e l d  inducing t h e  moment: 

j = 1 ,2 ,3  

Here t h e  p 

are t h e  components of t h e  p o l a r i z a b i l i t y  tensor ,  and t h e  E .  are t h e  aij 

t h e  components of t h e  electric f i e l d  vector .  

are t h e  components of t h e  electric d ipole  moment vec tor ,  i 

J 
This equation is  expressed 

i n  spaced-fixed coordinates taken t o  be X, Y ,  2 where Z is perpendicular 

t o  t h e  p l a t e s  and i n  t h e  d i r e c t i o n  of t h e  electric f i e l d .  

E, f and z are molecule-f ixed coordinates  

na t e  system is  a p r i n c i p a l  axis system i f  t h e  2 a x i s  is  taken along t h e  

l i n s  j o in ing  t h e  two nuc le i ,  and t h e  o r i g i n  is  placed a t  t h e  center  of 

m a s s  of t he  nuc le i .  The 

The coordinates 

The molecule-f ixed coordi- 

and ? axis are interchangeable due t o  t h e  

c y l i n d r i c a l  symmetry of t he  molecule. 

f ixed  coordinates t h a t  t he  p o l a r i z a b i l i t y  cwstants are o r d i n a r i l y  

It is with respect  t o  t h e  molecule- 

expressed, i.e. 

Y =(a,, - aL), anisotropy of po la r i za t ion  

a = 1/3 (2aA+ a,, ), average p o l a r i z a b i l i t y  
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According to Conclon (6) we may transform from the molecule- 

fixed coordieates to space-fixed coordinates by a transformation of 

of the type: 

a . .  = X a,- a,- a-- 
1-J -- 1l.l JU 1.12, 

l.lV 

The a's in this expression are obtained from the direction cosines 

connecting the two coordinate systems. Using the definitions of the 

polarizabilities, and the direction cosines we obtain for the dipole 

component in the space-fixed coordinate system according to Brannon(l0): 

= y s i n e  coset COS+ E lJX 

= ysine cos0 sin4 E 
pY 

@/3y (3cos20 - 1) 4- a] E 

Where 8 and 4 are the Eulearian angles connecting the two coordinate 

frames, 

fixed coordinates expressed relative to the molecule-fixed coordinate 

The result gives the compwents of the dipole moment in space- 

system. 

2,3 Line Strength 

The intensity of the absorption is dependen on the matrix elements 

of the induced electric dipole moment. The probability of transition 

is proportional to the square of the magnitude of the matrix elements 

of the electric dipole moment, ioe*: 
2 

Iabs. - L PWI 
gi 

where g is the degeneracy and the p are: 



1 3  

When t h e  d ipole  moments from Sect ion 2,2  are subs t i t u t ed  i q t o  

these  expressions and t h e  in t eg ra t ions  preformed, t h e  l i n e  s t r eng ths  

are obtained, 

from Brannsn ( l o ) ,  f o r  r a d i a t i o n  polar ized perpendicular o r  paral le l  

t o  the  plates  is given i n  Table 11, The ca lcu la ted  l i n e  s t r eng ths  

f o r  some of t he  pure r o t a t i o n a l  t r a n s i t i o n s  are a l s o  given i n  Table 11. 

It may be seen from these  equations t h a t  t h e  i n t e n s i t i e s  of t h e  l i n e s  

are propor t iona l  t o  t h e  square of t h e  e l e c t r i c  f i e l d  i n t e n s i t y ,  and 

f o r  t h i s  reason it  is  important t o  obta in  as g rea t  a f i e l d  i n t e n s i t y  

as possible .  

The general  expression f o r  t h e  S branch l i n e  s t rength ,  

2.4 In tegra ted  Absorption 

The f i n a l  i n t e n s i t y  of a t r a n s i t i o n  i s  dependent on t h e  number 

The i n t e n s i t y  of a l i n e  depends of molecules i n  t h e  i n i t i a l  state, 

on t h e  Boltzmann f a c t o r  f , where: 
vj 

- w V . / m  f = 42.J 9 1 )  a ( J )  e 
-W vj 

z g ( J )  (25 9 l ) e  vj/KT 

W i s  t h e  energy of t h e  state and g ( J )  is  t h e  sp in  degeneracy, 
vj 

The Boltzmann f a c t o r  f o r  some of t h e  pure r o t a t i o n a l  t r a n s i t i o n s  is 

given i n  Table 111 f o r  T = 30OoK. 
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TABLE TI 

LINE STRENGTH OF PURE ROTATION TRANSITIONS 

2 
yvv, 

= 2 (J+l)(J+2) 
fI 15 (2J+3) (25+1) 

2 
Yvv) = 1 (J+1) (J+2) 

10 -(25+3) (2J+1) 

E2 

E2 

Line Strength 
Transition not at ion Line Strength 

so (0) .OB89 yoo2 

so ( 0 )  .0667 yoo2 E2 

so (1) (s390) .0533 yoo2 E2 

.0400 y E2 

1 9 0  I I  

so (1) 00 

so (2) -0457 yoo2 E2 

so (2) ,0343 yoo2 E2 

s0(3)  .0423 yoo2 E2 

.0317 y E 2  S0(3) 00 

so (4) .0404 y E2 

so (4) 00303 YQ0 E2 

(579") .0378 yoo2 E2 

00 

5 ¶ 0  II 

5,o L 

so (5) 

(57.0) .0244 yoo2 E2 s ( 5 )  0 
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TABLE III 

BOLTZMANN FACTOR FOR PURE ROTATION TRANSITIONS 

Boltzmann Factor (f .) 
V I  

Transition 

so ( 0 )  0 1294 

so (1) 0.6592 

so (3)  0.0894 

so ( 4 )  0 0039 

so ( 5 )  0,0008 
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The t o t a l  in tegra ted  absorpt ion is ,  according t o  Brannon ( l o ) ,  

11 o r  A 
= (1.018 x 10 35 ) LpE2 fvJ v::'(S v'J 

VJ T (*) I t  o r  

Where L i s  t h e  absorpt ion path length i n  em., P i s  t h e  pressure i n  

atmospheres and V i s  t h e  frequency i n  cm The product of t h e  last -1 

th ree  termsgives  t h e  c h a r a c t e r i s t i c  r e l a t i v e  i n t e n s i t y  of a p a r t i -  

cu l a r  l i n e  while t h e  o ther  terms depend on t h e  experimental conditions.  

