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5. RESULTS AND DISCUSSION 

5.1. Introduction 

In this section we present the results obtained for s ix  

systems: helium, molecular nitrogen, carbon monoxide, molecular 

hydrogen, acetylene, and ethylene. 

Energy-loss spectra, where given, a r e  unretouched X-Y 

recorder traces obtained from the count-rate-meter (see  section' 
.. , 

4.3.4.3). The basic data (energy-loss spectra) a r e  obtained as 
. . 

follows : 

(1) The instrument is "tuned" and stabilized as discussed in 

section 4.3. 

(2) At some initial scattering angle (usualiy near 40") an 

energy-loss spectrum is recorded. 

(3) The scattering angle is increased by 10" and another 

energy-loss spectrum is obtained. This procedure is repeated until 

the entire angular range has been scanned from two to eight times. 
.- 
.I..,. The e r r o r  bars  assigned to derived quantities (such as peak 

height ratios and differential c ross  sections) a r e  determined as 

follows: If XI, & , . . . XN represent a set  of measurements of the 

same quantity, 'then the quoted value is k* AX where 

and AX is simply the average e r r o r ,  



The er ror  in the differential cross sections at low angles introduced . 

b y  the volume correction factor (section 4.4.4. 4) is not specifically 

indicated on the figures but we estimate it to be negligible (i. e. , 
< 5%) for angles (8) greater than 30" and a t  most 20% for 8 = 10". 
N 

5.2, Helium 

. .  5.2.1. Introduction 

The electron-impact excitation of helium has been the subject 

(47) of a great many experimental and theoretical investigations . 
However, relatively few of these dealt specifically with the angular 

dependencies of inelastic differential scattering cross sections (DCS). 

Measurements at fixed scattering angles near 0" (129) and 900 (130) 

over a wide range of incident electron energies disclosed significant 

differences in the relative DCS for optically allowed and forbidden 

transitions. It was generally found that the ratios of DCS for 

forbidden transitions to those for allowed ones were greater for lower 

impact energies at  a fixed scattering angle and for larger scattering 

angles at a fixed incident energy. The basis for this behavior is 

qualitatively well understood (refer to section 3) although no theoretical 

calculations have yet proved reliable in predicting the shape of the 

various inelastic DCS below about 100 eV (nor above this for 

exchange excitation(32)). Silverman and Lassettre (131) have shown 

' .  l ia t  the Borll approximation prediction of the total cross section 
-. 



1 1 
for the 1 S - 3 P transition is significantly in e r r o r  below about, 

100 eV. Vriens, e t  al. (32) have determined that the Born approxi- 

mation is not valid for predicting DCS below about 200 eV for the 
1 1 1 

l S - 2 P transition nor below 400 eV for the 1 S -- 2's one. Also 
3 

they point out that the DCS for the 1's - 2 S transition decreases 

rapidly for angles greater than 5" at incident electron energies 

between 100 eV and 225 eV. This is in direct contradiction to the 

Born-Oppenheimer or  Ochkur -Rudge exchange approximations (see 

section 3). . I t  is interesting to note,, however, that the, Ochkur - 

Rudge approximation apparently predicts nearly the correct  shape 

(peak near 8 = 90") of the DCS for this transition at impact energies 

quire close to threshold(66). I t  would be of interest to study this 

DCS as a function of incident energy to determine at what energy 

it begins to peak forward. 

There a r e  only three previous experimental measurements 

with which we can (and will) compare our results: 

(1) The peak intensity ratios for several helium transitions 

determined by Chamberlain, e t  al. (21) at a 0" scattering angle and 

incident energies from 22 eV to 81 eV, 

(2) .the measurements of Simpson, e t  al. (31) on the shape 
1 3 1 1 

of the 1 S -- 2 S ,  2 S ,  and 2 P DCS for 5" 5 0 5 60" and 56.5 eV 

incident energy, and 

(3) E hrhardt and ~ i ~ h a n n ' s ' ~  7b) determination of the shape 

of the 1's - 2's DCS as a function of 8 at 24 eV. 



3 1 3 
In addition, the DCS for excitations of the 2 S ,  2 S,  and 2 P states 

I 
relative to that of the 2 P one provide essential information about the 

differences between the angular dependencies of scattered electron 

intensities for transitions which a r e  optically spin- and/or symmetry- 

forbidden and those of an optically allowed one. . 

5.2.2. Energy Scale calibration 

As noted previously (section 4.4. 6), the energy-loss scale 

is calibrated simply by tuning the instrument on the elastic peak 

with VSWp = 0. The energy-loss in eV is then numerically equal to 

the sweep voltage without any contact potential corrections (an 

experimental verification of this is presented in section 5.2.3). 

However, there is a contact potential associated with the 

incident beam (as discussed in section 4.4.3.5). In the present 

work, this potential was determined experimentally for helium by 

observing the 57.1 eV and 58.2 eV helium resonances(31). Although 

this calibration of the contact potential is necessarily valid only at 

these particular energies (67-58 eV), it was assumed to be correct  

throughout the impact-energy range studied (- 25 eV to - 57 eV). 

This correction has been applied to all of the quoted impact-energies 

for helium. 

5.2. 3. Results and Discussion 

Figure 5.2-1 shows an energy-loss spectrum of helium at 

an impact energy of 34 eV and a scattering angle ( 8 )  of 25". The 

resol.ut.ion (FWFW of the elastic as well, as the inelastic peaks) is 



Figure 5.2-1. Energy-loss spectrum of helium. Incident beam energy ( E d  

= 34 eV; incident beam current (Io) = 3. 2 X 10" A; scattering angle ( 8 )  = 25" ; 

scan ra te  (SRi = .010 ~ / s e c ;  rate-meter time constant (TC) = . 5 sec;  

scattering chamber pressure (P) = 3 x torr .  
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0.10 eV, which is sufficient to clearly resolve the five lowest-lying 

transitions. The positions of the centers of the observed peaks a r e  

given in eV by the numbers labelled obs. Those labelled opt. were 

obtained from Moore's table of atomic energy levtiis (optical 

data). The agreement between the - obs. and opt. values is within 

the accuracy with which the peak positions can be determined for 

this resolution. In particular, the very intense 2 ' ~  peak can be 

located to within .001 eV (- 1% of its FWHM) while the weaker and 

somewhat overlapping n = 3,4,  . . . , etc. levels can be determined to 

within . O 1  eV (- 10% of their FWHM). The pertinent instrumental 

settings for figure 5.2-1 a r e  given in the figure caption. 

Figure 5. 2-2 shows three impact spectra of helium collected 

under identical conditions except for different scattering angles of 

0" , 30" , and 60". The four peaks in  these spectra correspond to 
3 

transitions from the 1's ground state to the 2 S (spin- and symmetry- 
3 1 

forbidden), 2 l ~  (symmetry-forbidden), 2 P (spin forbidden), and 2 P 

(optically allowed) states. 

Since the peak shapes a r e  not a function of angle, the 

respective peak heights a r e  directly proportional to the DCS for that 

transition. Since the collection efficiency is not a function of energy- 
' 

loss  (section 4.4.4.3), i t  follows that the rat io of two peak intensities 

at the same angle is equal to the corresponding rat io of the DCS a t  

that angle. (Note that the volume correction cancels. ) Figures 

4 5.2-3, -4, -5, and -6 contain plots of the 23~/21P, 2 '~/2lP,  and 

2 3 ~ / 2 1 ~  peak intensity ratios(and hence the DCS ratios) as a function 



Figure 5. 2-2. Energy-loss spectra of helium at scattering angles 

of8 = 0 ° ,  30°, and60°. E o = 3 4 e V ,  I = I X  IO-*A, P = 2 x 1 0 ' ~ t o r r .  
0 

6 = 0" scan: SR = .010 v/sec,  TC = 0.5 sec. 

8 = 30" scan: SR = .005 v/sec,  TC = 1 sec. 

8 = 60" scan: SR = .001 v/sec,  TC = ' I 0  sec. 
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1 3 I 
Figure 5.2-3. Ratios of intensitico of the 1 3 - 2 S , 2 S, and Z3p 

1 
transitions in helium to that of the 1 S -- 2 ' ~  transition as a function 

of scattering angle. Eo = 55. 5 eV. The average of four to six scans 

at each angle was used to determine the ra.tios. 



.fi Figure 5.2-4. Same as figure 5 .2-3  except that E,= 44 eV. The 

average of four to five scans at each angle was used to determine the 

ratios . 



Figure 5.2-5. Same as figure 5.2-3 except that Eo = 34 eV. The 

average of four scans at each angle was used to determine the ratios. 



Scattering Angle (Degrees) 

Figure 5.2-6. Same as figure 5.2-3 except that Eo = 26. 5 (see text). 

The points with er ror  bars a re  the average of four scans. The others 

a re  individual scans. 
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of scattering angle for incident electron energies of 55. 5 eV, 44 eV, 

34 eV, and 26 eV, respectively. The number of measurements used 

A to determine these ratios is given in the figure captions. 

Table 5.2 -1, compares the 8 = 0" ratios obtained in this 

research with those of Chamberlain, e t  al. (27). The agreement is 

excellent except for the 2 ' ~ / 2 ' ~  ratio a t  an impact energy of 26 eV. 

This difference could be satisfactorily accounted for by an inaccuracy 

in our incident energy calibration of about 0. 5 eV a t  this incident 

energy (i. e . ,  26 eV should actually be 26. 5 eV). Such an e r r o r  i s  

not unlikely since the calibration is performed only at - 60 eV. The 

ratios of reference (27) a t  an impact energy of 26. 5 eV a r e  presented 

in  the last row of table 5.2-1. 

Figure 5.2-7 shows the 3 3 ~ / 2 3 ~  rat io a t  34 eV as a function 

of 8 from 10" to 70". Within the accuracy of this determination, log 
a 

3 3  (T) versus 8 is a straight line. The extrapolated value of this rat io 
2 S 

3 1 
at 8 = 0" is 0.15 which implies a 3 ~ / 2  P ratio of .010. This is also 

in  good agreement with the value (. 01) from reference (27). The 

overall agreement serves to verify that our instrumental collection 

efficiency is indeed independent of energy-loss from 19. 8 eV to 

22.7 eV (at  least  to the same extent as is that of reference (27)). 

Figure 5.2-8 .compares the angular dependencies of the DCS 

f o r  excitation of the Z'P, 2$, z!~P, and z3s states obtained from the 

present work (derived from the same energy-loss scans used for 

obtaining the data of table 5.2 -1 and figure 5. 2-3) with those of 

Simpson, et al. (31). The two sets  of data a r e  normalized by setting 



TABLE 5 . 2 - 1  

Peak intensity ratios a t  0 = 0" for several transitions in 

helium. Column (a) contains the results  of this work. ' Column (b) 

contains the results ,  of Chamberlain, e t  al. (27). The values in 

column (b) were obtained by plotting the rat io data of reference (27) 

as logl, (ratio) versus incident energy and fitting the points to a 

smooth curve. Reference (27) gives no e r r o r  estimates. 

* Refer to text. 

Incident 
Energy 

eV 

55., 

44. 

34. 

26. 

26. 5* 

( ~ I s / ~ ' P )  x 100 

( a) (b) 

16* 1 15 

26k 2 25 

40k 2 40 

73k 6 85 

79 

( 2 3 ~ / 2 1 ~ )  x 100 

( a) (b) 

1.2* . 2  1 

2.9* . 2  3 

7 .0 *  . 5  7 

14 '* 2 14 

13 

( 2 3 ~ / 2 1 ~ )  x 100 

( a) (b) 

- 0 

- ,O 

2.3* .4 2 

. 9 *  2 8 

7 



Scattering Angle (Degrees) 

1 
Figure 5. 2-7. Ratio of intensity of the 1 S -- 3 5  transition to that 

1 3 
of the 1 S - 2 S transition as a function of scattering angle. Eo = 

34 eV. The average of three scans at each angle was used to deter- 

mine the ratios. The solid line i s  the best straight line (average 

ordinate method) through the points. 



Figure 5.2-8. Differential scattering c ross  sections (DCS) in 
3 1 3 I 

arbitrary units for excitation of the 2 S , 2 S, 2 .P, and 2 P states of 
3. 

helium from its 1 S ground state. The solid line and data points are 

from the present research. For  clarity, only a few representative 

e r r o r  bars  a r e  shown. The dashed lines a r e  the results  of 

~ i r n ~ s o n ( ~ ~ ) .  The two sets  of data a r e  normalized by setting the . '  

1's - 2 ' ~  DCS equal to 30 (arbitrary units) at B = 10". The present 

data may be placed on an absolute scale (see text) by multiplying 

the DCS of this figure by 4. 7 X (see table 5.2-2). Eo = 55. 5 eV. 



Scattering Ang1.e (Degrees) 



the value of the DCS for excitation of the 2 A ~  state equal to 30 

(arbitrary units) at 0 = 10". The relative positions of all of the other 

points follow from this one requirement. 

There a r e  several factors which must be considered in 

comparing these data sets: 

(I) They were obtaine'd at slightly different impact energies-- 

56. 5 eV for reference (31) and 55. 5 * .2 for the present work. Since 

both of these impact energies a r e  in an off-resonance portion of the 

helium excitation spectrum and a r e  relatively high compared to the 

inelastic thresholds, this difference should not significantly alter the 

angular distributions. I 

(2) Our data a r e  subject to an addition 20% e r r o r  a t  8 = 10" 

due to the uncertainty of the beam geometry (refer  to section 4.4. 4. 4). 

The data of reference (31) a r e  not. 

(3) Chamberlain, e t  al. (I2') have suggested that i t  is likely 

that the scattering intensities of reference (31) a r e  too high at the 

larger angles due to the effects of double scattering. Such effects 

are not i i ~ ~ p o r t a r ~ l  in the present research (see section 4.4.4. 2). 

(4) J- A. Simpson, e t  al. (31) give no e r r o r  estimates 

for their data. 

The agreement between this work and that of reference (31) 

I is excellent for  8 5 25". This is just the region in  which the effects 

of double scattering should be least  important in the data of reference 

(31) but the uncertainty in the proper volunle correction is most 
t t  

significant in our data. Consequently, this good agreement indicates 



!. 

if' 

that our volume correction is probably accurate to within the e r r o r s  

of reference (31) (unknown) and the present work (- 10%). The 

discrepancies in the two data se ts  at higher angles could be the 

result  of double scattering in the data of reference (31)) .which tends 

to  enhance the scattered signal. Without additional details concerning 

the conditions under which those data were obtained, it is fruitless to 

speculate further. 