Table I V  gives  t h i s  product f o r  some of t he  pure r o t a t i o n a l  t r ans i -  

t i o n s  normalized t o  t h e  value of t h e  S (1) t r a n s i t i o n ,  The rapid 

f a l l  o f f  i n  absorpt ion i s  seen pas t  J=3, and these  l i n e s  would be I 

d i f f i c u l t  t o  observe. 

hydrogen l i n e  observed i n  t h i s  experiment w a s  about 10%; f o r  t h e  

S0(2) l i n e  about 6%; f o r  t h e  S (3) l i n e  about 4%, 

0 

The peak absorpt ion height  f o r  t h e  S (1) 
0 

0 
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TABLE IV 

RELATIVE INTENSITIES OF PURE ROTATION TFt.ANSITIONS 

Transition Relative Intensity 

so (0) 0,198 

So (1) 1.000 

0,212 

0 189 

so (5) Q 0 002 



CHAPTER 111 

EXPERIMENTAL APPARATUS AND TECHNIQUES 

3.1 The Stark  C e l l  

The S tark  cel l  contains  two accura te ly  p a r a l l e l  chrome p la ted  

steel p l a t e s  which are maintained a t  a high p o t e n t i a l  d i f fe rence ,  

c r ea t ing  a s t rong  electric f i e l d  i n  t h e  gap between them, The sample 

gas is used a t  high pressures  t o  increase  t h e  p o t e n t i a l  d i f f e rence  

which can be maintained between the  para l le l  p l a t e s ,  and so  the  cel l  

must be ab le  t o  withstand these  high pressures ,  The present  c e l l  

operates  a t  400 p.s . i ,  and t h e  operat ing f i e l d  i n t e n s i t y  i s  about 

200,000 volts/cm. The peak f i e l d  i n t e n s i t y  achieved i n  hydrogen j u s t  

before  breakdown is  240,000 volts/cm. a t  400 p.s . i ,  I n  n i t rogen  

compressed t o  400 p.s . i ,  t h e  peak f i e l d  i n t e n s i t y  achieved i s  

350,000 volts/cm, These f i e l d  i n t e n s i t i e s  are higher than those 

previously obtained i n  a ce l l  of t h i s  type,  

I n  1953 Crawford and Dagg (13) used a p a r a l l e l  p l a t e  arrangement 

separated by l u c i t e  spacers and achieved an e l e c t r i c  f i e l d  i n t e n s i t y -  

of 100,000 volts/cm. i n  hydrogen a t  pressures  up t o  2,000 p o s , i .  I n  

1958 Crawford and MacDonald (7)  used a similar arrangement and obtained 

f i e l d  i n t e n s i t i e s  of 130,000 volts/cm. i n  hydrogen a t  1,500 p .s . i .  

Terhune and Peters (8) i n  1959 used a concentr ic  cyl inder  e l ec t rode  

configurat ion with l u c i t e  spacers  and obtained an electric f i e l d  

i n t e n s i t y  of 100,000 volts/cm, i n  hydrogen a t  600 p , s , i ,  Church (9) 

i n  1959 and Brannon (10) i n  1965 using p a r a l l e l  p l a t e s  with P lex ig las  

18  
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spacers  obtained f i e l d  i n t e n s i t i e s  of 100,000 vol ts lcm,  and 

130,000 volts/cm. r e spec t ive ly  i n  hydrogen a t  550 p , s . i ,  I n  1966 

Fo l t z ,  Rank and Wiggens (14) again using para l le l  plates ,  obtained 

f i e l d  i n t e n s i t i e s  of 90,000 volts/cm, i n  hydrogen a t  1,100 p . s , i .  

The l i t e r a t u r e  does not  i n d i c a t e  whether p l a s t i c  spacers  were used 

between t h e  p l a t e s ,  but t h e  f i e l d  i n t e n s i t y  achieved s t rong ly  

suggests  t h i s  

Common t o  each of t hese  cells i s  t h e  use of p l a s t i c  spacers  

between t h e  e l ec t rodes ,  and t h i s  i s  t h e  f a c t o r  which l i m i t s  t h e  

vol tage  ac ross  t h e  e l ec t rodes ,  It has been shown (15) t h a t  t h e  AC 

o r  DC breakdown vol tage  ac ross  t h e  su r face  of many i n s u l a t i n g  

materials ( including l u c i t e )  placed between para l le l  plates i n  a 

compressed gas is  less than i f  the  material w a s  no t  present ,  Under 

i d e a l  condi t ions  with no i n s u l a t i n g  material between the  p a r a l l e l  

p l a t e s ,  i t  has been shown (15) t h a t  f o r  t h e  va lue  of t h e  product of 

pressure  and p l a t e  spacing corresponding t o  t h e  parameters of t h e  new 

Stark  c e l l ,  t h e  breakdown vol tage  ac ross  hydrogen would be 70,000 v o l t s .  

This corresponds t o  a f i e l d  i n t e n s i t y  of about 440,000 volts/cm. 

The present  S ta rk  c e l l  w a s  t e s t e d  with quar tz  and Mylar spacers  

with no s i g n i f i c a n t  improvement over previously achieved f i e l d  

i n t e n s i t i e s ,  However, with t h e  e l imina t ion  of t h e  spacers, operat ing 

f i e l d  i n t e n s i t i e s  of 200,000 volts/cm, are e a s i l y  obta inable  i n  

hydrogen a t  400 p . s , i ,  across a 1/16 inch  gap, 

s i t y  achieved t o  d a t e  j u s t  before  breakdown is 240,000 volts/cm. a t  

The peak f i e l d  inten-  
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these  same condi t ions,  

The gas c e l l  i s  shown i n  Figure 2 ,  Figure 3 and Figure 4 .  

The p l a t e s  are chrome p la ted  steel, two inches wide and 1 / 2  inch 

th ick .  The edges and ends of t h e  p l a t e s  are rounded, as are a l l  

metal sur faces  i n s i d e  t h e  cell ,  t o  prevent breakdown o r  energy 

losses due t o  corona discharge,  Each p l a t e  i s  at tached t o  a 

P lex ig las  holder with nylon screws, The holder when assembled 

keeps t h e  p l a t e s  1/16 inch apa r t  with no spacers  between them, 

Four separa te  holder assemblies were made f o r  p la te  lengths  of 

11, 17, 23 and 35 inches,  These assemblies f i t  i n t o  the  high 

pressure  c e l l  which is made i n  6,  1 2  and 24 inch sec t ions ,  

sec t ions  are interchangeable and b o l t  together  t o  g ive  the  desired 

ce l l  length,  P l ex ig l a s  cemented i n s i d e  the  ce l l  serves  as a t r ack  

t o  pos i t i on  t h e  p l a t e  assembly and a l s o  reduces t h e  volume of t he  

c e l l .  

hold t h e  high vol tage  connector, windows and t h e  sample gas i n l e t  

and o u t l e t .  

rod passing through a machined nylon i n s u l a t o r ,  

t he  connector f i t s  i n t o  a socket a t tached t o  t h e  high vol tage  p l a t e ,  

while a spr ing  grounds the  o ther  plate .  This allows t h e  end caps t o  

be removed e a s i l y  without removing t h e  p l a t e s ,  

connector gas  t i g h t ,  

not  withstand t h e  shear  forces  c rea ted  i n  t igh ten ing  t h e  nut used 

t o  seal t h e  connector. 

The 

The end caps shown i n  Figure 3 f i t  onto any length c e l l  and 

The high vol tage  connector shown i n  Figure 5 is  a b ras s  

A rounded plug f r o m .  

O-rings seal t h e  

Several connectors machined of polystyrene could 
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A s  mentioned before,  t h e  cleanness of t h e  p l a t e  i s  an important 

f a c t o r  i n  obtaining high f i e l d  i n t e n s i t i e s ,  

t h e  p l a t e  holder  is  disassembled and t h e  P lex ig l a s  holders  cleaned 

with soap and water and r insed  thoroughly, 

are f i r s t  cleaned i n  acetone with a s o f t  c l o t h  and then i n  pure 

e t h y l  a lcohol .  

When t h e  P lex ig l a s  holders  are thoroughly dry,  t h e  assembly i s  put 

To c lean  t h e  p l a t e s ,  

The p l a t e s  themselves 

Gloves are used with t h e  f i n a l  a lcohol  c leaning,  

back together  using gloves. 

r i g h t  i n  a container ,  and alcohol  i s  poured down t h e  p l a t e s ,  

order  t o  remove any dus t  which may be c l ing ing  t o  t h e  p l a t e s  due t o  

an e l e c t r o s t a t i c  charge, 1/8 inch b ras s  rods thoroughly cleaned are 

inse r t ed  down each s i d e  of t h e  plates  t h e i r  whole length  and placed so 

t h a t  they touch both plates,  

ductor  so t h a t  t h e  charge r e s ides  on i t s  ou t s ide  su r face  and al lows 

t h e  a lcohol  t o  wash away these  stubborn dust  p a r t i c l e s .  

is  allowed t o  dry thoroughly before  replacing i n  t h e  cell.  

The e n t i r e  assembly i s  then stood up- 

I n  

This approximates a closed hollow con- 

The assembly 

"Aging" t h e  plates by allowing them t o  breakdown f o r  s h o r t  per iods 

and then recleaning them appreciably increases  t h e  f i e l d  i n t e n s i t i e s .  

which can be achieved, This has been observed before  (15) and serves  

t o  burn of f  small i r r e g u l a r i e t i e s  and high spo t s  on t h e  p l a t e  sur face ,  

The "aging" process i s  thought t o  be l imi t ed  by t h e  s m a l l  p i t s  which 

t h e  discharge creates, These p i t s  even with t h e i r  assoc ia ted  sharp 

edges should, however, break down a t  a higher  vo l t age  than the high 

spot  which w a s  burned o f f ,  
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Since t h e  cel l  cannot be evacuated due t o  t h e  window con- 

f igu ra t ion ,  i t  must be f lushed before  f i l l i n g ,  

is f i r s t  f lushed out  wi th  n i t rogen  t o  prevent an explosive a i r  

hydrogeo mixture i n  the  closed cell.  

t h e  gas l i n e s  and ce l l  of n i t rogen  and is burned o f f  as i t  leaves t h e  

c e l l ,  

t rap i s  placed i n  t h e  hydrogen l i n e  t o  remove t h e  water from t h e  

gas ,  and t h e  f lush ing  process is continued, The hydrogen l i n e  t o  

t h e  cold t r a p  i s  l e f t  open a few minutes a f t e r  the  c e l l  i s  brought 

up t o  the  operat ing pressure  t o  f r eeze  out  any remaining water. The 

ce l l  va lve  i s  then closed t o  i s o l a t e  t he  cell .  

read wi th  an accura te  U.S .  Gauge pressure  gauge, 

were used i n  a l l  da t a  included i n  t h i s  work. 

The a i r  i n  t h e  ce l l  

Hydrogen i s  then used t o  f l u s h  

When t h e  l i n e s  are c l e a r  of n i t rogen  a l i q u i d  n i t rogen  cold 

The pressure  i s  

Pressures  of 400 p , s , i ,  

The window arrangement used i n  t h e  c e l l  end caps w a s  unsa t i s -  

fac tory ,  The 5/8 inch th i ck  windows were o r i g i n a l l y  sealed i n  place 

with s i l i c o n e  rubber, 

window down forming the  seal, It w a s  found however t h a t  t h e  s i l i c o n e  

rubber w a s  forced out  from under the  window leaving t h e  cen te r  of the. 

window unsupported, This l ead  t o  a gradual bending of t he  window and 

pressure  leaks ,  A rubber gasket under t h e  window held i n  place with 

s i l i c o n e  rubber gave t h e  same t rouble ,  A cork gasket under the  win- 

dow sea led  with s i l i c o n e  rubber w a s  more r i g i d  and l a s t e d  longer  but 

would eventual ly  blow out  causing a l eak  i n  t h e  cell.  A more satis- 

f ac to ry  arrangement would use  double O-rings; one on each s i d e  

t h e  window, 

The p o s i t i v e  pressure  i n  t h e  c e l l  forces  the  

of 

The 0-ripgs would provide a b e t t e r  seal, and t h e  double 
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O-ring would allow t h e  c e l l  t o  be evacuated, 

a l s o  be easy t o  change. 

The windows would 

Potassium bromide windows were used i n  t h e  cel l  f o r  t h e  S (1) 

hydrogen l i n e ,  and sodium ch lo r ide  windows w e r e  used f o r  t h e  S (2) 

and So(3) l i n e s ,  

cel l  window t o  keep i t s  ambient temperature above t h a t  of t h e  room 

and prevent t h e  window from fogging, 

0 

0 

A 100 w a t t  l i g h t  bulb w a s  placed near  t he  exposed 

3 , 2  High Voltage Supply 

The high vol tage  t o  t h e  S ta rk  c e l l  w a s  suppl ied by a 75,000 v o l t  

transformer power supply from P l a s t i c  Capacitor,  Inc , ,  Chicago, Ill, 

The vol tage  to t h e  cel l  i s  ad jus ted  by a v a r i a c  on t h e  primary s i d e  

of t h e  transformer,  The vol tage  is measured through a 1,000 megohm 

r e s i s t o r  i n  series with an 80 microamp Simpson meter ca l ib ra t ed  a t  

80,000 v o l t s  f u l l  scale. 

vo l t age  l i n e  t o  the  cel l  prevents  cu r ren t s  g r e a t e r  than t h e  r a t i n g  

of t h e  power supply i n  the  event of breakdown across  t h e  plates ,  

The cur ren t  r a t i n g  of t he  power supply i s  f i v e  milliamps, 

A 22 megohm series r e s i s t o r  i n  t h e  high 

Occasionally 

when t h e  wattage r a t i n g  of t h i s  r e s i s t o r  w a s  exceeded during break- 

down, t h e  r e s i s t o r  would explode and the re fo re  ac ted  l i k e  a fuse ,  

An ordinary fuse  burned out  every t i m e  t h e  plates  broke down and 

the re fo re  could not  be used, 

a f f ec t ed  t h e  performance of t h e  power supply,, 

The breakdowns have s o  f a r  not  no t iceably  

Breakdown ac ross  the  p l a t e s  w a s  no t  uncommon. In the  "aging" 

Due process t h i s  w a s  done de l ibe ra t e ly  f o r  s h o r t  per iods of t i m e ,  
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to window problems the cell was occasionally operated with slow pres- 

sure leaks, 

If the cell was opened, the plates would breakdown several times when 

the voltage was turned on again, 

the cell. 

voltage.can then be turned up to the ordinary operating voltage. 