The final experimental measurement with which we can 

.compare our results is that of Ehrhardt and Willmann (37b). Figure 

5.2-9 shows the angular dependence of the DCS for excitation of the 

z3s state from reference (37b) and the present research a t  an 

impact energy of 24 eV. The data of reference (37b) a r e  believed to 

be quite reliable. Since the target in their case is an atomic beam, 

the scattered intensity is directly proportional to the DCS without 

an angle dependent path length correction and double scattering is 

very unlikely. Further, they have accurately calibrated the incident 

beam energy (24.0 * .05 eV for the results  in fig. 5.2-9). Our 

results  have been normalized to those of reference (37b) at 8 = 30" 

(the volume correction for  our results  should be quite reliable for this 

angle and larger ones). The agreement is within the e r r o r s  of the two 

measurements for scattering angles between about 10" and 50" but 

there is a significant deviation at higher angles. This discrepancy 

cannot be due to double scattering nor an improper volume correction. 

However, as indicated from the comparison in table 5.2-1 for an 

impact energy of - 26 eV, the incident energy in our case may be 



Scattering Angle (Degrees) 

1 3 
Figure 5.2-9. The 1 S - 2 S differential scattering c ros s  section (in 

arbitrary units) for helium at E, = 2 4  eV. The plane e r r o r  bars  a r e  

the results  of Ehrhardt (37b), the open circles a r e  the present results  

(average of three scans at each angle). The two sets  of data were 

normalized by setting the DCS equal to 0. 30 at 0 = 30'. (Refer to 

tlle text for other details. ) 
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incorrect by 0. 5 eV. Unfortunately, we were not able to obtain 

reliable data at lower impact energies (24 eV is within 4 eV of the 
3 

2 S excitation threshold which presents soine of the difficulties 

discussed in section 4.4.4.3) nor do Ehrhardt and Willmann present 

data a t  higher incident energies. If we assume that the incident 

energy of 24 eVas determined by observation of the 57.1 eV helium 

resonance is inaccurate by 0 .5  eV in the same sense as indicated by, 

. table 5.2- 1 for the 26 eV calibration, then the '' true1' impact energy 

is probably close to 24.5 eV. Since these impact energies a r e  s o  

near the excitation threshold, a relatively small change in incident 

energy can make a large change in  the angular distribution as shown 

in figure 5.2-10. The distributions at 22.0 eV (curve 1) and 24.0 eV 

(cur.ve 2) a r e  taken from reference (37b) while the ones a t  E (curve 3) 

(E r 24.5 if the assumptions above a r e  correct),  E + 2.0  (curve 4), 

and 34 eV (curve 5) a r e  from the present work.' All of the distributions 

have been normalized to 0.30 (arbitrary units) a t  B = 300. For . .  . clarity, 

smooth curves have been drawn through the data points (within the . , 

e r r o r  bars) and one representative e r r o r  has been indicated on each 

curve. It is quite clear that increasing the impact energy from 22 eV 

to 3'4 eV changes the angular distribution from one that is peaked a t  

angles greater than 70" to one that peaks at angles less  than 10". 

(Of course, there may be additional peaks beyond 70" which we cannot 
. . 

observe.) This general trend is consistent with E s 24. 5 in  curves 3 

and 4. 



1 3 
Figure 5.2-10. The 1 S - 2 S differentialscattering cross section 

(in arbitrary units) for helium. Data of reference (37b) at Eo = 

22.0 eV (curve 1) and Eo = 24.0 eV (curve 2). Present results at 

E, = E (curve 3, see text), Eo = E + 2 eV (curve 4), and Eo = 34 eV 

(curve -5). Each curve is normalized to 0.3 arbitrary units at 

8 = 30" and contains one representative .error bar. 
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Figures 5.2-11, -12, and -13 show the measured DCS 

(in arbitrary units) at  44 eV, 34 eV, and 26 (26. 5 eV), respectively. 

These data were obtained from the same energy-loss scans which 

were used to derive the ratio data of table 5.2-1 and figures 5.2-4, 

The data in figures 5.2-8, -11, -12, and -13 can be placed 

on an absolute scale (but only in an approximate way).as follows. 
T' 

Let o a P  (E ,8) be the differential cross section for excitation 

of the 2 ' ~  state for an incident energy E and scattering angle 8. Then, 

the "true" total cross section for this excitation is 

7T 
Q: (E) = 2n $ oT (E,8) s i n e  ds 

2 P 0 2lp 

Within the experimental uncertainties already discussed (section 

4.4.4) the experimental DCS in "arbitrary" units is directly 

proportional to the one: 

Arb 
0 (E,B) = K(E) oT (E,8) , 

2' P 2% 

where K(E) depends on the incident energy but not on 8. The total 

experimental cross  section in these "arbitraryf1 units.,is 

Arb ' Arb & (E) = 27r S o 1  ( E , O )  sinBd8 
2 P 0 2 P  

which, together with (5-3) and (5-4), gives 



Figure 5. 2-11. lls -- 2 3 ~ ,  2l5, z3p, and 2 l ~  DCS (in arbitrary units) 

for helium. Eo = 44 eV. The conversion factor to place thes.e data 
2 

on an absolute scale (table 5.2-2) is 3. 3 x na, /arbitrary unit. 

For clarity, only a few representative e r r o r  bars a r e  shown. 





Scattering Angle (Degrees) 
\ 

Figure 5.2-12. The same as fig. 5.2-11 except that Eo = 34 eV and 

1 the lls - 3 3 ~  DCS is included. Conversion factor (table 5.2-2) is 
w 2 

1.4  X nao /arbitrary unit. 



Scattering Angle (Degrees) 

Figure 5.2-13. The same  as fig. 5.2-11 except that E, = 26 (26.5 

eV). The conversion factor (table 5.2-2) is 1 .3  x lom3 n a:/arbitrary 

wit. 



Reliable values of Q (E) for 22 eV r E G 450 eV a r e  available (43) 
2l P 

and qArb (E) can be calculated from the present data through 
2 l p  

relation (5-5). Table 5. 2 -2  gives the results of numerical integration 

of (5-5) for a Arb taken from figures 5 .2 -8 ,  -11,  -12,  and -13. 
2 l p  

A third-order interpolation by Bessel's formula was used to 

obtain approximately 240 "data" points from an assumed value of 

o pb at 0 = 0" and the dfrb values at 0 = l o 0 ,  2 0 ° ,  . .. , 7 0 °  from the 
2 P 2 P 

figures. The uncertainty of the DCS below 10" does not introduce any 

appreciable e r ror  in the integral (5-5) from 0 = 0" to 70" because of 

the sine weighting factor. For lack of a better method, the data 

were extrapolated to 19 = 180" by assuming 

where A and a were determined by o y b  (60") and oAPb (70"). The 
2 P 2l P 

respective values of a! a re  given in table 5 .2 -2 .  The integral over 

(5-7) was performed analytically. The uncertainty in the integral 

(5-5) over the range 8 = 0" to 70° i s  probably 10-15% since this is 

f the approximate relative er ror  in each experimental value of 



. . TABLE 5.2-2 

Quantities related to the calculation of K(E). Refer to the text 

for the corresponding definitions. Arb stands for arbitrary units. 

E 
, 

(ev) 

55. 5 
(fig. 5. 2-8) 

44 
(fig. 5.2-11) 

34 
(fig. 5.2-12) 

26 (26. 5) 
(fig. 5 .  2-13) 

Arb 1 
Q 1 

2 P 

( Ar 19) 
(eq. 5-9) 

3.90 

2. 64 

1.76 

4. 78 

Arb 0 
Q 1 

2 P  

(Arb) 
(eq. 5-8) 

15.08 

19.29 

29.66 

125.66 

a! 

(radians) 
(eq. 5-7) 

1.48 

.84 

. 52 

.22 

QAr b 2 
2l P 

(Arb) 
(eq. 5-10) 

6. 07 

5. 48 

5. 06 

30. 3 

QT, 
2 P 

x lo1* crnz 

(ref.43) 

7.9 

6. 3 

3.7 

1. 5 

1 
K(E) 

( n a b / ~ r b )  
(eq. 5-11) 

4 .7  x 

3 .3  x 

1. 4 x lo-' 

1 . 3  x 

EPE 

(%I 
(eq. 5-12) 

23 

25 

23 

3 1 



It is difficult to estimate the overall e r ror  in the calculation 
Arb 

of Q2 , since we have no knowledge, either theoretical or experi- 
lP 

mental, of how o y b  really varies beyond 0 .  = 70". In order to 
2 P 

obtain some estimate of the possible e r ror  in the integral form 

8 = 70" to 180°, we have calculated this integral assuming 

o yb (0 2 70") = 0 Arb (70"). Thus, our estimated e r ro r  i n  the 
2 P , 2 l p  

determination of Q Arb is simply thevalue of the integral between 
2 l p  

70" and 180" assuming this constancy with respect to 6 minus i ts  

value assuming the 8 dependence given by (5-7) plus 1.2% 

% (uncertainty in the 8 = 0" to 70" integral). . In summary, the various 

inte'gral quantities in table 5. 2-2 a re  given by: 

70" 
'qArb0 (E, 0,-70") = 2n J o y b ( ~ , 8 )  sine. do ,  

2 l p  0 2 P  
(5-8) 

The values of Q T (E) a re  taken from reference (43). Our best 
2 P 

Y estimate of K(E) (from equation (5-6)) is then 



with an estimated percent e r ro r  (EPE) of 

EPE - 
The results of this absolute scale calibration can be .corn- 

. . pared, at least within a factor of 2, with the absolute calculations 

of Heideman and ~ r i e n s ( ~ ~ )  based on the Bethe-Born approximation, 

for 021P (E, 0"). Table 5.2-3 summarizes this comparison. The 
4 ' 1  values of o . (E, 0") in column (a) were obtained by extrapolating the 

2lp 

o y b  data of figures 5.2-8, -11, -12, and -13 to B = 0" and 
2 P. 

'multiplying the result by the corresponding ~/K(E)  from table 5.2 -2. 

It is evident that the resulting DCS could be incorrect by as much as 

a factor of 2 from a combination of the er ror  in the extrapolation 

and the absolute calibration (EPE). Further, the application of a 

high-energy approximation to this low- energy region can introduce 
\ I  

, errors  of this same The fact that the valuco of 

column (a) a re  lower than those of column (b) is to be expected 

since the Bethe-Born approximation (and all other approximations 

--which ignore 'back-coupling of the states, see section 3.3.3) 



TABLE 5.2-3 

Zero-angle differential cross sections from this work 
i 

(columna) and reference (73) (column b) for the 1 S - 2 ' ~  

transition in helium. E is the incident electron energy. 



consistently over estimates cross sections a t  lower impact energies. 

There is a further theoretical comparison of interest. 

~ a r t w r i ~ h t ( ~ ~ )  has calculated the DCS for the 1's - z3s and 2 ' ~  

transitions in helium using the Ochkur-Rudge (OR) method. Figures 

5.2-14 and -15 show the results of the present experim'ental work 

and these calculations for two different impact- ener gies . The 

agreement between the general magnitudes of the cross  sections is 

remarkable but the lack of similarity in the shapes represents a 

definite failure of the OR approximation. At higher impact-energies 

(100 eV - 225 eV) the deviations between the experimental shapes (32) 

and those predicted by the OR and Born-Oppenheimer approxima- 

\ tions(6') become even more pronounced. Finally, figure 5.2-1 6 

shows the ratio of the DCS for excitation of the z3s state.to that of 
3 

J the 2 P state according to the OR approximation (reference (66)) and 

the present work. Again, the calculated ratios a re  of the correct 

order of magnitude, but their variations with 8 bear little resem- 

blance to the experimental ones. 

In summary, the comparisons of this section indicate that: 

, 
(1) the data obtained with this instrument a re  consistent 

with the results of previous investigators, and 

(2) the usual first order exchange approximations (OR, 

~orn-Oppenheimer) a re  not reliable for predicting the detailed shape 

of DCS curves for excitation of the z3s and 2 3 ~  states of helium in 

this low-energy range. 
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Figure 5.2-14. The 1's - 2% DCS for helium. The solid lines are 

the calculations of reference (66) at Eo = 26 eV and 56 eV. The 

present results a re  given at  Eo = 26.5 eV (open circles) and at 

Eo = 55. 5 eV (filled circles). Absolute units have been placed on the 

present results as discussed in the text. The relative er ror  in the 

experimental data c a . ~  be found in figures 5. 2-8, -13. 

.\ 



Scattering Angle (Degrees) 

Figure 5.2-15. 1's - 2 ' ~  DCS for helium. The solid lines are the 
I 

calculations of reference (66) at Eo = 26 eV and 56 eV. The present 

results a re  given a t  Eo = 26. 5 eV (open circles) and 55. 5 eV (filled 

circles) and have been put'on an absolute scale as discussed in the 

text. The relative er ror  in the experimental data is indicated in 

figures 5.2-8, -13. 



Scattering Angle (Degrees) 
J 

1 
Figure 5.2-1 6. Ratio of intensity of the 1 S - 2 3 ~  transition to that 

3 
of the 1% - 2 P transition for helium. The solid lines a re  derived 

from the calculations of reference (66) at Eo = 26 eV and 56 eV. 
. . 

The present results a re  given a t  Eo = 26. 5 eV (open circles) and 
'.. 

55. 5 eV (filled circles). The er ror  in the data can be obtained from 

figures 5.2-3, -6. .\ . i 



5.2.4. Further Discussion 

As mentioned earlier,  our primary concern is to use 

electron scattering data to determine the nature of a given transition 

,(i. e. , to determine whether i t  is spin- and/or symmetry-forbidden) 

for cases in which this information may not be available from optical 

studies. From our present understanding of the scattering process 

(refer to section 3) ,' i t  is expected that the angular distribution of 

electrons scattered after causing optically forbidden transitions will 

be quite different from that of electrons causing allowed ones. ~ h e s e  

differences can be enhanced by studying the DCS ratios (rather than 

the DCS themselves) as a function of angle. (Further, such a study 

eliminates one source of experimental e r ror ,  the angle dependent 

volume correction. ) 

Indeed, the DCS ratios given in figures 5.2-3, -4, -5,and -6 

show such characteristic differences. The most generally consistent 

behavior, at all energies studied, is that of the 2=p/z1P DCS ratio 

(spin-forbidden oniy/ optically allowed). In all cases, i t  increases by 

about two orders of magnitude from 0 = 0" to 70". The variation of 

, . t h e  z3s/2lp DCS ratio (spin- and symmetry-forbidden/allowed) is 

less uniform with changes in .the incident energy. Generally, this 

ratio' increases with increasing angles, reaching a maximum' which 

shifts to higher angles at  lower incident energies. . I t s  maximum 

increase over the 0" to 70" angular range is usually significantly 

q less than that of the 2 3 ~ / 2 1 ~  ratio. Finally, the 2'~/2lP DCS ratio 

(symmetry-forbidden only/allowed) generally decreases with 



increasing angle, reaching a broad minimum at about .40° , and 

thereafter increases. Silverman and ~ a s s e t t r e ( ' ~ )  have reported 

thatth? 2 ' ~ / 2 l ~  DCS ratio increases by a factor of about 10 from 

'. 8 = 3. 8" to 8 = 15.3" at  an incident energy of 500 eV. It is 
. . 

interesting to note that at  intermediate energies (34 eV to 56 eV), 

this ratio decreases over the same angular range but that at 26.5 eV 

i t  increases sharply from 6 = 0" to about 6" and thereafter decreases. 

. This same effect is noted in the 2 3 ~ / 2 1 ~  DCS ratio at this energy, 

but not in the 2 3 ~ / 2 1 ~  one. 

In addition to the characteristic variation of these triplet/ 

singlet' ratios with angle, they exhibit a dependence' on incident 

energy which (in some cases) is to be expected from the considerations 

of section 3. As the incident energy is lowered toward threshold, 

spin-forbidden total cross sections a re  usually enhanced relative to 

spin allowed ones. We might expect the respective differential 

cross sections to vaxy in a similar way. Then, the triplet/singlet 

ratios should increase with decreasing energy more rapidly than the 

singlet/singlet one. This behavior is evident for 8 = 0" from 

table 5.2-1. However, the magnitude of this effect is sensitive to 

the particular 8 considered. Table 5.2-4 presents the ratios at  
3 1 

8 = 40" for which the 2 ~ / 2  P ratio is neariy constant; 'l'he 

enhancement with decreasing energy of the triplet/singlet ratios 
1 1  

compared to the 2 ~ / 2  P one is most evident in the region of low 

(8 = 0') and high (8 70") scattering angles. 



TABLE 5 .2 -4  

Peak intensity ratios in helium at 8 = 40". 

* See reference. (134). 



The DCS themselves for the various transitions also show a 

number of interesting features. Fi rs t ,  the 2 l ~  and ~ ' P ' D C S  a r e  
,t. 3 

more sharply peaked forward than the 2 S or z3P DCS (as  expected). 
1 3 

Second, as the incident energy is decreased the 2 P and 2 S DCS 
. . 

become more isotropic (recall  section 3.4). The 2 ' ~  DCS is 

relatively flat over a wide range of angles at all of these energies. 
1 

Third, the  behavior of the 2 S DCS presents an 'interesting variation. 

At 55. 5 eV i t  reaches a distinct minimum at about 40" whileat  

44 eV and 34 eV the minimum moves out to 50" and 60°, respectively, 

and apparently l ies beyond 70" at 26.5 eV. This behavior is similar 

to the diffraction effects observed in both elastic and inelastic 

scattering from atoms (44g). Qualitatively, the present effect can 

be explained as follows. Recall equation (3-114) of section 3 which 

relates the phase shifts qe to the angular dependence of the DCS. 

Suppose that rl, > rl, > q2 > q3 > etc. as indicated by equation (3-11 7) 
2 2 

and that q3 E 3 for a certain incident energy 6 k /2m. In this case,  

the DCS o(k,0) will be dominated by t.he P, partial wave. 

Hence, 

2 
a (k,8) - const. { P, (cos 0)) . , 

which has a minimum at  8 = 40" (and 90"). This seems to corres-  
I 

pond approximately to the 2 S UC'S of figure 5.2-8 at 55. 5 eV. Now, 

suppose the incident energy i s  lowered. From (3-117) we expect 

all of the ve's to decrease. In particular,  112 nlay decrease to 

= . Thus, at this lower inlgact energy 



2 
o (k' ,8) = const { P, (cos 6)) , 

which has a minimum at 6 = 55". From a comparison of figures 

5.2-11 and -12, this case would correspond to an incident energy 

intermediate between 44 eV and 34 eV. In a similar way, a s  the 

impact energy is lowered further, the first  qf to reach -5 
corresponds to a lower Q value and the minimum is expected to move 

1 
toward larger angles. As an illustrative example, the, 2 S DCS at 

2 
. 55. 5 eV (fig. 5.2-8) has been compared with{~,(cos8)} in 

figure 5.2-17. Of course, partial waves other than P, contribute to 

the DCS, but the general agreement in shape is noteworthy. 

Finally, the behavior of the ZIP ,  2 ' ~ ,  and 2 ' ~  DCS at 

26. 5 eV (fig. 5.2-13) for 6 N< 20" is unique in that these DCS appear 

to decrease markedly toward smaller angles. This effect is probably 

not due to a resonance, since none have been observed in this 

region(31 , 5), nor can i t  b e  explained by the preceding arguments. 

5.3. Nitrogen ' 

5. 3.1 .. Introduction 

In the excitation energy range from about 6 eV to 13 eV, N2 

exhibits a number of features which we can observe via electron 

impact. Table 5.3-1 lists the optical excitation energies for some 

of these transitions and the energy-losses a t  which we observe them. 

Notice that our values agree quite well with the optical ones. 



Scattering Angle (Degrees) 

Figure 5.2-1 7. Comparison of the measured lls - 2 i ~  DCS of 

helium at Eo = 55. 5 eV (circles) with I P,(cosO) l 2  (solid line). The 

data have been normalized to the arbitrary value of . 4 5  at  13 = 20". 



TABLE 5.3-1 
1 

Transitions from the X C+ (v = o) ground electronic and 

vibrational state of N, to various electronic and vibrational states 

in the range from 6 eV to 13.3 eV. The column labelled UES contains 

the upper electronic state designation, the one labelled UVS lists 

the upper vibrational state, OPT. EE is the optical excitation energy, 

and 0BS.EE is the excitation energy (energy-loss) observed in the 

present work. 

U E S ( ~ )  UVS OPT. E E ( ~ )  OBS. E E ( ~ )  



TABLE 5.3-1 (continued 

U E S ( ~ )  uvs OPT. E E ( ~ )  OBS. E E ( ~ )  
(ev) (ev) 

a State designations a re  taken from reference (2b) pp 551-553, 

except as indicated. 

Calculated from the data of (a) above. 

The observed excitation energies from this research a re  believed 

to be accurate to i . 01, eV in most cases. The .given energy- 

losses were determined from scans in which the feature was most 

clearly observed (i. e. , low angles for the singlets and high ones 

for the triplets). 

This state is listed in (a) above as El Our use of this assignment 

i ~ .  . . discussed in the text.. 

This state is not listed in (a) above. Its assignment is discussed in 

the text. 

 he vibrational features a re  not resolved in our spectra. The peak 
. . 

. 
.we observe should correspond nearly to v'  = 4. 



TABLE 5.3-1 (continued) 

The vibrational structure is not resolved in our spectra. The 

peak position at 13.18 eV should correspond with the v' = 1 level 

although there may be contributions from several other states. 

See reference (39). 



1 
The transition from the X'C + ground state of N2 to the b nu 

g 
state is the first optically allowed one. Transitions to the lower 

1 1 
lying states a r e  forbidden by symmetry (g  3- g, e. g. , a ng, c:), 

3 3 
electron spin multiplicity (1 f 3, e. g. , A c:, C nu) o r  both 

3 3 1 
(e. g. , B II , E C +). Excitation of the p' Cu (or  blIIu) state is 

g g 
electric-dipole allowed while transitions to the symmetry forbidden 

states a r e  electric-quadrupole allowed Gilmore has 

summarized the potential energy curves for most of these states. 

The electron-impact excitation of N2 has been studied at both 

low and high angles at a number of incident energies. All of the 

electronic states of table 5.3-1 have been observed by previous 
3 

investigators although the assignment of the E C + one has been in 
g 

question. 

Lassettre and ~rasnow(") investigated the change with 

scattering angle (0" to 15") of the unresolved X ~ Z  + - 2l-I 
g g 

(Lyman-Birge-Hopfield) transition at 500 eV. They found that the 

rat io of the DCS for excitation of the 2l-I state to that of the 
g 

blIIu one varied from about . 05  a t  9 = 4" to 0.3 at 0 = 10". Later 

these studies were extended to lower energies (60 eV) and 

higher resolution. but at low angles (9 < 2. 5"). Recently, Skerbele, 

e t  al. (22a) reported high resolution spectra of N2 at 50 eV and 36 eV 

(8 = O to 12'). In this case,  transilioris to all of the electronic 

states of table 5.3-1 were observed although singlet - triplet 

transitions were a minor part  of the overall spectrum. 
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Heideman, e t  al. (29) obtained energy-loss spectra for B = 0" 

at  incident energies of 15; 7 eV and 35 eV. Neither the A nor B 

states were observed at either energy while the C state was evident 

at  the lower one. Transitions to the other electronic s ta tes  in 

table 5.3-1 could be seen at  both energies. 

Doering and ~ i l l i a m s ( ~ ~ ~ )  have presented lower resolution 

energy-loss spectra at  impact energies down to 16.1 eV for 8 = 90". 

As expected, the singlet - triplet transitions comprise a major part 

of the N, spectrum under these conditions. No vibrational structure 
3 3 1 

was resolved, but transitions to the B n dn C n , and b nu 
g' g' u 

. . states were evident. 

.Y The N, excitation spectrum has also been studied by Brongersma 

and Oosterhoff(ll) and Compton, et  al. 3, using a trapped-electron 

technique. Although the reported spectra of these authors a re  

similar in appearance, their state assignments a re  quite different. 

This is probably the result of an energy calibration er ror  in the 

results of Compton, e t  al. (I3). ~ ~ o n ~ e r s m a ( " )  was able to verify 

the identity of the B state by resolving i ts  vibrational structure. I t  

is interesting to note that these threshold studies do not reveal 

excitations to the A or C states but a re  dominated by transitions to 

llle B a i d  E oms (all four of t l~ese  states a re  triplets). 
Y 

5. 3. 2. Results and Discussion 

Figures 5.3-1 and -2 show energy-loss spectra of nitrogen 

taken at  an impact energy of 40 eV (uncalibrated) and scattering 

angles of 8 = 20" and 80") respectively. The low angle spectrum 
. . 



Figure 5.3-1. Energy-loss spectrum of N,. Eo = 40 eV, I. = 2 X ~ O - ~ A ,  

0 = 20°, SR = . O 1  ~ / s e c ,  TC = . 5 sec,  P = 1 x lo-' torr .  



ENERGY LOSS, eV 



Figure 5.3-2. Energy-loss spectrum of N,. Eo = 40 eV, I, = 2 X lom8 A, 

8 = 80°, SR = .002 ~ / s e c ,  TC = 10 sec, P = 1 x torr. 
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agrees with that of reference (22a) (although our resolution is not as 

good) while the h ~ g h  angle one is similar to the one of reference (36c) 

except that our resolution is much better. Figure 5.3-3 shows a 

separate scan at 8 = 80" of the energy-loss region from about 6 eV 
3 

to 11: 5 eV. In this figure, transitions to several of the A C + 

u 
vibrational levels can be weakly observed. 

It is of interest to first  consider the validity of the Franck- 

Condon factor considerations discussed in section 3.3. 7.1. If they 

are  valid, we .expect the relative vibrational peak intensities (after 

application of the suitable correction, see section 3.3. 7.1) to be 

(1) independent of incident energy, (2) independent of scattering 

angle, and (3) in accord with the results from optical measurements 
3 

and reliable calculations. The C I I i  state is a good lltest" case 

since i ts  vibrational levels are  well resolved and the electronic 

band itself is relatively isolated. Table 5.3-2 summarizes the 

relative intensity data obtained in this research as well as the 

calculations of Benesch, et al. The er ror  limits in the table 

are'.calculated according to equation (5-2). They do not contain a 

possible systematic e r ror  due to the background correction. Since 

the base line was determined below 6 eV, a rising background in 

the vicinity of 11 eV would increase the measured relative intensities. 

This effect would be most severe for the smallest peak, i. e. , the 

v' = 2 one. Within the e r ro r s  of this determination there is no 

change with scattering angle and the overall average is in reasonable 

ED The agreement with the calculations(137) without the use of C,,,. 



Figure 5.3-3. Energy-loss spectrum of N, (6 eV to 9. 5 eV). 

E = 3 5  eV, I, = 3 x  10-'A, 0 = 80°, SR = .002 V/sec, TC = 
0 

10 sec, P = 2 x  torr. 





TABLE 5.3-2 
1 3 

Relative intensity distribution of the X C + (v = o) - C nu 
g 

(v' = 0,1,2) transitions of N,. The incident energy is 25 eV. The 

v' = 0 peak intensity is normalized to 1. 00. Columns' 2 and 3 contaln 

the relative peak intensities. Columns 5 and 6 contain the factor 

indicated in equation (3-74) (section 3.3. 7.1). 

Scattering Number 
Angle v ' of Scans 

(degrees) 1 2 

Average Over.  63 * . 03 . 2 3 *  . 0 2 '  35 . ,996 .993 
all angles 

Calculated 
( a) 

. 558 
values 

a Reference (137). 



,precision in the measurements is not sufficient to determine whether 

the small  trend (- 4%) in angle, predicted by equation'(3-74), is 

correct. If anything, this trend seems opposite to that indicated 

(possibly) by the data (i. e. , dividing the relative intensities by 

c:: or  c;: would enhance the slight deviation with angle rather 

than decrease it). Since the relative intensity of the v' = 2 peak is 

only - 10% larger than the calculated value, the background problem 

mentioned above is apparently not significant (assuming .the reliability 

of the cal'culation (137)) 

A similar determination was performed for an impact 

energy of 35 eV. An average of 28 scans at angles from 10" to 80" 

yielded a v' = 1 relative intensity of 0. 60 * . 03 and a v'. = 2 relative 

intensity of 0. 21 * . 03. Notice that the relative intensities a r e  also 

independent of incident energy (at least  in this 25 - 35 eV energy 

1 
The relative vibrational intensities within the a II band have 

g 
been measured. by other investigators at 8 = 0". We cannot reliably 

measure these intensities at large angles because of the overlapping 
3 

B ll state. However, s ix low-angle scans (8 < 15O.) were used to 
g 

determine the relative intensities summarized in table 5. 3 -3. 

The agreement with the calculated values is quite good, except 

possibly for v' = 0. The v' = 9 and 10 relative intensities of this 

research a r e  in better agreement with theory than those of 

reference (1 7c), presumably because the background, problem 

enco~lnt.ered in that. work was not. evident. in ours. There is an 
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TABLE 5.3-3 
1 

Intensity distribution in the a II band of N,. The X'C '(v = o) 
LA. 1 

g g 
D& - a Il (v' = 3) transition intensity is normalized to 1. Cut has been 

g 
calculated for an incident energy of 25 eV. 

Incident Energy (eV) 

D& v'  Cut3 400(~)  6 O( a) 35(b) 25 Calcd. ( c )  

-  h his Research) 
7 - 

a Reference (17c). 

Derived from the spectra of reference (29). 
+.{ 

Reference (137). 



optically determined se t  of relative intensities with which the ' 

data of table 5.3-3 can also be compared, but the relative precision 

of the optical measurements is too low for a meaningful compar- 

i s ~ n ( ' ~ ~ ) .  Again, the precision of the data is not sufficient to test  

the predictions of equation (3-73). ' The CZ value, although greater 

than unity, is not nearly large enough to lower the relative intensity 

of the 1/ = 0 peak by the required 10% (if this value is to agree with 

the calculations of reference (137)). 

As mentioned in section 2, the only doubtful state assign- 

ment . in this energy-loss region is that of the E one (at  11.87 eV). 