The normal operating voltage was 40,000 volts. 

When the pressure drops the cell will of course breakdown, 

This is due to dust which entered 

Apparently this process destroys the particles since the 

3 .3  Infrared Source 

A carbon rod furnace infrared source shown in Figure 6 and Figure 

7 built for this experiment has proven to be a very reliable and 
0 trouble-free source despite high operating temperatures of 2,600 

Kelvin and large power requirements. Its high operating temperature 

provides usable energy out to about 40 microns and the emissivity of 

the rod is very close to unity. The rod is slotted in the center to 

increase the resistance of this portion of the rod and therefore 

increase the temperature, 

The source was built with reference to designs by Spaunbauer (16) 

and Wiggens (17) in an effort to combine the best features of both 

as well as to make improvements to increase the operating temperature, 

The carbon rod used in the source is spectroscopically pure, 

5/16 inches in diameter and 3-3 /4  inches long, 

in the center a length of 1-1/2 or 2 inches depending on the slot 

configuration. 

grade carbon such as is used in welding, 

The rods are slotted 

The pure carbon proved much superior to ordinary 

These rods contain oil and 
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M a t e r  

F i g u r e  6 .  C a r b o n  r o d  f u r n a c e  
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Figure 7. Carbon rod furnace with gas and power supply 



binder materials which smoke as the  rod is  heated, 

s l o t  configurat ions were t r i e d ;  a rec tangular  c ros s  
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Two d i f f e r e n t  

s ec t ion  s l o t  

and a V-cross sec t ion  s l o t ,  

s l i g h t l y  more energy (about 15%) than t h e  V-slot rod but t h e  small 

s a c r i f i c e  i n  energy w a s  more than compensated f o r  i n  t h e  longer 

l i f e  of t h e  V-slot configuration. The usefu l  l i f e  of t he  V-slot 

rods w a s  about 100 hours; t he  l i f e  of t h e  rec tangular  s l o t  only 

about 40 hours. Another advantage of t he  V-slot is  t h a t  a s l i g h t  

misalignment i n  t h e  r o t a t i o n a l  placement of the  rod i n  i ts  holder  

should make no d i f fe rence .  The V-slot w a s  made with a 60 c u t t e r  t o  

a depth of 0.110 inch. The ends of t h e  two inch long s l o t  are not 

t h i s  deep but only t h e  center  one inch por t ion  i s  used as a source. 

The rod is  held i n  place by twotone inch diameter copper 

The rectangular  s l o t  gave off  

0 

electrodes.  

cooled through holes  d r i l l e d  a x i a l l y ,  

s i lver soldered a t  i t s  j o i n t  mainly f o r  s t r eng th  r a t h e r  than tempera- 

t u r e  considerat ions,  

The e lec t rodes  car ry  power t o  t h e  rod and a r e  water 

The r i g h t  angle  e lec t rode  i s  

The e lec t rodes  and carbon rod are encased i n  a water cooled case; 

This w a s  accomplished simply by wrapping t h e  c y l i n d r i c a l  case with 

copper tubing and s o f t  solder ing t o  provide good thermal contact ,  

The top and bottom of t h e  case are a l s o  cooled with tubing wrapped 

c i r c u l a r l y  and connected t o  t h e  cooling c o i l s  on t h e  s ide ,  

The case is f lushed with argon before  t h e  rod is heated and kept 

a t  about 3 p,s . i .  p o s i t i v e  pressure (gauge) while t he  rod is operating. 
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In order to eliminate problems from a small amount of water in the 

argon, the gas was dried by passing it through a drying agent 

before entering the case. 

The window and window holder were the only troublesome features. 

The first window holder made, used flat rubber gaskets as seals. 

These gaskets were exposed to the radiation coming through the window, 

and quickly carbonized and allowed the case to leak. Even when the 

gaskets were shielded with aluminum foil to prevent the carbonizing, 

the flat gaskets continued to leak as often as not, Both problems 

were solved simultaneously and satisfactorily by making a new window 

holder shown in Figure 6 which was soft soldered into the case, The 

seal at the window is made by an O-ring placed in a rectangular slot 

around the window opening, 

by a spacer which is pressed against the window by a plate bolted to 

the front of the holder. Different spacers allow different window 

thicknesses to be used. 

The window is pressed against this O-ring 

One problem which persists occasionally is window breakage, 

due to the high temperatures, However, if the source is heated and - 

cooled slowly, the number of windows broken can be kept to a minimum. 

The most reliable window material seems to be sodium chloride, which 

is better able to withstand the high temperatures and temperature 

changes. To keep window fogging to a minimum, a 100 watt light bulb 

is placed in front of the window to keep its temperature above the 

ambient temperature of the room, when the furnace is not operating, 
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The i n s i d e  su r face  is  kept clear by t h e  drying agent I n ' t h e  

argon l i n e .  

For t h e  preliminary work i n  t h e  fundamental region, a commercial 

quar tz  iod ine  lamp with an advert ised tempecature of 3,000' Kelvin 

w a s  a very s a t i s f a c t o r y  source,  

3 , 4  High Current Power Supply 

The power supply f o r  t h e  carbon rod furnace in f r a red  source 

shown i n  Figure 8, is  made up of two, s i x  v o l t  transformers r a t ed  

a t  500 amps, connected i n  series. 

cont ro l led  by a l a r g e  va r i ac  r a t ed  a t  22 amps. 

secondary is  measured by a cur ren t  transformer and Simpson meter. 

ca l ib ra t ed  t o  read 500 amps , fu l l  sca le , ,  Normal opera t ing  cur ren t  

through t h e  carbon rod i s  400 amps. 

The 220 v o l t  primary vol tage  i s  

The cur ren t  i n  t h e  

Ordinary welding cable  r a t ed  a t  400 amps w a s  not l a r g e  enough 

t o  handle t h i s  cur ren t  continuously, and became very hot  during 

operation. 

much cooler  and consequently took less power away from t h e  rod. 

Large lugs soldered on the  ends of t h e  cable  make the  connection a t  

t h e  power supply and source. 