The state a t  12.26 eV s e e m s  clearly to be a ' 2  + one(?') while the 
g 

1 3 + 
one at 11.87 eV may be either a C + (references (17a, 19)) or  Z g g 
(reference (29)). Meyer and Lassettre and Lassettre,  et al. ( 1 7 ~ )  

argue'for the former (singlet) assignment primarily because they 

observe i t  a t  an impact energy of 400 eV. Heideman, e t  dl. (29) 

prefer the latter assignment since the 8 = 0" excitation function of 

this state is sharply peaked near threshold--a behavior indicative of 

a singlet - triplet transition. This disagreement can be resolved by 

comparing the relative angular dependencies of the DCS for excitation 

of the 11.87 eV and 12.26 eV states. Figure 5.3-4 shows the peak 
3 + 1 + 1 irile~~sily ratios of the E Z (11. 07 eV), C (12.26 eV), p' ZU 

g g 
1 

(13. 21 eV) and c3nU (11.03) excitations with rcspect to the b nu 
(12.92 eV) one as a function of scattering angle from 9 = -30" to 

- ., . 3 
+80a for Eo = 35 eV (&calibrated). The C IIu intensity is the sum 

of, the v' = 0, 1, and 2 vibrational level peak intensities while the 
/." 



3 + Figure 5.3-4. Ratios of intensities of the X'C + - E C (11.87 eV), 
1 +  

g g 
II; C (12.26 eV), 0; c3nu (11.03 eV), A ;  and p ' l ~ :  (13.21 eV), 

. g 
1 

transitions to that of the bAnU (12.92 eV) one in N, as a function of 

scattering angle. Eo = 35 eV. Peak intensities were used for the 
1 +  

E, Cg , p' and b states while the sum of the v' = 0, 1, 2 vibrational 

level peak intensities was used for the C state. Each data point is 

an average of three to four. scans at each angle. For clarity, only 

a few representative e r r o r  bars a r e  shown. 
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intensity of the others a r e  measured a t  their respectiv,epeaks. This 

figure clearly shows the expected symmetry of these ratios about 

8 = 0" (see  section 4. 4. 3. 2). Since the relative intensities of the 

vibrational levels within a given electronic band seem to be indepen- 
\ 

dent of angle (or incident energy), these rat ios a r e  equal to the "trueff 

DCS ratios times a constant (independent of angle but dependent upon 
I 

resolution). Of prime importance is the fact that the variation with 

8 of these plotted ratios is the s'ame as that of the "true" DCS ratios. 

I t  is clear that the triplet/singlet ratios behave with 8 & we expect 

(qualitatively) from theory and agree with our observations in helium. 
1 1 

The X - b transition in N, and the 1 S - 2 P transition in 

helium a r e  similar in that the change in orbital angular momentum 

(A A) is 1 while the change in spin angular momentum (AS) is 0. 
1 3 

Likewise, the X - C (N,) and 1 S - 2 P (He) transitions have 

AA = 1 and AS = 1. Thus, we might expeCt the ~ / b  (N,) and z3p/2lp 

(He) ratios to  behave in a similar manner with angle for impact 

energies which a r e  higher than their corresponding threshold 

energies by about the same amount. A comparison of figure 5. 3-4 

(the incident energy is - 24 eV above threshold) and figure 5.2-4 

(of section 5.2) shows this to be the case. In an analogous way, we 
I +  expect the C (12. 26 e ~ ) / b  and 2 l s / 2 ' ~  ratios to exhibit similar 

g 
behavior with 8 .  This also is evident in the comparison of these two 

3 + figures. Finally, the assignment of the 11.87 eV transition as E C 
g 

is completely consistent with the similarity in the behavior of the 
3- + 2 3 ~ / 2 1 ~  and E L. (1 1.87)/1, ratios (AA = 0, A6 = 1 for both upper 

g 



states).  Even if these somewhat qualitative comparisons a r e  not 

convincing, i t  is clear from figure 5. 3-4 that the 11.87 eV and 

12. 26 eV transitions a r e  fundamentally different. Further, the 

assignment of the 11.87 eV transition as a singlet would be entirely 

inconsistent with our understanding of the way in which singlet/ 

singlet and triplet/singlet ratios differ with 8 .  The results  obtained 

for the isoelectronic molecule CO (see  section 5.4) provide an 

additional justification for assigning the 11.87 eV state as a triplet. 

Figure 5.3-5 shows the same peak intensity ratios of figure 

5.3-4 for a lower impact energy (25 eV, uncalibrated). ~ o t e  that 

both" the ~ / b  and C/b ratios increase by about the same amount 
',+ relative to the ' C  +/b ratio. This also indicates the singlet - triplet 

g 
nature of the 11.87 eV transition. 

( .  i. Figure 5.3-6 shows the p' 'xuc (peak)/blII u (peak), B ~ I I  (v' = 
g 

4)/b1nu, and b n (vt = 3)/b1nu ratios as  a function of 8 at 40 eV 
g 

(uncalibrated). The B/b ratio behavior is nearly identical to that of 

the C/b one. Since the X - B and X - C transitions have AA = 1 

and AS = 1 in common but different "even-oddTf symmetries (i. e. , 

X - B is g - g while X - C is g - u), this similarity may indicate 

that the latter distinction is less  important in determining the angular 

dependence of the DCS than the former  ones. However, this does not 
-. 

seem to be the case when AS = 0. The 'C +/b and p' 'zU+/b ratios 
g 

both oscillate between 0" and 80" but with opposite initial slopes. 

Also, the a/b ratio oscillates with nearly the same frequency and 

phasc as ,the p'/b onc but with a larger amplitude. Note that the 
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1 + Figure 5. 3 - 5. Ratios d iutensities of the xlr + - E'V + O ;  -Y 
:g 

l 1  + 1 
"g ' "g ' 

0; c3IIU, A ; and p C, , transitions to that of the b 11, one in 

N, (see the caption of fig. ' 5.3-4). Eo = 25 eV. Each data point is 

an average of four to six scans (as listed in table 5.3-2). 
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3 
Figure 5. 3- 6. Ratios of intensities of the X'C + - B ll (v' = 4), A ; g 
an (v' = 31, ; and ~''3' (peak), 0 transitions with respect to 

g 
that of the blnu(peak) one in N,. Eo = 40 eV. Each data point is an 

average of three scans. 
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X - p' andX - atransit ions a r e  g - u, A l l =  0, AS = 0 and g - g, 

Al l  .= 1, AS = 0, 

0, AS = 0. 

1 
respectively, while the X - C + one is g - g, AA = 

g 

Figure 5.3-7 contains the DCS (in arbitrary units) for the 

transitions in figure 5.3-4 (35 eV) while figure 5.3-8 presents them 

for the transitions in figure 5. 3-6 (40 eV). .Notice that as expected 

all of the singlet DCS a r e  more sharply peaked forward than any of 

the triplet ones. 

These DCS cannot be placed on an absolute scale primarily 

because there is no absolute determination of Q', (E) with which 
b nu 

the Q ~ ~ ( E )  can be normalized for E less  than about 100 eV (140) 
nu 

-. Also, the lack of equal vibrational resolution of the various electronic 
1 

bands (i. e. , the vibrational structure of the a ll state is resolved 
g 

1 
while that of the b IfU one is not) complicates the relation of peak 

intensity ratios to DCS ratios. The first difficulty could be over- 

come by using a mixture of He and N2 (of known concentration) in 

the scattering chamber. The N2 DCS could then be determined using 

He as a standard. 

) 

5.4. Carbon Monoxide 
, 

5.4.1. Introduction 

CO is isoelectronic with N, and as. expected exhibits a some- 

what similar  energy-loss spectrum under eleclrori impact. Table 

5.4-.I summarizes the electronic and vibrational transitions we can .I 
observe below an excitation energy of about 12 eV. Transitions from 

1 3 3 
the X 2+ ground stale lu Lllr a ll and b C+ statcs arc  pin-forbidden 
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Figure .*- 5. -..-- 3-7. Differential cross section (arbitrary units) for 

N,. E = 35 eV. For clarity, only a few representative er ror  bars . o  
a r e  shown. 



Figure 5. 3-8. Differential c ros s  section (arbitrary units) for excita- 
1 1 

tion of the B~I&((V' = 4), a ;  a 11 (uf = 3), A ;  p f l s + ,  0 ;  and b n,,O 
g 

states in N,. E, = 40 eV. 



TABLE 5.4-1 
1 

Transitions from the X CC (v = 0) ground state of CO to 

various electronic and vibrational states below 12 eV. The abbrevia- 

tions a r e  defined in table 5. 3-1. 

U E S ( ~ )  uvs OPT. E E ( ~ )  OBS. E E ( ~ )  

(ev)  (ev)  

a State designations are from reference (2b), pp 520-522. 

Calculated from the data of reference (a) above. 
*. 

The values a r e  believed to be accurate to about * . O 1  eV. 

This state designation is given by S. C. Tilford, J. T. Vanderslice, 



TABLE 5.4-1 (continued) 

and P. G. Wilkinson, Can. J. Phys. 9 -  43, 450 (1965). 

Observed as a shoulder on the C'C+ (v' = 0) peak. 



while all other transitions in table 5.4-1 are optically allowed. 

Potential energy curves for these states and a sunlmary of available 

optical data on CO can be found in the review of Krupenie (141) 

The electron-impact excitation spectrum of CO was first 

obtained by ~ c h u l z ( ' ~ )  using the trapped-electron technique. Transi - 
3 

tions to the a JJ state (Cameron bands) were the most intense feature 

in his spectrum. Brongersma and Oosterhoff(ll), with an improve- 

ment of this same technique, were able to resolve some vibrational 
3 1 

structure in the a II state. Transitions to the A II state were not 
1 + 3 observed while those to the B C and b C+ ones were relatively 

intense. 

Lasset t re  and coworkers first studied the X - A 

transition in the energy-loss spectrum of CO at an incident energy 

of 500 eV and 0 c 15". ~ a s s e t t r e  and Silverman expanded this 

study to the angular dependence of the X - B and X - C transitions 

(0 < - 15"). In a later  publication they compared the envelope 

shape of the unresolved X - A transition with theoretically calculated 

Franck-Condon factors. The agreement was quite good. Meyer, 

et al. (21) were able to resolve the X - A vibrational structure with 

.an improved spectrometer. They again compared the relative 

intensities within this band to calculated Franck-Condon factors. 

IIowevcr , noticeable disc.repa.nr.i e s  were found for higher vibrational 

levels. This led them to suggest that the intensity distributions 
I 

within the A II band might be energy-dependent, approaching the 

,ca.lcula.ted values at higher (> 200 eV) impact energies. Skerbele, 



1 
et  al. reinvestigated the A II band at 200 eV and 400 eV incident 

energy (8 2 6"). They found that the relative intensities of the 

vibrational levels were independent of angle but differed from 

calculated Franck-Condon values at higher v' . Also a slight trend 

in the relative intensity distribution as a function of impact energy 

was noted. 

Recently, Skerbele, e t  al. (22b) reported a high resolution 
3 

study of CO at 50 eV impact energy in which excitations of the a ll 

and b3z+ states were observed in addition to those of the A'& BIZ+, 

c12+, E'Q and F'II ones. The relative vibrational intensities 
3 

within the a I3 band agreed well with the calculations of Nicholls (146). 

5.4. 2. Results and Discussion 

Figures 5.4-1 and -2 show electron energy-loss spectra of 

CO at an impact energy of 25 eV (uncalibrated) and 8 = 10" and 75", 
3 

respectively. Since the vibrational structure of both the a I3 and 
1 

A II states is clearly resolved, we can compare the relative peak 

intensities within Lhase bands with calculations('46) and the  results  

of other investigators (21 , 22b9 145). Table 5.4-2 summarizes the 
1 

results  obtained at 25 eV and 35 eV for the A II band. Since we 

. observed no angle dependence in the relative intensities (within the 

e r r o r  of this data), all of the scans a t  each energy a r e  averaged 

together. However, from equation (3-72) (section 3.3. 7.1) , we 

would expect a rather significant difference in the distribution of 

relative intensities a t  0 = d f r o m  those at 8 = 80". In particular 



Figure 5.4-1. Energy-loss spectrum of CO. Eo = 25 eV, I. = 1 X  IO-'A, 

0 = l o 0 ,  S.R. = . O 1  ~ / s e c ,  TC = 1 see, P = 2 x torr. 





Figure 5.4-2. Energy-loss spectrum of CO. Eo  = 25 eV, I. = l X  10"A, 

B = 75", S. R. = .OO2 ~ / s e c ,  TC = 10 sec ,  P = 2 x lo-' t o r r .  
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TABLE 5.4-2 

Relative vibrational intensity distribution in the A'H band of 
1 1 

CO. The X C' (v = 0) - A n(v '  = 2) transition intensity is norrnal- 

ized to 1. 

Incident Energy (eV) 
v' " Calculations ( f) 

4 0 0 ( ~ )  200(b) 5 0 ( ~ )  35(d) 25(e) - 

Reference (21). 

Derived from the spectrum of reference (22b). 

d. This research,  average of 8 scans. 

This research,  average of 11 scans. 

Reference (146). 



325 

equation (3-72) predicts that, a t  8 = 0" 

DD CO2 = 1.092 and Ce2 DD = .857 while a t  8, = 80" 

DD CO2 = 1.005 and c:: = -991. 

The fact that the angular resolution is only about 2" will not change 

these numbers (to 3 significant digits). Although the data do not 

indicate the trend predicted by equation (3-72), their precision is 

barely adequate for'a. valid comparison. I t  is interesting to note 

that the low-energy data of this research and reference (22b) agree 
. . 

much better with the calculations than do the high-energy data (21,145) 

(c? is essentially 1.00 under the high-energy conditions. ) 

Table 5.4-3 presents the relative intensities with the asn 

: band. The llcorrectionll factor predicted by equation (3-74) is not 

shown since it exhibits even less  deviation from 1. 00 ,than that 
3 

predicted for the C nu state of N2. Again, the relative intensities 

were independent of angle and the average is presented in  the table. 

I t  is noteworthy that the agreement of these relative intensities with 

calculations is good even for impact energies within .05  eV of 

threshold (trapped-electron results('')). To make equation (3  - 74) 
2 

consistent with the trapped-el ertrnn method, q and Q2 must be 

integrated over all angles before dividing them . This yields a 

vibrational level peak intensity ratio of 



TABLE 5.4-3 
3 

Relative vibrational peak intensities in the a II (Cameron) 
1 3 

band of CO. The X C' (v = 0) - a II (v' = 1) transition intensity is 

normalized to 1. 

v ' Incident Energy (eV) c a l c ~ l a t i o n s ( ~ )  

5 0 ( ~ )  ~ h r e s h o l d ( ~ )  3 5(') 2 5(d) 

a Reference (22b). 

Derived from the trapped-electron spectrum of reference (11) 

without an overlap correction. 

This research,  average of angles from 0" to 75", 8 scans. 

d,   his research,  average of angles from 0" to 80°, 15 scans: 

Reference (146). 



where 

2 
k is proportional to the incident energy which excitesthe vth vibra- 

2 
tion, and ko is proportional to that for the voth one. However, 

each peak in the excitation spectrum of reference (11) corresponds 

approximately to the same electron energy after the scattering event. 
N 

Thus, with kv = kvo = A , C of equation (5-13) becomes 

i2: fi2k02 
2 2 

 since^= is approximately . 05 eV while - 2m fi a r e - 6  eV, and -2iii- 

Consequently, the high-energy form of the Ochkur approximation 

predicts only a -10% distortion in the relative peak intensities at 

threshold. (Of course, it is very doubtful that this set  of approxi- 

mations has any validity whatsoever at  threshold. ) . ' 

Figures 5.4-3 and -4 show the relative angular dependence of 
. . 

3 3 +. 
the DCS for excitation of the a n(vf = 0 + 1 + 2), b C (.vf = 0), 

BIZ+ (v '  = 0), and c'c+(v' = 0) states with respect to that of the 
s. 

A I ~  (vf = 0 + 1 + 2) one at incident energies of 35 eV and 25 eV, 

1-espectively. T e  a/A intensity ratio is quite characteristic of a 



Figure 5.4-3. Ratios of intensities of the x12+(v = 0) - C'C' 

rC 1 
(v' = 0) , curve (a) ; B C+ (v' = 0) , curve (b) ; a3n (v' = 0,1,2), curve (c) ; 

3 
and b C+ (v' = 0), curve (d) transitions to that of the X - A'II 

(v' = 0,1,2) one in CO. Eo = 35 eV. Each data point is an average 

of three to four scans at each angle. 
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,I 

: Figure 5.4-4. Ratios of intensities as defined in figure 5.4-3. 

E = 25 eV. Each data point is an average of four scaris at each 
0 

angle. 





(singlet -- triplet)/(singlet - singlet) rat io as evidenced by the 
3 1 3 1 

2 3 ~ / ~ 1 ~  rat io of helium and the B IIg/b IIu and C IIu/b IIu ratios of 

N,. Also the b/A intensity ratio is quite similar to the E32 +/blIIu 
g 

one of N, and the 2 3 ~ / 2 1 ~  rat io of helium. This striking similarity ' 

with the E/b rat io of N, provides an additional confirmation of the 

triplet designation of that E state. The B/A and C/A intensity ratios 

exhibit a more complex behavior. At 35 eV they closely resemble 
1 . 

the lC+/b II, ratio of N, while at 25 eV they a r e  more like the 
g 

1 
a v b l I I u  and pt1%+/b1IIU ratios of N,. In any case,  they exhibit 

the oscillatory behavior which seems characteristic of (AS = 0, 

A h  = 0, symmetry- forbidder)/(^^ = 0, A h  = 1, allowed) intensity 

ratios . 
~ e r z b e r ~ ( ~ ~ )  l is ts  a c3Z? state with a 0 - 0 excitation energy 

of 11.41 5 eV. Also, Brongersma(ll) observes a relatively intense 

feature a t  11.42 eV in the threshold excitation spectrum. This 
1 

transition is practically coincident with the C 2' (v' = 0) transition 

(11.396 eV) which we observe and which may be responsible for the 
3 + peak in reference (11). If excitation of the c C state were important 

under our experimental conditions, we would expect the measured 
1 1 

C C+/A II rat io to increase abnormally (compared to the B/A ratio, 
I 

for example) a t  larger scattering angles. This behavior is not 

evident in the data (figures 5.4-3 and -4). (A case in which a 

singlet - singlet transition intensity is distorted by an underlying 

singlet - triplet one is discussed in section 5. 5). 

Figure 5.4-5 gives the DCS a t  25 eV(in arbitrary units) for the 



Figure 5.4-5. Differential c r o s s  section (arbi t rary  units) for 
1 3 

excitation of the A I I ( v f =  0, I ,  2), 0; a II (v '=  0, 1, 2), 0 ;  
3 

b CC (v' = 0), A ; and BIZ+ (v' = 0), states of CO. Eo  = 25 eV. 
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. , transitions of figure 5.4-4. The singlet DCS are  sharply peaked 
3 

forward while the a ll DCS is relatively isotropic. The b3zf DCS 

is quite similar to that of the E ~ C  + state of N,. All of these 
g 

comparisons a re  as expected. 

5. 5. Hydrogen 

5. 5. 1. Introduction 

H, has been exhaustively studied by optical methods (reference 

(2b), pp 53'0-32). Relatively few electron-impact studies of H, have 
1 

been reported, although excitations from the X C + ground state to 
g - 

1 +  1 3 1 the b32:, B Cg , C nu, c nu, and D nu have been observed. 

Schulz 49) used a trapped-electron technique to observe 
3 + excitations to the b XU (repulsive) state and ,a second band, peaked 

a t  about 12 eV, which he assigned as X - B, C, D (singlets). In 

view of the recent high-resolution trapped-electron work of Dowel1 

and sharp(12), this 12 eV peak probably contained substantial 

contributions from the canu state. 

Kuppermann and Raff 3 + (35a) observed transitions t0.b Xu state 

as well as several of the unresblved singlets using a retarding field 

method of energy analysis and the collection of electrons scattered 

between 22" I 8 I f 12" (with the 8 = 90" direction being preferred). 

Lassettre and coworkers 148) have reported unresolved energy- 

loss spectra at impact energies from 300 eV to 500 eV and 0" < 
8 < 5". No forbidden excitations were observed, nor was any 

vibrational structure in the B, C, D, etc. states resolved. 



Kuyatt, et. al. (150) and Heideman, et al. (30) were able to 

resolve many vibrational levels in the B, C, and D states at  

incident energies from 90 eV to 13. 7 eV at 8 r 0". They did not 
' 3 +  observe excitation of the b CU state. However, below about 30 eV, 

3 3  + transitions to the c nu and/or a Z state (unresolved) were noted. 
g 

At an incident energy of 25 KeV (8 = 0°), Geiger (151) 

reported a well-resolved energy -loss spectrum of &. Transitions 

to the singlet states (B, C, and D) are  clearly evident but no 

forbidden excitations were observed (nor a re  they expected to be a t  

this high energy). 

5. 5. 2. Results and Discussion 

Our. results on the exchange excitation of the lowest triplet 
3  

state of H, (b c:) a re  given in the attached preprint (appendix In). 

However, there a re  a number of additional aspects. of this study 

which will be discussed below. (Figures 5.5-1 through -6 a re  in 

the attached preprint. ) Table 5.5-1 gives the observed excitation 

energies of H, in the same format as used for N, and CO. 

Since we were able to resolve several vibrational members 
1 

of the B'C; and C nu states at  40 eV, i t  is of interest to compare 

the relative vibrational peak heights within each band t o  the Franck- 

Condon factor ratios as discussed in section 3. 3.7.1. However, 

H, presents an extremely unfavorable case in which to obtain a 

meaningful comparison. As is .evident from figures 5. 5-1, -2, and 
1 3  + -3, transitions from the X C + ground state to the b Xu state overlap 

g 
1 +  1 those to the B Cu , which in turn overlap those to the C ITu state. 



4. I 

TABLE 5.5-1 
1 +  Excitation energies in  Q for transitions from.the X C 

g 
C (v = 0) ground state. The abbreviations a r e  defined in Table 5.3-1. 

U E S ( ~ )  uvs OPT. E E ( ~ )  OBS. E E ( ~ )  
( ev) (ev) 

(repulsive) 

a Reference (2b) pp. 530-32. 
1 3 3 + 

Optical excitation energies for the C nu, c nu, and a Xg u e  from 
l +  tablc I of reference (12). Those for the B Cu are from reference 



TABLE 5.5-1 (continued) 

C This research. Accurate to within * . O 1  eV except as indicated. 
' 

Energy-loss correspondingto the peak intensity. 

Values in parentheses refer  to excitations which were observed 
1 +  as abnormal increases in the B XU (v' = 4,6) intensities. 



3 + 3 In addition, transitions to the a C and c nu states overlap part  of 
1 +  

g 
the B Z band and all of the c1IIU one. Consequently, each u 
particular peak height is proportional to the sum of a number of 

DCS, each one contributing an amount which depends' on the 

resolution and scattering angle. It would require a resolution which 

is well beyond the present ' 'state of the art" to separate all of these 

excitations. 

The results  discussed below a r e  for an impact-energy of 

40 eV (uncalibrated). This value is chosen because (1) our highest 

resolution (FWHM = .04 eV) data were obtained at this energy and 

(2) excitations to the a, b, and c triplet s tates,  although observable, 

cause relatively little distortion of the strong X - B, C transitions. 

This latter condition is required if  we a r e  to make any meaningful 

.' Franck-Condon factor comparisons. 

First, let us  examine the relative peak intensities within 

the c'$ band. The intensity ratios should be related, to the ratio 

of respective Franck-Condon factors according to equation (3-72) 

( ~ e t h e - B o r n  approximation). If the X - C (v' ) peak intensities a r e  
DD determined relative to that of the X - C (v' = I ) ,  the Cur (of 

equation (3-72)) differs from unity by less  than - 5% over the range 

of v '  we can measure. Since the relative precision of the data is 

only 2 5-lo%, CZ will be neglected. The relative peak intensities 

were measured for scattering angles from 13 = 0" to B = 80". No 

change in relative intensity was noted (within the accuracy of these 

measurements). If the transitiorls to the triplet s tates (a,  c) were 



1 
contributing significantly to the C nu band intensity, we would expect 

some distortion of the relative intensity distribution in this band. 

Such affects would presumably become more noticeable at higher 

angles,since the ratio of triplet to singlet DCS generally increases 

markedly with angle (see sections 5.2, 5.3, 5.4). The distortion of 
1 

the C nu (v' ) relative intensities due to the incompletely resolved 
1 

B vibrational peaks should be less dependent on angle since 

the B'C=/C~II, DCS ratiodoes not change much with this variable 

(see below). 

Table 5. 5-2 summarizes the average (over all 0's) relative 

intensities and presents as a comparison the high-energy data of 

~ e i ~ e r " ~ ' )  and the calculations of ~u tch i s son  52). The agreement 

..in all cases is quite good, with the exception of the v' = 0 relative 

* 1 +  intensity. This is to be expectedsince the B Cu (v'  = 7) level is 
1 

practically coincident with the C IIu (v' = 0) one. 

The measurement and interpretation of the relative vibrational 
1 +  intensity distribution within the B 2, band is somewhat more 

complicated. From figure 5. 5-3 i t  is quite clear that at  B = 80' 

. . the intensities of both the v' = 4 and 6 levels a re  strongly enhanced 
3 + 3 by the a C (v' = 0 , l )  and/or c nu (v' = 0 , l )  levels, respectively. 

g 
1 + 

Further the intensity of the lower v' members of the B Cu state 
3 + may be significantly increased at h i g h e ~  angles  by the b Cu state 

(see figure 5.5-1). Apparently, the least affected level (which we 
1 +  can observe) will be the B Cu (v' = 5) one. Thus, table 5. 5-3 

I +  presents the relative vibrational intensities within the B CU state 



TABLE 5.5-2 , . . . . .. 

Relative vibrational peak intensity distribution for the 
1 +  1 X C (v = 0) - C $(vt  = 0 to 5) transitions. The intensity of the 

g 
X(v = 0) - C(vt = 1) transition is normalized. to 1.00. The data 

from all angles have been averaged together (16 scans). 

Investigator vt 
0 1 2 3 4 5 

 his research .72 * .-02 1.00 .01  * . 03  .67  * .03  .43 .02 . 2 6  * .02 

'(1 51) Geiger 6 2  1.00 .96 .62 . 40  .23  
(25 KeV) 

(152) Hutchisson :635-  1.00 .961 . .697 .411 .236 
(calculation) 



. . 'TABLE 5.5-3 

1 + '  Relative vibrational pezk intensity distribution for the X C 
g 

1 +  (v = 0) - B CU (v' = 0 to 6) transitions. The intensity of the X(v = 0) - 
B(vr = 5) transition is normalized to 1.00. The scans for B = 0" to 

10" and 15" tn 20" have been averaged together as indicated. 

4 5 6 Scans 

.9l * .04 1.00 1.06* .05' 4 W 
I& 
L U  

.92*'.04 1.00 1.09* .05 4 

.95 1.00 1.2, 2 

951t .04 1.00 1.19* .04 3 

Hutchisson (1 52) .082 ,345 .860 1.246 1.316 .1.00 .556 
(calculation) 



\ 

(with respect to that of the v' = 5 level) obtained from this research,  

the work by ~ e i ~ e r ( l  'I), and calculations (Since Geiger used 

25 KeV incident electrons, only singlet - singlet transitions were 

observed. ) 
" It is clear that neither the results of Geiger 51) nor of this 

research agree with the calculations 52) (except fortuitously 

perhaps at v' =, 0). We would expect the agreement of this work with 

that'of Geiger to be best at the lowest angles, since the ratio of 

triplets to singlets is smallest there. Our results  seem -consistently 

high by about 10% (except v' = 0 and 6) for 0 < 20". This is probably 
3 + not due to the overlapping b X u  state since the b / ~  DCS rat io changes 

by more than a factor of 10 in the same angular range. (see below). 
3 + 

(Further,  below 8 z 30" we did not observe excitation of the b Cu 

state in  these high resolution scans.) This discrepancy cannot be 
DD accounted for by the correction factor Cvvo of equation (3-72) since 

DD is within about 5% of unity at these angles. In any case, for Cvvo 
angles greater than - 40°, the enhancement of the v' =' 0 and 1 peak 

3 + 
, intensities (due to excitation of the b CU state); the v' = 4 intensity 

3 + 3 (due to transitions to the a C (v' = 0) and/or c nu (v' = 0) levels); a - 
3 + and the V' = 6 peak intensity (due to excitation of the a C (v' = 1) , 

3 
g 

and/or c nu (v' = 1) states) is clearly evident. This distortion with 

angle of the relalive vibratio~ial intensity distributioi~ within an 

electronic band can presumably be used to detect forbidden transitions 
I 

(1 53) which a r e  strongly masked by overlapping allowed ones 



Let us next consider the variation with scattering angle of the 
3 +  1 +  1 relative DCS for excitation of the b Cu , B CU , and C IIu states. 

1 +  Figure 5. 5-7 shows the peak intensity ratios of the X Cg (v = 0) - 
3 + 1 +  b Cu and B Cu (v' = 5) transitions with respect to that of the 
1 +  1 1 +  X C  (v = 0) - C I IU(v f=  1) one. T h e B C U  ( v f =  5)/~'lI,(v'= 1) 

g 
intensity rat io was determined from the same high-resolution data 

used to obtain the results presented in tables 5.5-2 and -3. The 

b3C~/C1nU (v' = 1) intensity ratio was obtained from lower resolution 

(FWHM = . 10  eV) scans (at  the same 40 eV impact energy). Both 

the b/C (v' =1) and B (v' =5)/C (v' = 1) peak intensity ratios a r e  

directly proportional to the corresponding DCS ratios. Since the 
. 

proportionality constant depends somewhat on the resolution, but not 

on the angle, the magnitude of the ratios a r e  not directly comparable 
. . 