A l a r g e r  cable  with a w i r e  diameter of 3 / 4  inch operated 

A s a f e t y  f e a t u r e  added t o  t h e  power supply automaticalJy tu rns  

off  t h e  power t o  t h e  source i n  case t h e  water is turned off  o r  drops 

s i g n i f i c a n t l y  i n  pressure,  while t h e  furnace is operat ing,  Also t h e  

rod cannot be turned on without tu rn ing  on t h e  water. A pressure  
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sensing Mercoid switch is tripped when the cooling water is turned 

on. 

switch which is then closed to apply voltage to the primary. 

the water pressure changes significantly the Mercoid switch opens, 

opening the magnetic starter switch which automatically turns off 

the power to the carbon rod source before any damage can occur. 

This completes the circuit to a heavy duty magnetic starter 

If 

The operating procedure is more complicated than that used 

with conventional sources, The case is first flushed with argon 

and the pressure adjusted to about 3 p.s,i. pos5tive pressure. 

The gas line is kept open since the case leaks slightly. 

switch is turned on with the variac set at zeroe 

since the Mercoid switch derives its power from the incoming voltage. 

The water is turned on to a preset pressure which closes the Mercoid 

switch. 

magnetic starter switch which puts power on the primary. 

is then turned up until the current in the secondary is 150 amps, 

which starts the rod, 

intervals over a period of about five minutes to give the window 

The main 

This is necessary 

Closing the Mercoid switch completes the circuit to the 

The variac 

The variac i s  then turned up slowly in 25 amp 

ample time to adjust to the temperature change, until the operating 

current of 400 amps is reached, 

losses have occurred is about 10-5 volts, 

of the rod at these conditions is about 2,600' Kelvin as measured 

with an optical pyrometer. 

The voltage at the rod after line 

The opergting temperature 

Figure 9 shows the energy of the carbon 
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rod a t  t h e  de t ec to r  as a funct ion of t he  rod cu r ren t  a t  a wave- 

length of about 4.5 microns. 

3.5 Soectrometer and Optics  

The vacuum-grating spectrometer used i n  t h i s  experiment w a s  

b u i l t  i n  1957 and i s  described by Herndon, Deeds, Gailar, Herget, 

Love11 and Nielsen (18). The f o r e  o p t i c s  w e r e  changed i n  order  

t o  be a b l e  t o  use the  S tark  cel l  ou ts ide  the  spectrometero The 

cel l  w a s  operated ou t s ide  t h e  spectrometer f o r  several reasons: 

The danger of explosive hydrogen leaking from t h e  c e l l  

i n t o  t h e  tank. 

but when a i r  i s  admitted i n t o  the  tank as it  i s  opened, 

an explosive mixture could r e s u l t .  

The danger of a spark jump from t h e  high vol tage  connector 

i n  a vacuump 

The o r i g i n a l  sample ce l l  area o p t i c s  d id  not allow enough 

room f o r  t h e  c e l l ,  

Convenience i n  r e f i l l i n g  and working on t h e  cell. 

The de tec to r  f o r  t he  pure r o t a t i o n a l  l i n e s  could not  be 

operated e f f i c i e n t l y  i n  a vacuum. 

1. 

This represents  no danger i n  a vacuum 

2, 

3. 

4 .  

5. 

The ce l l  w a s  placed ou t s ide  t h e  spectrometer on a t a b l e  with 

t h e  in f r a red  source and mirror  t o  focus t h e  r a d i a t i o n o n  t h e  end 

of t h e  p l a t e s .  The cell  w a s  fas tened t o  a p o r t  on t h e  spectrometer 

bulkhead with a p l a t e  made f o r  t h a t  purpose, and sealed with O-rings. 
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The r a d i a t i o n  from t h e  carbon rod i s  co l l ec t ed  by M 1  and 

focused onto t h e  end of t h e  p l a t e s  through t h e  cel l  windows as 

shown i n  Figure 10. 

is f-10 as it e n t e r s  t h e  p l a t e s .  

M 1  magnifies t h e  image by two, and t h e  beam 

The r a d i a t i o n  is  t ransmit ted 

wave guide fashion by t h e  p l a t e s  and i s  allowed t o  diverge as i t  

s t r i k e s  M2, M3 and Mb, shown i n  Figure 11. 

provide a long path t o  M5 so  t h a t  t h e  beam may be reduced 2 : l  as 

These f l a t  mir rors  

it e n t e r s  S l y  t h e  entrance sl i t  t o  t h e  f o r e  o p t i c s ,  The spectro- 

meter o r i g i n a l l y  had a monochrometer system which w a s  modified i n  

1962 t o  remove t h e  prism i n  favor  of using band pass f i l t e r s .  

The f i l t e r s  were t r i e d  but  proved t o  be inadequate i n  separa t ing  

t h e  orders  of t h e  gra t ing .  The prism w a s  t he re fo re  put back i n  and 

real igned,  

The prism mirror  d r i v e  which s e l e c t s  t h e  r a d i a t i o n  passed by 

t h e  prism is  not  ca l ib ra t ed  i n  wave numbers and so a scheme had t o  

be devised t o  f ind  t h e  pos i t i on  of t h e  des i red  r ad ia t ion ,  This 

w a s  accomplished by observing t h e  angular pos i t i on  of t h e  gra t ing  

orders  near  c e n t r a l  image. For example, i f  i t  were des i red  t o  

pass  10 micron r ad ia t ion ,  t h e  g ra t ing  equation w a s  used t o  c a l c u l a t e  

t h e  angle  a t  which 10 micron r ad ia t ion  from t h e  g ra t ing  w a s  d i f f r a c t e d  

i n ,  f o r  example, fou r th  order. The prism mir ror  was then adjusted as 

t h e  orders  were run u n t i l  t h e  f w h  order coincided with the ca lcu la ted  

angle. The prism is  then passing 10 micron r ad ia t ion ,  The reading 

on tbe prism mir ror  d i a l  can then be recorded f o r  f u t u r e  use of t h a t  
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s e t t i n g .  A potassium bromide prism w a s  used f o r  t h e  S (1) l i n e  
0 

while  sodium chlor ide  w a s  used f o r  t h e  S (2) and S0(3) l i n e s ,  
0 

The g ra t ing  o p t i c s  shown i n  Figure 12 were not  changed with t h e  

Several g ra t ings  were t r i e d .  exception of realignment and focusing. 

For t h e  fundamental an e igh t  inch g ra t ing  with 600 grooves per  mom. 

w a s  used i n  f i r s t  order.  

m.ms g ra t ing  blazed a t  63-1/2' w a s  used. 

were observed i n  f i f t h ,  fou r th  and t h i r d  orders  of t h i s  g ra t ing  i n  

order  of decreasing wave number. 

l i n e s  appeared i n  t h e  t en th  and eleventh orders .  

width f o r  t h e  So(l)  l i n e  w a s  . 0 8 ~ m - ~ ,  f o r  t h e  S0(2) l i n e ,  O.lcm-', 

For t h e  pure r o t a t i o n  l i n e s  a 30 groove per 

The pure r o t a t i o n  l i n e s  

The carbon monoxide c a l i b r a t i o n  

The s p e c t r a l  s l i t  

and f o r  t h e  S (32 l i n e ,  0.2cm-'. 
0 

3.4 Detector 

An uncaoled Santa Barbara Research Center lead  s u l f i d e  de t ec to r  

w a s  used i n  preliminary work with t h e  fundamental of hydrogen, 

t he  work was subsequently d i r ec t ed  t o  t h e  pure r o t a t i o n  l i n e s ,  a 

thermocouple by Charles M, Reeder w a s  i n s t a l l e d  i n  place of t h e  lead 

s u l f i d e  de tec tor .  The thermocauple w a s ,  however, not s e n s i t i v e  

enough i n  t h e  energy l imi ted  region of t h e  pure r o t a t i o n  l i n e s ,  and 

w a s  replaced by a copper-doped germanium, l i q u i d  helium cooled Santa 

Barbara Research Center de tec tor .  

w a s  not  designed t o  f i t  i n t o  t h e  present  spectrometer,  and a holder  

had t o  be made t o  hold i t  i n  p laceo  A simple t h r e e  post holder  was  

A s  

This de t ec to r  with i ts  c ryos t a t  
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made and t h e  de t ec to r  o p t i c s  changed t o  d i r e c t  l i g h t  i n t o  t h e  

de t ec to r  as shown i n  Figure 11 on page 40. 

o p t i c a l  axis because of t h e  height  of t h e  de t ec to r  c ryos t a t ,  

A potassium bromide window w a s  used i n  the  d e t e c t o r  f o r  a l l  work 

w i t h  t h e  pure r o t a t i o n a l  l i n e s .  

This involved dropping t h e  

The copper-doped germanium de tec to r  w a s  about e igh t  t i m e s  as 

s e n s i t i v e  as t h e  thermocouple and made de tec t ion  of t h e  lines 

poss ib le ,  but  c rea ted  i ts  own problems. The l i q u i d  helium hold 

t i m e  i n  t h e  de t ec to r  w a s  only about two hours which lead  t o  a 

r a t h e r  heavy use of l i q u i d  helium. The s h o r t  hold t i m e  a l s o  meant 

t h a t  t he  l i n e s  had t o  be run i n  air ,  s ince  t h e  spectrometer tank 

takes  over two hours t o  evacuate. The de tec to r  dewar uses  a vacuum 

insu la t ion  which must be repumped i f  t he  dewar is allowed t o  warm 

up. Af te r  the  vacuum i n s u l a t i o n  has been evacuated, t he  dewar must 

ba tp rech i l l ed  with l i q u i d  n i t rogen  which is  poured out  before  t h e  

l i q u i d  helium can be put i n ,  

of t h e  dewar t o  accept t h e  l i q u i d  helium, i t  w a s  necessary t o  keep 

l i q u i d  helium i n  t h e  de t ec to r  u n t i l  t h e  supply w a s  gone, 

t i m e  of only two hours t h i s  meant working 24 hours a day as long as 

t h e  l i q u i d  helium l a s t e d ,  

With a l l  t he  t i m e  spent i n  prepara t ion  

With a hold 

It i s  f e l t  t h a t  t h e  s h o r t  hold t i m e  i n  t h e  dewar i s  due t o  

i n s u f f i c i e n t  vacuum i n  t h e  vacuum insu la t ion .  

used w a s  6 ~ 1 0 - ~  Torr,  

The average pressure  



44 

3 5 Elec t ronics  

The copper-doped germanium de tec to r  w a s  biased with a 45 v o l t  

b a t t e r y  i n  series with a 7,5 kilohm r e s i s t o r  and a 5 kilohm v a r i a b l e  

potentiometer,  The de tec to r  b i a s  cur ren t  w a s  monitored on a f i v e  

m i l l i a m p e r e  Simpson meter and ad jus ted  t o  t h e  recommended t h r e e  

mill iampere b i a s  cur-rent, 

metal box t o  e l imina te  any pick-up problems. 

These components were sh ie lded  i n  a 

A 600 C.P.S. b a r r e l  type chopper w a s  used both with t h e  

copper-doped germanium de tec to r  and t h e  l ead  s u l f i d e  de tec tor .  

The s i g n a l  w a s  amplif ied by a Princeton Applied Research Type A 

preampl i f ie r  and HR-8 lock i n  amplifer ,  

recorded by a s i n g l e  pen Mosely recorder.  

The amplified s i g n a l  w a s  



CHAPTER IV 

EXPERIMENT AND OPERATING CONDITIONS 

The hydrogen fundamental vibration-rotation spectrum was run 

as a preliminary check on the cell and spectometer, The lines were 

run using the quartz iodine lamp as an infrared source, the 600 

grove per momp grating, the 2-4 micron band pass filter to separate 

the orders of the grating and the uncooled lead sulfide detector. 

All of these components have been discussed in the previous sections. 

After calibrating the grating with CO and HF lines, the hydrogen 

fundamental lines were found easily. 

is really a hydrogen line is easy under ideal conditions; i.e. plenty 

of energy, strong lines, and good signal to noise ratio. It is not 

enough merely to turn off the field and observe if the lines dfs- 

appear. The field can cause some shift in the positions of water 

lines if the water is in the cell, and turning off the field could 

shift one of these lines faf: enough to make it seem to disappear. 

addition, turning off the field sometimes causes a shift in the pen 

position. 

To determine if a suspect line 

In 

These uncertainties make this test not quite reliable. 

The most reliable way to test a suspect line is to observe the 

line several times as the field is decreased toward zeroo This gradual 

decreasing of the field allows the observer to keep up with any changes 

in energy, and if the line is a'hydrogen line' the absorption'wlll' 
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decrease i n  a p red ic t ab le  manner as t h e  f i e l d  i s  decreased. 

Ql(0), Ql(l)9 Q1(2) and Q1(3) hydrogen fundamental l i n e s  are shown 

i n  Figure 13, 

The 

The e f f e c t s  of decreasing t h e  f i e l d  is shown i n  

Figure 14 f o r  t h e  Q l ( l )  fundamental l i ne ,  

The pure r o t a t i o n a l  l i n e s  w e r e  run using t h e  carbon rod fur-  

nace as an in f r a red  source, t h e  30 groove per  m o m o  gra t ing ,  a 

sodium chlor ide  o r  potassium bromide prism and t h e  l i q u i d  helium 

cooled copper-doped germanium de tec tor .  

have been discussed i n  t h e  previous sec t ions ,  

Again a l l  of t hese  components 

The running condi t ions f o r  t h e  So( l )  l i n e  s h o h  i n  Figure 15 

w e r e  c lose  t o  idea l .  The l i n e  w a s  run i n  t h e  t h i r d  order  of t h e  

g ra t ing  and w a s  ca l ib ra t ed  using t h e  R(O) and R(3) 60 l i n e s  i n  the  

eleventh order  of t h e  gra t ing ,  

t o  separa te  t h e  orders  of t he  gra t ing ,  

The potassium bromide prism was  usgd 

A linear in t e rpo la t ion  w a s  

used t o  determine t h e  pos i t i on  of t h e  hydrogen l i n e .  