+- although their relative angular dependencies are .  As expected, the 

b/C intensity rat io increases rapidly with angle while the B/C one 
. . 

is practically constant (within the e r r o r s  of this 'determination). The 
3 

angular variation of the b/C rat io is quite similar  to the Cf/II ratios 

already noted (N,, CO). This tends to reinforce the tentative 

hypothesis (see section 5.3)) that for AS = 1, the value of Ah (0  o r  1) 

is more important in determining the relative angular distribution 
1 

than is the g g ur u iiature of tho transition; The R ~ ; / d n ,  
intensity ratio does not cxhibit the oscillations noted in  the previous 
1 1 +  
C/II ratios. Although the X'C + - B CU transition in H, is the only 

* i  
g 

case  we have examined of a AA = 0, g - u, AS = 0 transition, the 
1 

fact that its intensity, relative to that of the nu one,' does not 



Scattering Angle (Degrees) 

Figure 5. 5-7. Ratios of intensities of the X'C + -- b32: (peak) 
I +  

g 
curve (a) and B Cu (v' = 5) curve (b) transitions to that of the X - 

cAnu (v' = 1) one in Hz. Eo = 40 eV. Each data point is an average 

of two to four scans at each angle. 



oscillate as do those of the A h  = 0 or  1, g - g, AS = 0 transitions 

(N,) is consistent with the conjecture (section 5.3) that for AS = 0, 

the g. - g or u nature of the transition is more important in deter- 

mining the relative angular distribution than is the AA value. 

Finally, figure 5. 5-8 shows the DCS (in arbitrary units) for 
1 3 

excitation of the C ll, (v' = 1) and b C: states at 40 eV for 0 = 10" 
, 

to 80". As expected, the singlet -- singlet DCS is sharply forward 

peaked, while the singlet - tr.iplet one is more isotropic. 

5. 6. Acetylene 

5. 6.1. Introduction 

Since acetylene (C2H2) is isoelectronic with N2 and CO. we 

might expect that it would exhibit a similar  energy-loss spectrum. 

The only previous electron-impact study of C2H, was reported by 

Bowman and ~ i l l e r ( l O )  using the trapped-electron method. A 

comparison of their result  with those of Schulz for CO and N2 

does indeed show this similarity. However, the tentative state 

assignments of reference (10) do not reflect this similarity, 

particularly with regard to the feature peaking a t  6.2 eV. In both 
3 

N2 and CO a low-lying triplet state (B ll in N, and a311 in CO) was 
g 

responsible for the peak which appears to correspond to the 6.2 eV 

+ transition observed by Bowman and Miller. Ingold and King (1 56) 
- 1 

had observed a weak singlet - singlet transition (2'2 + - A Au) in 
g 

absorption peaking at about 6 eV. Since the observation of a trapped- 

electron excitation spectrum is not sufficient to identify a transition 

as singlet - singlet or  triplet(15'), Bowman and Miller apparently 



Scattering Angle (Degrees) 

Figure 5. 5-8. Differential cross section (arbitrary units) for 
1 3 + 

excitation of the C nu (v' = 1) curve (a) and b Zu curve (b) states in  

Q. uo = 40 eV. 



N N 

assumed that they were observing the X - A excitation. 

The attached reprint (appendix IV) discusses our investigation 

of the energy-loss spectrum of C2H2 (from about 1 eV to 9.5 eV) and 

identification of .two singlet - triplet transitions, with peak intensities 

at 5.2 eV and 6 .1  eV. some additional aspects of,this study are.  

discussed below. 

5.6.2. Additional Results and Discussion 

Figure 5.6-3 (figures15. 6-1 and -2 a r e  in the reprint) shows 

an energy-loss spectrum of acetylene from about 5 eV to 12 eV for 

an impact energy of 45 eV and a scattering angle 8 = 10". I t  is 

similar in appearance to the optical absorption spectrum obtained by 

Nakayama and Watmabe (i58). The energy-losses of the main 

features of figure 5.6-3 a r e  listed in table 5. 6-1 along with possible 

state assignments. Beyond 9 eV the UV absorption spectrum is too 

complex for these correspondences to be more than tentative. 

Figure 5.6-2 (see appendix IV) contains the peak ratios of 

several s tates at 25 eV. Similar measurements were made at 35 eV 

as shown in figure 5.6-4. As before (preprint) the singlet - triplet/ 

singlet - singlet ratios a r e  sharply increasing functions of angle 

while the singlet - singlet/singlet - singlet ones vary much more 

,.L slowly. 
-1 

Note that in  both figures 5.6-2 and -4 the C (v, = 1)/ 
-1 

j. 
C nu (v, = 0) intensity ratios gradually increase with angle. This is 

not' expected, since these peaks arise from transitions to two 

vibrational members of the same electronic state. The 70% change 



Figure 5.6-3. Energy-loss spectrum of acetylene. Eo = 45 eV, 

I = 5 x  IO-*A, ,g = l o 0 ,  SR = . 0 1 0 ~ / s e c ;  TC = . 5 s e c , P =  1 . 2 ~  10 '~ 
0 

torr .  The excitation energies for the numbered features a r e  listed 

in  table 5.6-1. 
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TABLE 5.6-1 

Excitation energies observed in the. electron impact spectrum of acetylene. The first 

column is the peak identification number from figure 5.'6-3. The second column is the energy- 

loss at which the peak is observed in the present work, the third column is the most likely 

corresponding optical excitation energy, and the fourth column is the assignment of the upper 

state (the ground s ta te  is 2 ' C  + point group Dmh). 
g ' 

Peak Energy Optical Assignment (b) 
Number .Loss Excitation Point Vibrational 

( eV) ~ n e r ~ y ( ~ )  Group State Level 

5.2 a . l ( ~ )  (triplet) unresolved 
N 

6.1 * . b (triplet) unresolved 
N 

1 7 . 2 *  . 1  (7. 3) (broad) B (diffuse, unassigned bands) 



TABLE 5.6-1 (continued) 

Peak 

Number 

Energy 

Loss 

(eV) 

Optical 
Excitation 
~ n e r g y ( ~ )  

Assignment ( b) 
Point Vibrational . - 

Group State Level 

Probably Rydberg states 

[ml , [mtl 



TABLE 5.6-1 (continued) 

a Optical excitation energies in parentheses were determined from fig. 1 of 

reference (158). 

States in square brackets [ ] a re  from those in { } a r e  from 

( 2 ~ )   ilki ins on('^^) ? the other designations a r e  from Herzberg . 
Refer to figure 1 of the reprint,  appendix IV. 



Figure 5.6-4. Peak intensity ratios in acetylene for Eo = 35 eV. 

The peak ratios a re  labelled according to their number designations 

in figure 5.6-3.  The curves labelled g/2 and ;/2 are  the triplet 

intensity ratios (with respect to peak 2) times 10. For clarity, only 

a few representative er ror  bars a re  shown for each ratio. Each 

data point is an average of three scans. 
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at  both Eo = 35 eV and 25 eV for 0 = 0" to 70" is well outside the 

reasonable e r ro r  limits of the data. This leaves two'possible 

explanations: (1) the Franck-Condon factor considerations of section 

3.3.7.1 a re  not valid(159), and (2) there is an underlying excitation 

(probably forbidden) which enhances the v2 = 1 peak relative to the 

v2 = 0 one. As to the first possibility, we can only point out that in all 

reported cases (only six transitions, including the present work), no 

significant (> - 5%) deviations in relative vibrational intensities have 

been noted as a function of angle. The second possibility has been 

clearly demonstrated for one case in H2 (refer to section 5. '5). Based 

on this evidence (meager though i t  is), the second explanation seems to 

be the most likely one. Referring to reference ( lo) ,  we note that the 

most intense excitation occurs at  - 8.2 eV. From the results of 

'7 ~chu lz ( '~ )  and ~ron,gersma("), we note that the most intense features 

(excluding negative ion formation) in the tr apped-electron spectra of 

. both CO  and'^, a re  due to singlet - triplet transitions. In particular, 
3 3 + the X -B IIp and X - E C transitions a re  the most intense in N, 

P: - - 
3 3 

while the X - a ll and X - b C+ a re  the most intense in  CO. In view of 

these comparisons, it is not unlikely that the excitation observed at 

8.2 eV in reference (10) is due to a singlet - triplet transition, 
1 3 

a~~llaloguuu to the C. - C transitions of N2 and CO. In order to explain 
.+? 

-1 
the intensity ratio variation we have observed in the C II, band of C2&, 

the maximum transition intensity for this hypothetical triplet state 
j 

. ,. should lie somewhat higher than 8.16 eV, in agreement with reference 

(10). Without additional data, further speculation seems unwarranted. 



The steeply rising (withincreasing 8) z/"c and gf l  intensity 

ratios a r e  quite similar in behavior to the previously observed 

6 intensity ratios for which the singlet - triplet transitions have 

AS = 1 and AA = 1. (All of the reference excitations for the intensity 

ratios have been chosen to be transitions in which AS = 0, AA = 1, 

and g - u (where applicable). ) Thus, we tentatively suggest that 
N 

a and a r e  II s tates (A of ground state = 0, plus AA = 1 implies 

A of excited state = 1). In analogy with N,, they might correspond 
3 '  3 

to the B Il and C II, states. These would be states of a linear 
g 

C,H, configuration. It is also possible that the excited state is 

"bent1' ( a  possibility which does not exist for N,). , In this case a 
3 

%(u) 
state of the linear molecule (point group D,~) would correlate 

- .  
3 '  

with 3 ~ d u )  + Bg.,) states of the lltrans-bentll (point group CZh) 

.+ 
molecule (I6'). (We have neglected the "cis-bent" configuration and 

\ 

the possibility of spin-orbit coupling mixing singlets with triplets. ) 

Essentially, the potential function for the degenerate Il electronic 

state of the linear molecule splits into two when the molecule is bent. 

The magnitude of this splitting depends on the magnitude of the 

vibronic interaction (Renner-Teller effect) (161) 

From the present data, we cannot decide between the 
3 

possibilities of (1) cxcitation of the two II states of the linear 
3 3 

molecul,e (probably a II and a TIU), or  (2) excitation of a single 
g 

3 3 

"g(u) 
state of the linear molecule which splits into an A and du) 

3 

g( u) 
state of the "bent" system. 



The transitions we observe do not seem to be of the type 
1 3 N 

C - C.  The and b/singlet ratios a r e  sharply rising functions of 8 
3 

as a re  the 311 and P/singlet ratios already discussed. In particular, 
3 

all of these ratios a r e  much steeper than a r e  the C/singlet ratios 

we have observed. This apparently eliminates the possibility that we 

observed a n - r* transition, since the resulting electron configura- 

tion (n3n) leads only to C and A s ta tes  (162). fI states can be obtained 

by either promoting an electron from a a orbital into a n orbital o r  
3 

viceversa. Since MO calculations(163) predict that a C is the lowest 

triplet s tate (as  in  N,), apparently we have not observed the lowest 

triplet in C,H,. Bowman and Miller's tentative assignment of the 

lowest triplet s tate at 2.0 eV is not inconsistent with the present 

work, even though we failed to observe zin energy-loss feature at 

2 .0  eV. 

Figures 5.6-5 and -6 present the DCS (in arbitrary units) 

for the excitations shown (in rat io form) in figures 5.6-2 and -4, 

respectively. The a and DCS a r e  quite similar  to the z3p (He), 
3 3 

a qCO),  and C nu (N,) ones, as expected. The singlet c ross  

sections a r e  sharply peaked forward, more s o  a t  35 eV than a t  25 eV 

incident energy (recall  the discussion of section 3 .4 ) .  

As already noted in table 5.6-1, the peak labelled 6 i n  

figure 5.6-3 could contain substantial contributions from the non-. 
N 

Rydberg E (v,,) and ( ~ 1 ~ ~ )  states. Likewise, peak 7 could be a 

composite of $v2= 1) and F" (v, = 1) excitations. Thus, it is of 

interest to compare the relative intensity of these two peaks as a 



Figure 5.6-5. Differential cross sections (arbitrary units) for 
N .N 

excitation of the P, b, B (I) ,  = 0) (2), and D" (v2 = 0) (6) states 

of acetylene. ' E ~  = 25 eV. Each data point is an average of three 

scans. 
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Figure 5. 6-'6. Differential c ross  sections (arbitrary units) for 
N N 

excitation of the P, b, B (I), a v ,  = 0) (2), and 6(% = -0) (6) states 

of acetylene. E, = 35 eV. Each point is an average of ' three scans. 
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function of angle. Table 5.6-2 presents the results of such a 

DD comparison for an impact energy of 35 eV. Cvvo (0) has been included 
. . 

in the table, primarily because in this one case i t  seems to improve 

the constancy of the ratio (perhaps fortuitously). The invariance of 

this peak intensity ratio with angle indicates that either the three 

electronic states mentioned above vary with angle in nearly the same 

way or that we only observe transitions to one of the states (either 
N 

F or 9). Without higher -resolution studies, we cannot decide between 

these alternatives. 

5. 7. Ethylene 

5. 7.1. Introduction 

Ethylene is a molecule of considerable interest to both 

theoretical and experimental chemists. Since C2H4 is an example of 

the simplest pi-electron system, i t  has been used extensively as a 

model for testing theoretical calculations. Unfortunately, the over- 

lapping nature of its electronic bands has complicated experimental 

investigations 66) while - ab --.- initio -- -- calcul~tions have as yet been 

somewhat limited by the computational effort involved (167)- 

The optical absorption spectrum of ethylene has been studied 

by a number of investigators in the solid(168), liquid(82), and 

gaseous state (16'). The optically observed transitions (from the 

Z ~ A  planar ground state, N state of Mulliken 
g 

(I7')) can be briefly 

summarized as follows: 

(1) At long wave lengths (low energy), a progression of 

extremely weak diffuse bands, beginning at about 3. 6 eV and peaking 



TABLE 5.6-2 

.. Ratio of the peak intensity of peak number 7 (figure5.6-3) 
B 

to that of peak number 6 as a function of scattering angle 8.  Eo  = 

35 eV. 
m .  

7/6 Peak 
Intensity Ratio 8 IR No. of 

(degrees) . . (IR), ' c?: C 1 ~  Scans Used 

Average of .88 '* .02 
all angles 



at - 4 .6  eV is observed (171). The upper State for this system is the 

(1 70)) lowest triplet z ~ B ~ , ( ~ ~ ~ )  (Mulliken's T state 

(2) A stronger absorption consisting of a progression of diffuse 

bands beginning at about 5 eV, merging into a continuum at about 

7 eV, .and reaching a flat maximum at - 7.6 eV occurs next. I t  is 

generally agreed that the upper state is the first excited singlet, 
1 
Blu (V  state of Mulliken (170)). 

(3) At 7.11 eV, the f i r s t  Rydberg transition is observed (1 73) 

(R state of Mulliken). Nearly all features observed at higher 

energies can be attributed to additional Rydberg transitions ( 166) 

(4) The first ionization potential is found to be 10. 50, eV (173) 

The relative intensities and order of these transitions from 6.2  eV 

to 11. 64 eV a r e  conveniently shown in the figures of Zelikoff and 

Watanabe (174). 

Kuppermann and ~ a f f ( ~ ~ )  were the first to observe electronic 

excitation of ethylene via electron-impact. The peaks they observed 

at 4.6 eV and 7. 7 eV correlate well with the N - T and N - V (or R) 

lraslsitforis observed optically. Trapped-electron spectra reported 

by ~ r o n ~ e r s m a ( * ~ )  and Bowman and ~ i l l e r ( l O )  show peaks a t  nearly 

these same locations as well as one at - 9.2 eV (and negative ion 

formation at lower energies). ~ o e r i n ~ ' s ( ~ ~ ~ )  investigations at 

large scattering angles (8 = 90") and low energies (down to 10.9 eV) 

revealed approximately these same features (4.4 eV, 7.7 eV, and 

9 .3  eV). At somewhat higher energies (50 eV) and 8 = 0°, Simpson 

and ~ i e l c z a r e k ( ' ~ )  observed energy-loss peaks which coincided 
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with several Rydberg transitions. The 4.4 (4.6) eV transition was 

not observed and the broad peak near 7.7 (actually peaking at 7 .5  eV) 

was clearly due to the lowest N - R transition. The energy-loss 

spectrum of Lassettre and obtained at an incident 

energy of - 400 eV and 8 0°, was quite similar  to that of 

reference (26) (except that the resolution of the former  was about 

0.6 eV while that of the latter was 0.1 eV). 

Significantly higher resolution studies have been reported by 

Geiger and ~ i t t m a a c k ( ~ O )  (FWHM = .025 eV, Eo a 33 KeV, B = 0") 

and Ross and ~ a s s e t t r e ( ~ ~ )  (FWHM a . 03, Eo  = 150 eV, 8 0"). 

Neither the N - T nor N - V transitions a r e  observed, but the 

N - R and higher Rydberg transitions a r e  clearly evident. The 

highest energy results(40) agreed in detail with optical absorption 

data However, the data of references (26) and (147) indicate 

a maximum in the N - R '(plus underlying N - V) transition intensity 

a t  7.5 eV whereas the optical absorption reaches a maximum at . 

7.28 eV. Ross and ~ a s s e t t r e ( ~ ~ )  have attributed this  anomaly to 

an underlying quadrupole-allowed (but dipole-forbidden) electronic 

transition. 

In summary, electron-impact and optical absorption studies 

generally agree, with the exc.clptions that (1) the N - V transit ioi~,  

which is distinctly observed in absorption, has not been seen 

explicitly via electron-impact (i. e. , it is masked by the stronger 

overlapping N - R transition) and (2) there is electron-impact 

evidence for an %'A - ('B,~)(' 76) (quadrupole-allowed) transition !z 



which has nat been observed optically. I t  is generally agreed (177) 

that no other features have been revealed by electron-impact. 

5.7.2. Results and Discussion 

Figure 5.7-1 shows an energy-loss spectrum of ethylene under 

low resolution (FWHM of elastic peak = 0.15 eV) at  8 = 40" and 

Eo = 40 eV. The N - T and N - R (or V) transitions are  clearly 

evident as well as higher Rydberg transitions. Figure 5.7-2 shows 

the.energy-loss region from about 7 eV to 10 eV under relatively 

high resolution (FWHM a. 05 eV) at Eo = 40 eV and 8 = 10". The 

peaks observed in these figures along with their probable assignment 

a re  listed in table 5. 7-1 (all peaks except that of the N - T transition 

were taken from figure 5. 7-2). These spectra agree quite well with 

the previous results. In particular, the relative intensities within 

the N - R band agree with those of Ross and ~ a s s e t t r e ( ~ ~ ) ,  although 

the resolution is not as good. Unfortunately, the signal level at  this 

resolution (FWHM = .05 eV) was not sufficient to scan a very large 

range of angles. The R band relative intensi.*i.es a r e  summarized 

in table 5.7-2. Our low angle results at  40 eV are the same (within 

the er ror  1imits)as the 8 = 0°, 150 eV results of Ross and 

~ a s s e t t r e ( ~ ~ ) .  At higher angles, the enhancement of the peaks of 

i the v, = 2 and 3 levels relative to that of the v, = 1 is quite clear. 

This reinforces the hypothesis(23) that at least one forbidden 
. . 

transition (hereafter labelled as  N - Z)  underlies the N - R transition 
r 

at about 7.5 eV energy-loss (and higher). The energy-dependence 



Figure 5.7-1. Energy-loss spectrum of ethylene. Eo = 40 eV, I. = 

3 x 1 0 - * ~ ,  0 = 40°, SR = .002 ~ j s e c ,  TC. = 5 sec,  P = 1 . 0  x torr .  

FWHM of the elastic peak = 0.15 eV. 





Figure 5.7-2. Energy-loss spectrum of ethylene. Eo  = 40 eV, I. = 

l x  ~ O - ~ A ,  B = l o 0 ,  SR = .008 ~ / s e c ,  TC = 1 sec,  P = 1 . 2 X  torr .  

FWHM of the elastic peak is . 05 eV. 





TABLE 5.7-1 

Energy-loss peak locations in the electron-impact spectrum of 

C2H4. The first column lists the excitation energies (below ionization) 

of the peaks in figure 5.7-2; the second column l ists  the corresponding 

optical values; and the third column presents the upper state assign- 

ment corresponding to the optical values. The ground electronic 

state of ethylene is % 'A (point group DZh) 
g 

Excitation Optical Assignment 
Energy Excitation of Upper State 

From This Energy ( a) 
Research (ev) ~ l e c t r o n i c ( ~ )  

(onset :  3 . , 4 * . 1  ' .  <;:3;6) 



TABLE 5.7-1 (continued 
Excitation Optic a1 Assignment 

Energy Excitation of Upper State 
From 'This ~ n e r g y  (a) 
Research (ev) ~ l e c t r o n i c ' ~ )  

a Optical excitation energies for the state a r e  from reference (84), 

those for the from reference (169), and all others from reference 

(1 66). 

Electronic states in parentheses are from references (169) and (266); 

the others a r e  from reference (2c), pa 629. 

The vibrational assignments a r e  from references (169) and (166). 

Shoulder. 



TABLE 5.7-2 

Relative intensity distribution for the first 'Rydberg transition (N - R) in ethylene. 

The third, fourth, and fifth columns a r e  the results of other investigators. These authors 

resolved the v, and 2 v4 excitations, but to compare with our results (column six),in which 

they a r e  not resolved, these peaks have been averaged together. 

v2 v4 (I/I v, - - 1 )(a) (1/Iv2 = (b) (I/IV ( 4  , ,  - 1 )(d) 
1 - -- 2 

e = lo0 e = 40" 

0 0 
2) 

.88 .78 .76 * .05 7 5  * .06 .72 .05 
0 
1 

Ol 1.00 1.00 1.00 1.00 1.00 
1 2 

2 
O} .85 .90 1. OO* .02 l.OO* .05 1.15* .05 

2 2 

a Reference (174). Reference (40). Reference (23). , Present results,  Eo = 40 eV, 

average of three scans. 



of this increase in the v, = 2 (and v, = 3) relative intensity can 

provide a clue to the nature of the N - Z transition. To this end, 

(40) the intensity ratios of the V, = 2 to v, = 1 peaks from Geiger , 
(23) and ~ i m ~ s o n ( ~ ~ )  a r e  listed below: ROSS , 

Ross argued that the ratio increase from 33,000 eV to 150 eV is 

consistent with an underlying quadrupole transition, but did not 

point out that Simpson's data a r e  quantitatively in  agreement with 

this suggestion (1 79) 

Our angular measurements (meager though they are)  may 

also provide an indication of the nature of this N - Z transition. 

L e t u s  assume that the 7.46 eV transition intensity is the sum of 

three comp.onents: the N - R (v, = 2) intensity (I&), the N - V 

continuum intensity (I&), and the N - Z intensity (IZ,). Presumably, 

the 7.12 eV and 7.30 eV peak intensities a r e  equal to IR,, + No 

and IR, + IV, , respectively. Although 1% /I% and IV,, /IV, a r e  

expected to be independent of angle from our previous Franck- 

Condon factor. considerations,. IRo + TV, /I% + IV, will depend on 

6 if the N - R and N - V DCS have different angular dependencies. 

The latter rat io will be independent of I3 i f  IV, << IRo and IV, << 
1% ( a  likely case). Since the data (Table 5. 7-2) indicate that 

n 

this ratio is nearly constant between 8 = 10" and 40°, we can 



tentatively conclude that ( I )  the N - R and N - V DCS behave in 

nearly the same way with angle o r  (2) the N - V.DCS is negligible 

compared to the N - R one. For simplicity we shall assume the 

latter to be true (although the following arguments do not depend on 

this assumption). Thus, from the data of table 5.7-2 we have: 

1% + IZ, 

IR, 
r 1.00 a t 8  = 10" 

and 

e 1.15 at 8 = 40". 

But ~ / I R ,  e. 90 from the 33 KeV data of Geiger for which IZ is 

certainly negligible. (Recall that I ~ / I R ,  is most likely independent 

of angle and energy since it is a relative intensity within a single 

electronic band.) Thus, 

and 

e 0.25 a t  8 = 40". 

This factor of 2. 5 increase from 10" to 40" is not inconsistent with 
1 

a f'quadrupolell/"dipolell intensity rat io (e. g. , C +/blIIu of N,) , but 
g 

it is also similar  to a "spin- and symmetry f~rbidden~~/"dipole 
3 1 

allowedl1 rat io (e. g. , E C +/b IIU of N,). These results  a r e  
!? 

C- certainly not definitive, but they indicate the utility of angular 

measurements as well as a need for more complete high resolution 

studies as a function of angle. In summary, we can only note that 

all of the arguments above a r e  consistent withZ being either a 

"singlet1' or  "tripletf1 "gfl s tate (180). 
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Figure 5.7-3 shows the intensity ratios for the peaks of the 

N '- T, N - R, and N - 3Rf (v, = 0) transitions to that of the 

N - 3R (v, = 0) one. These data were obtained from scans of 

intermediate resolution (FWHM = . 10 eV). The N - 3R (v, = 0) 

peak intensity was used as a reference because: (1) the resolution 

was not sufficient .to use the N - R (v, = 0) peak intensity as  a 

reference (the most fflogicalf' choice), (2) the peak of the N A R 

transition could not be used since the N -- Z transitionmight 

enhance i t  at  higher angles, (3) the N - ~R ' (v ,  = O)/N - 3R (v, = 0) 

intensity ratio is nearly.constant. with angle, indicating that both 

transitions a re  most likely "isolatedv from underlying forbidden 

transitions and (4) the N - 3R (v, = 0) transition is not strongly 

overlapped as  is the N - 3R' one. 

As expected, the singlet/singlet ratios a re  relatively flat 

while the triplet/singlet one increases markedly with angle. The 

latter ratio is quite characteristic of those for which transitions to 

the upper state have AS = 1, AA = 0. Since this transition is a 

.rr - T* type, our conclusion concerning the acetylene triplets 

(i. e. , they a re  not .rr - 'a*) is consistent with these results. The 

~ ( o r % ) / " C  ratio in acetylene increased by a factor > lo2 from 0 = 10" 

to 80" while the Z / ~ R  ratio in ethylene only increases by a factor of 
.9, 

about 30 over.the same angular range and at nearly the same incident 

energy above threshold. 

The (N - R)/(N - 3R (v, = 0)) intensity ratio is not enhanced 

at  higher angles as we might expect from the higher resolution data, 



~ i g u r e  5. 7-3. Peak intensity rat ios in ethylene for Eo = 25 eV. 

The peak labels can be correlated with energy-losses from table 

5.7-1. Each data point is an average of three scans. The FWHM 

- of the elastic peak was 0.10 eV for these data. 
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However, there is a noticeable shift in the location of the N - R peak 

from 7:46 * ;'01 eV at 8 = 10" to 7. 58 * . 05 eV at 8 = 8 0 °  which 

attests to an underlying forbidden transition. The location of the 

N - 3R' (v ,  = 0) peak does not change with angle. 

Figure 5.7-4 shows a comparison'of the shape of the N -- T 

DCS calculated in section 3.3. 7. 2 with that of the experimentally 

determined one a t  25 eV. The agreement is not very good. This' is 
. . . . 

not unexpected since rather crude approximations have been used 

in the calculation. Figure 5.7-5 shows the calculated' distributions 

at a few additional energies simply to indicate the predicted trends 

with energy and angle. The curves exhibit a rather unusual shape 

4 compared to other calculations on helium and hydrogen(66) using 

the same approximation. This is probably an artifact'of the simple 

wave functions used in the present case. Inspection of equation 
-1 

(3-92a) shows that the DCS is zero  whenever q E 1.453 a. . Thus, 
-1 if KO < .843 a. (Eo < 9.66 eV), then the DCS will not be zero  in 

the 0" to 180" angular range; i f  Ro = .843, then the DCS is z e r o  at 

0 = 180"; and i f  ko > .843, the zero in the DCS moves toward 
-1 smaller  angles, varying as 8 x 1'45 for ko>>l .45  a. (Eo>> -5- 

. 28.6eV) .  

~ i ~ u r e  5.7-6 gives the DCS(in arbitrary units) for the N - R 

(peak), N - 3R (v, = O), and N - 3 ~ '  (v, = 0) transitions at 25 eV. 

As expected, these singlet - singlet Rydberg transitions a r e  strongly 

peaked in the forward direction with very similar  shapes. (The 

lat ter ,  of course, was evident from the ratios.) 



Scattering Angle (Degrees) 

Figure 5. 7-4. Differential cross section (arbitrary units) for the 

N - T transition in ethylene. The circles a re  experimental points 

for E, = 25 eV (average ofthree scans). The solid line was 

calculated according to section 3.3.7.2. The data and calculations 

stre normalized to Lhe same value at 8 = 35". 
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Figure 5. 7-5. Differential cross section (arhi.trary units) for the 

N - T transition in ethylene calculated according to section 3.3. 7.2 

for several incident energies. The relative scale for all of the curves 

is determined by normalizing the DCS at Eo = 9.6 eV and 9 = 0" to 

1.0. 



i ,  

Figure 5. 7-6. Differential cross section (arbitrary units) for 

several transitions in ethylene. Eo = 25 eV. Each data point 

represents an average of three scans. 
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6. CONCLUSIONS 

The work described in this thesis represents the first use of 

the measurement of electron-impact differential cross sections (DCS) 

as a function of scattering angle (8) to characterize and identify 

singlet - triplet (spin-forbidden) transitions. We are  hampered in 

our endeavor to draw general T1spectroscopic rulesT1 for 'the identifi- 

cation of such transitions from these DCS measurements'by two 

things : 

(1) The theory of electron-molecule scattering, though 

formally well developed, has not been applied with much success to 

DCS in the low-energy region (a few tens of eV1s above threshold) in 

which exchange excitations are  important; and 

(2) practically all of the available experimental measurements 

of DCS angular dependelicies (in this low-energy region) have been 

made by us during the course of this research on the few systems 

reported here. These handicaps mean that our TTrulesT1 a re  a self- 

consistent set  of generalizations based primarily on a 'limited set  of 

empirical.results. Nevertheless, i t  is worth reiterating tlie 

consistent trends we have noted in sections 5.2 through 5.7. 