The conditions f o r  t he  S o ( 2 )  and S0(3) hydrogen l i n e s  dhown i n  

Figure 16 were not near ly  so  idea l .  The S (2) i n  t h e  fou r th  order  

of t h e  g ra t ing  and t h e  S (3) i n  t h e  f i f t h  order  l a y  very c lose  to- 

ge ther  on t h e  g ra t ing  so it  w a s  decided t o  run t h e  l i n e s  a t  t h e  same 

0 

0 

t i m e ,  The l i n e s  w e r e  between the  t e n t h  and eleventh orders  of 60 

on t h e  g ra t ing ,  and both o rde r s  were used f o r  ca l ib ra t ion .  

t h e  overlapping order  of t h e  CO l ines ,  not a l l  t h e  l i n e s  w e r e  usable. 

However, a t  least eleven l i n e s  w e r e  usable  i n  each runo The usable  

l i n e s  w e r e  considered t o  be too f a r  away from t h e  unknown l i n e s  f o r  

Due t o  
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200,000 volts/cm. 

F i g u r e  14. F i e l d  d e p e n d e n c e  of the  0,II) l ine  
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F i g u r e  15. SOW pure rotational hydrogen line 
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SJ3) : 200,000 volts/crn, 

F igure  16, SJ2l and--S&3) p u r e  r o t o t i o r r o l  h y d r o g e n  lines 
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a linear interpolation, 

were determined by using a curve determined from the best fit of 

the CO lines to the equation: 

Therefore the unknown line positions 

\ r = A 1 + B I X + C  X 2 + D  X 3 
i 1 

where v is the frequency of the line and X is its chart position 

measured from some arbitrary starting point. A computer program 

was used to determine the coefficients of this equation using the 

known CO frequencies and chart positionsland then used the curve 

of best fit to determine the frequencies of the hydrogen lines 

from their char$ positions. 

The line centers of the CO calibration lines and the So(l) 

hydrogen line were determined by drawing a number of lines parallel 

to the base line. 

The line center was taken to be the average of the centers of 

these parallel lines, 

base lines which made line center determinations more difficult, 

since the angle of the base line was not constant over a long 

enough length, 

was due to the energy curve coming from the prism. The change in 

energy in the vicinity of the lines was very rapid, and with the 

reproducibility and course adjustment of the prism, it was impossible 

The So(2) and S (3) lines were on sloped 
0 

The sloped base was an instrumental difficulty and 

to put these lines at the bottom of the curve where the base was 

almost flat, 
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A t  f i r s t  t h e  sloped base w a s  considered t o  be a se r ious  problem 

and would s h i f t  t h e  measured l i n e  center  by a considerable  amount. 

However t h e  angle  of t h e  base l i n e  w a s  not  near ly  so grea t  as it 

appeared. 

t h e  ampl i f ie r  so t h a t  t h e  100% absorpfion level was f a r  beyond t h e  

top of t h e  recording paper, The high gain magnified t h e  s lope  and 

made it  appear t o  be as much as 30'. 

from one s i d e  of t h e  l i n e  t o  t h e  o the r  w a s  i n  no case g rea t e r  than 

4% and w a s  i n  most cases  only about 2%. 

base l i n e  and i t s  e f f e c t  on t h e  pos i t i on  of t h e  l ine center  should 

be less than t h e  accuracy of t h e  l i n e  center measurements, Attempts 

t o  c o r r e c t  f o r  t h e  e f f e c t s  of t h e  sloped base by, po in t  by poin t  

subt rac t ion  merely confirmed t h e  f a c t  t h a t  t h e  base w a s  almost f l a t ,  

s ince  t h e  sub t r ac t ion  process made t h e  l i n e s  increas ingly  asymmetric 

These two l i n e s  were run with an off-set  s i g n a l  fed i n t o  

The change i n  energy, however, 

This is c lose  t o  a f l a t  

as t h e  angle  of t h e  base w a s  increased. The l i n e  centers were 

measured, therefore ,  by drawing a number of l i n e s  p a r a l l e l  t o  t h e  

edge of t h e  paper through the  unknown l i n e  and f inding the  average 

of t h e  centers  of t hese  l i n e s ,  

An add i t iona l  cor rec t ion  had t o  be made f o r  t h e  S o ( 2 )  l i n e  t o  

f ind  i ts  l i n e  center ,  A weakly absorbing atmospheric l i n e  (probably 

H20) l a y  under t h e  high frequency s i d e  of t h i s  l i n e ,  and i t s  e f f e c t  

w a s  enough t o  make the  l i n e  asymmetric so  t h a t  its l i n e  center  

would be d i f f i c u l t  t o  measure, 

were observed t o  be symmetric wi th in  the  l i m i t s  of t he  noise ,  and 

The So( l )  and So(3) hydrogen l i n e s  



so  t h e  S (2) l i n e  w a s  assumed t o  be symmetric when t h e  e f f e c t  

atmospheric l i n e  w a s  neglected.  The l i n e  w a s  superimposed on 

0 
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of t h e  

the  

high frequency s i d e  of t h e  l i n e  and did not seem t o  a f f e c t  t h e  

shape of t h e  low frequency s ide .  

f o r e  t raced  on paper and then reversed and t r ans fe r r ed  t o  t h e  o ther  

s i d e  of t h e  l i n e .  The l i n e  centers  w e r e  then determined i n  t h e  

manner described above. 

This low frequency s i d e  w a s  there- 

The pure r o t a t i o n  l i n e s  were ca l ib ra t ed  exclusively with CO 

The frequencies of these  l i n e s  i n  the  proper order  absorpt ion l i n e s ,  

w e r e  taken from Rao (19). Since t h e  l i n e s  were run i n  a i r ,  these  

vacuum frequencies were converted t o  a i r  values  using t h e  t a b l e s  by 

Ed& reproduced i n  Rao (19) The measured frequencies of t he  pure 

r o t a t i o n  l i n e s  were therefore  i f i  air  values  and w e r e  converted back 

t o  vacuum frequencies ,  again using Edlenss  t a b l e s  i n  Rao (19),  
8 



CHAPTER V 

RESULTS 

The measured l i n e  frequencies of t.,e pure r o t a t i o n  ines  of 

hydrogen are shown i n  Table V and are compared t o  t h e  frequencies 

measured by Stoicheff (5) using Raman techniques and t h e  frequencies 

ca l cu la t ed  by Brannon (10) from constants  obtained from electric 

f i e l d  induced work with t h e  fundamental vibrat ion-rotat ion l i n e s  

of hydrogen, 

of e i t h e r  Stoicheff o r  Brannon. 

only s l i g h t l y  higher  and is very c lose  t o  S to i che f f ' s  da ta .  

t h e  p o s i t i o n  of t h e  So(2) and t h e  S o ( 3 )  l i n e s  i s  s h i f t e d  upward by 

about 0.12 cm-' from Stoichef f * s  da ta ,  

together  and t h e  p o s s i b i l i t y  of a systematic e r r o r  exis ts ,  

poss ib l e  source of a systematic e r r o r  of t h i s  magnitude is  no t  known, 

The poss ib l e  sources of e r r o r  are: 

The frequency of each l i n e  i s  higher  than t h e  values  

The pos i t i on  of t h e  S o ( l )  l i n e  i s  

However, 

These two l i n e s  were measured 

The 

1. Pressure s h i f t s  of t h e  pure r o t a t i o n  l i n e s  of a magnitude 

g r e a t e r  than t h a t  predicted from t h e  d a t a  of May, e t o a l o ( l l ) o  

2. Pressure s h i f t  of t h e  CO c a l i b r a t i o n  l i n e s  due t o  t h e  rela- 

t i v e l y  high pressures  (about one-half atmosphere) used i n  

t h e  c a l i b r a t i o n  ce l l ,  This was necessary because of t h e  

s h o r t  path length ce l l  used and a l s o  due t o  t h e  f a c t  t h a t  

t h e  c a l i b r a t i o n  l i n e s  used were near t h e  end of t h e  CO 

branch 

54 
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TABLE V 

FREQUENCIES OF THE PURE ROTATION LINES 

Observed t h i s  Observed by Calculated 

Brannon [cm 
Experiment Stoichef f bY 

-1) -1 -1 Line ,(cm 1 (cm ) 

S o ( l )  587.079 f .02 587 055 587 023 

So (2) 814 523 f .05 814 406 814 400 

S (3) 1034.765 P .05 1034 651 1034 622 
0 
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3. The sloped base l i n e s  on which t h e  two hydrogen l i n e s  were 

located 

The presence of t h e  s m a l l  atmospheric l i n e  under t h e  S (2) 

l i n e  

4 .  
0 

The magnitude of t h e  pressure s h i f t  of t h e  hydrogen l i n e s  w a s  

-1 considered neg l ig ib l e  being of t he  order  of magnitude of .01 cm 

The magnitude of t h e  s h i f t  of t h e  CO l i n e s  i s  very small and is  

n e g l i g i b l e  p a r t i c u l a r l y  i n  view of t h e  f a c t  t h a t  any s h i f t  is reduced 

by a f a c t o r  obtained from t h e  r a t i o  of t h e  order  of t h e  unknown 

l i n e  t o  t h e  order of t he  CO l i n e s .  

S (2)  l i n e  t h e  f a c t o r  would be 4/10, The e f f e c t  of t he  base l i n e  

has been discussed and w a s  not  g rea t  enough t o  produce a s h i f t  of 

t h i s  magnitude, 

S (2) l i n e  w a s  corrected f o r  approximately as discussed i n  t h e  

previous chapter and could not  i n  any case have produced such a 

l a r g e  s h i f t ,  

constants  with t h e  da ta  of Stoicheff (5) and Brannon (10) even with 

t h e  l imi ted  amount of d a t a  used t o  determine t h e  constants ,  i t  i s  

f e l t  t h a t  t h e  r e l a t i v e  pos i t ions  of t h e  l i n e s  are co r rec t ,  Further 

work with the  el iminat ion of t h e  poss ib le  sources of e r r o r  mentioned 

should determine t h e  pos i t i ons  of t h e  l i n e s  more accurately,  

For example, i n  t he  case of t h e  

0 

The e f f e c t  of the  atmospheric l i n e  underneath the  

0 

In  l i g h t  of t h e  c lose  agreement of t h e  molecular 

The molecular constants  ca lcu la ted  from t h e  appropriate  equations 

from Table I on page 9 are given i n  Table V I ,  

those ca lcu la ted  by Stoicheff  (5) and Brannor- (10) and agree favorably 

with both, The value of H does-not  agree as w e l l  but is s a t i s f a c t o r y  

considering t h e  l imi t ed  amount of da t a  used t o  determine t h e  constants ,  

These are compared t o  

0 
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TABLE V I  

MOLECULAR CONSTANTS OF HYDROGEN 

Calculated t h i s  Calculated by Calculated by 
Experiment (cm-1) Stoicheff  (cm'l) Brannon (cm-l) 

59 332 f .005 59 0 339 f .005 59,334 * .003 

0450 f .004 0443 i .003 0457 j t  .0003 

3 . 1 ~ 1 0 - ~  i I X ~ O - ~  5 ~ x I O - ~  i 5 ~ 1 0 ~ ~  4 ~ x I O - ~  f: 8 ~ 1 0 - ~  



CHAPTER VI 

CONCLUSION AND SUGGESTIONS FOR FUTURE W O E  

In conclusion the electric field induced technique fGr observing 

normally forbidden infrared transitions is a valuable tool for probing 

the structure of homonuclear molecules. Second generation Stark cells 

with no spacers between the plates should provide higher electric field 

intensities and enable more lines to be observed, 

shape measurements should become more accurate with the increased 

line intensities due to the higher fields, Probably the most impor- 

tant next step in the field of electric field induced spectrum is 

to look for the infrared spectrum of the nitrogen and oxygen molecules. 

A very high resolution spectrometer would be required for this work 

since the lines would be much closer together than the hydrogen lines. 

Intensity and line 

Several molecules such as C 0 2  have normally forbidden transitions 

which might be observed using the Stark effect to reduce the symmetry 

of these modes. It might also be possible to increase the magnitude 

of a small dipole moment in a molecule to enhance the observation of 

its infrared spectrum, 

There are other more specialized studies to be done such as an 

extension of the work done in this experiment with the pure rotation 

lines : 

1. 

2. 

Look for the So(0 )  line and possibly the S o ( 4 )  line, 

Determine the frequencies and molecular constants more accw 

rately, 
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3. Study t h e  pressure s h i f t s  of t he  l i n e s .  

4. 

I n  t h e  fundamental v ibra t ion- ro ta t ion  spectrum of hydrogen the  

Make i n t e n s i t y  and l i n e  shape measurements, 

l i n e s  are s t rong  enough t o  make good sub jec t s  f o r  a study of frequency 

s h i f t  due t o  t h e  appl ied electric f i e l d ,  

The f u l l  u t i l i t y  of t h e  electric f i e l d  induced technique has 

not  near ly  been f u l l y  exploi ted and should provide an increasing wealth 

of knowledge of molecular processes i n  t h e  f u t u r e ,  
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