The character of an excited state (of the target molecule) is 

reflected in the corresponding DCS. Differences in the behavior 

with 8 of the DCS for the exc.it;\.tion of states of different character 

can be enhanced by comparing cross section ratios. This has been 

done for all of the transitions we studied. The DCS for an optically- 

allvwed transition (usually the lowest lying such transition) in each 



molecule was used consistently as a llstandardll for rat io comparisons. 

Let  DCSA be the DCS for excitation of the optically-allowed "standard" 

state (A) of some molecule and DCSB .be the DCS for excitation of 

some other state (B) of the same molecule. Then, we will designate 

. the quantity l l ~ C S ~ / ~ C S A 1 f .  (DCS ratio as used before in sections 

5.2 through 5. 7) simply by l1 the B ratio. l f  

Table 6-1 presents a summary of some of the rat io data 

already discussed in sections 5.2 through 5. 7 for singlet - triplet 

(AS = 1) transitions. An examination of this table and the actual 

behavior with 8 of various triplet state ratios leads us to the 

following conclusions: 

( I )  Triplet s tate ratios increase markedly with increasing 

8(0°. 5 8 5 80") for impact energies that a r e  20 to 30 eV above 

threshold. This behavior clearly distinguishes them from singlet 
61 

state ratios. 

(2) The magnitude of the triplet state rat io increase is 

sensitive to the value of AA associated with the singlet - triplet 

transition. Notice that the ratios for which AA = 1 increase sharply 

by about two orders  of magnitude over the angular range above in a 

manner that is independent of the g - g (or u) nature of the transition. 

On the other hand, triplet state ratios for which All  = 0 increase 
3- 

by about one order of magnitude. Fronl the exanlples of this latter 

type, those which a r e  symmetry- allowed (SA) increase by about a 

T factor- of'five more than those which a r e  symmetry-forbidden (SF). 

~ u r t h i r ,  these AS - 1, A h  = 0 ratios tend to reach a plateau at 
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TABLE 6-1 

Summary of some pertinent data on all of the singlet - triplet 

transition. ratios we have investigated. The first  column lists the 

molecule (atom) and the transition whose ,DCS is used as  a reference 

for the ratio determination (state A). The second column gives the 

B state associated with the factor increase (B ratio at high angle 

limit divided by B ratio at low angle limit) listed in the third column. 

The fourth, fifth, and sixth columns give the value of AA,  the 

impact-energy above threshold, and the limits of the angular range 

used to determine the factor increase, respectively. 

Impact 
Energy 

Above Angular 
Molecule B Factor Threshold Range 

(Atom) State Increase a (eV) (degrees) 

He 2's 6 0 24 . 0 - 70 

1% - 2lp  z3p 60 1 23 0 - 70 
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TABLE 6- 1 (Continued) 

Impact 
Energy 
Above Angular 

Molecule B Factor Threshold Range 
(Atom) State Increase AA (eV) idegrees) - 

N 

c2% a 1000 ( I ) ( ~ )  ' 30 10 - 80 

a Presumably, AA = 1 for these two transitions. See text, 

section 5. 6. 



intermediate angles, in contradistinction to the AS = 1, A h  = 1 

ratios. 

In summary, triplet state excitations as a whole can be 

clearly identified by their ratio behavior (11 examples). The 

determination of AA from the ratio behavior also seems reasonably 

reliable (5 examples of A h  = 0 and presumably 6 examples of 

A = 1 )  There is no apparent difference in the ratio dependencies 

of SA and SF ratios for A h  = 1 (at least 1 SF examp1e:and 2 SA 

examples), while for A h  = 0, the SF  ratios seem to increase less 

than do the SA ones (1 SF  example and 3 SA examples). The 

reliability of these generalizations can be judged by the number of 

examples. 

For singlet state ratios (AS = O), the situation seems more 

complex. In particular, these ratios do not exhibit any general 

trend with angle a s  do the triplet ones (this in itself, however, 

points up the AS = 0 character of the former). Some singlet ratios 

a re  practically constant while others oscillate with either positive 

or negative slopes at  small 8 . . In the case of CO , the' signs of the 
1 + initial slopes of the C ratios change from negative to positive as 

the impact energy is lowered from 35 eV to 25 eV while a similar 
1 

singlet state ratio (p' 2:) in N, has the same behavior at 25 eV 

that i t  has at 40 eV. 

Consequently, we do not feel that any meaningful correlations 

between the ratio behavior and the value of A or the symmetry of 

the excited state can be derived from these investigations without 

additional data. 



One diatomic molecule' of special interest for future work 

is.0,. Since it has a triplet ground state, transitions to singlet 
.k . . 

states a re  spin-forbidden. This, of course, is simply the reverse 

of the excitations we have studied s o  far. In addition, 0, has a 
1 

low-lying singlet. state with A = 2 (i. e. , a A ) which, if  we could 
g 

observe i t ,  would provide information about AS = 1, AA = 2 

transitions (we have.observed no other Ah = 2 transitions). The l is t  

of interesting polyatomic molecules is practically endless since 

the scattering from - none other than those reported here have been 

studied as a function of angle at low energy. The study of methyl 

substituted ethylenes may help elucidate the nature of .the olefinic 

"mystery band" (I8'). Also the search for the low-lying triplet states 

of small molecules such as G O ,  CO,, formaldehyde, etc. is 

worthwhile for future .investigation. 



APPENDIX I 

OVERLAP OF TWO GAUSSIANS 

Consider one energy analyzer (monochromator) for which 

f(E) dE is the fraction of electrons of energy E transmitted in the 

energy range E - E + dE and a second analyzer (selector) for which 

g(E - T) is the fraction of electrons of energy E transmitted per . . 

unit' energy range. We assume that f(E) and g(E - T) have maxima 

at  E = 0 and E = T, respectively, and are  normalized so  that 

If the output of the monochromator is directed into the selector, the 

fraction of electrons per unit energy range F(T) that will be collected, 

apparently with energy T; at  the selector output is 

For the present analyzer system, f and g can be adequately 

approximated by Gaussians (see section 4.4. 3. 3) as 

and 



where 
m 

AEL 
A = --A and 

2 J E z  

AE' and AE? - a r e  the full-width at half-maximum (FWHM) of the 
2 2 

monochromator and selector transmission functions, respectively. 

Substitution of (1-3) and (1-4) into (1-2) and integration over 

E yields 

Consequently, the overall transmission function of this two analyzer 

system is Gaussian with a FWHM of 

If both analyzers a r e  operated with the same resolution (FWHM), 

then the FWHM of the bear11 leaving the monochromator as observed 
m 

by the selector is f i  AEr - . 
2 



APPENDIX I1 

SPECIFICATIONS OF THE 

1024 CHANNEL NUCLEAR DATA 

ANALYZER SYSTEM 

Introduction 

The system is a modified version of the ND-1 8'1 FM-ITB 

system described in Nuclear Data Inc. 's brochures entitled: 

a. - ND-180 512 Channel Analyzer System 

ND-181 1024 Channel Analyzer System 

b. - Instruction Manual, ND-180 FM Pulse Height Analyzer 

System (November, 1964) 

c. - Model ND-180 ITB Integrator and Time Base Unit 

Instruction Manual (February, 1965) 

The main standard features a r e  described in those brochures and a r e  

summarized below. The modifications of this system which a r e  

desired a r e  described in Section 3 following. Section 4 lists the 

~naiii cvmponents of the system. 

2. General Description 

2 . 1  Modes of Operation: A .  Pulse Height ~ n a l y s i s  (PHA) 

B. Multi Channel Scaling (MCS) 

C. Signal Averaging (SA) . Wave Form 

Comparison Method 

2.2 Number of channels: 1024 

2 . 3  Count capacity per channel: lo6 



6 
Count rate up to 10 per second in MCS. 

Memory dividable into halves and quarters. 

Capability of 2 and 4 detector operation by external routing 

in Modes PHA, Normal MCS, and Mode B-IV. 

Transfer from any quadrant to any quadrant, bidirectional. 

Coincidence and anticoincidence operation in all modes except 

in SA. Jacks on front panel for monitoring coincidence or 

anticoincidence and detector output signals to determine their 

time relationships. 

Upper and lower level discriminator. 

Display: Analog: CRT and X-Y Recorder. 

Digital: Serial Print and Paper Punch. 

Horizontal display position control on front panel to allow 

user to look at last portion of spectrum when spectrum is 

greatly expanded on external oscilloscope. 

Auto repeat capability. 

Time Base Unit with channel dwell times,.  50, 100, 200, 500, 

1000, 2000 p,sec. , 5, 10, 20, 50, 100, 200 m sec. , 0. 5, 

1, 2 seconds for MCS and SA. 

Magnetic core memory "Live Time. " 
L i v e T i m e i n s t e p s o f $ ,  2,  1, 8, 10, 20 ,40 ,  80, 100, 200, 

400, 800, 10QI) a.nd infinity (minutes) in PIIA. Possibility 

of use of external oscillator. Live Time is always printed in 

f i rs t  channel of memory. 



2.16 Sweep triggering (MCS and Averaging): Internal, Recurrent, 

External. Plus or Minus, AC or DC triggering. 

2.17 Sweep delay: 0, 1, 2 ,  4, or 8 times the selected sweep period. 

2.18 Data and address lights. 

2.19 Dead time meter. 

2.20.. Test mode. 

2.21 Capability of overlapping quarters and halves. 

2.22 Capability of normalizing data in each half of memory when in 

overlapping position. 

2.23 Calibration capability to add 1000 counts to all memory channels. 

2.24 Manual address advance (one channel at a time) for digital 

readout of channels of interest. 

3. Modifications 

In addition to the standard features mentioned in Sections 1 

and' 2 above, the following modifications a re  included. 

3.1 Forward and Forward-Backward Address Scaler. Either 

type of'operation can be selected in modes of opera.t.i.on PHA 
' 

and MCS. 

3.2 In'NIulti-Channel Scaling Mode, besides the normal operation 

mode, called hereafter MCS-I, an additional mode is 

required, labeled MCS -11. 

In this mode the Nuclear Data System willbe attached to an 

electron scattering apparatus. This apparatus has an electron 

detector system (ED), an electron bean chopper (EBC), . . and an 



electrostatic energy analyzer (E A). 

3.2.1 .1  0 
The Time Base Generator (TBG) in the Nuclear Data ITB 

Unit supplies appropriate pulses to  Square Wave Generator (SWG) . 
SWG makes the voltage across  terminals Pl and P, change alternately 

between 0 and 10 volts at a frequency determined by the dwell time 

.. ( ~ t )  selected by the ITB. (PI and P, a r e  not grounded.) TBG also 

supplies the appropriate pulses to Translator (TR) in such a way 

that when the electron beam is on (voltage difference between Pl 

and .P, (V,) is zero), the incoming counts a r e  routed into the first 

half of the memory of ND-181 FM and when the electron beam is 

off (V, = 10 V), the incoming counts a r e  routed into the secohd half 

of the memory. 

The Raytheon DAC-20-10 Unit (incorporated by Nuclear Data 

as part  of the analyzer system) supplies an analog voltage (range 

0-10 V) which is proportional to the channel number in the first half 

of the memory if ~ i r s t / ~ i r e c t  Switch (FD-S), incorporated into the 

system by Nuclear Dala, is in First position,and strictly proportional 

to the channel number into which counts a r e  being accumulated if 

FD-S is in Direct position. For Mode MCS-II this switch is in the 

F i r s t  'position. During th.e time in which counts a.re being accumulated 
Pi 

, . in  channel 1 (first  half of the memory).and then into the matching 

channel 513 (in the second half of the memory) the analog voltage has 

the same value. A differential amplifier system '(supplied by 

Nuclear Data as par t  of the system) with an amplification range of 



0-10(with steps 1.0,  2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 

10.0) amplifies the analog signal supplied by the DAC. The 

amplified signal, V2 , is available for external use across terminals 

P, and P4. (P, and P4 a re  not grounded. ) The stability and repro- 

ducibility for these voltages are given later i n  this'section. 

A block diagram of this mode is shown in Figure 11-1. 

Figure 11-2 shows the various voltages and time relations. 

I 

3.2.1.2 S s e  . o f  

Step, 0. System is not counting (standby position), but TBG is 
operating and the square wave signal appears across Pl and 

P2. Operator command (manual setting of control s@tch to 

start position) causes counting to begin as per Step 1 without 
. . 

disturbing the square wave in any way. 

Step 1. When counting is initiated, counts a re  accu'mulated in channel 

number i (i = 1 to start) in the first  half of the memory for 

time At, beginning precisely (within 1 p' sec. ) when.the 

square wave on terminals Pl and P2 goes to zero. The analog 

voltage across P, and P,(V2) = 0. 
. . 

Step 2. . Counts are accumul.ated in channel ,513 for time A t  beginning 
. . 

precisely (within 4 p sec. ). when VL = 10 volts. V, is left 
. . 

unchanged. 
., . 

. . . . 

Step 3. i is increased by one and Steps 1 and 2 'are  repeated until 

channel 1024 is reached. Whe'n channel 1024 is reached, 

a Full cycle has been completed. 



Figure 11-1. Block.schematic diagram for Mode MCS-II. 
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Channel into which 

counts a re  accumulated 

(units of AV) 

Signal to initiate 
channel advance and 

increase V, by AV 

TBG 4 
pulse 

(V) 0 

time (units of ~ t )  

. . 

Figure II-2. Time signal relations for Mode MCS-11. 
, .- - - . -. 

2; 



Step 4. Full cycle is repeated as many times as selected on the 5- 

digit present counter (PC) incorporated into the system by 

e Nuclear Data. 

3.2.1.3 a 
a. - V, is 0 or  10 volts within 0.1 volts. The r i s e  time and decay 

time for switching between these two values is less  that 4 p sec. 

b. - V, is proportional to the channel number in the first half of 

the memory or  to the channel number into which counts a r e  

being accumulated depending on whether FD-S in i n  F i r s t  o r  

. Direct position, respectively. When the differential 

amplifier is se t  a t  gain 1, the range of V, is 0.000 to 10.240 V 

with a deviation from linearity that is less  than 1 mV and 

reproducibility better than 1 mV in the entire range. When 

the amplifier gain is 10, the range is 0.00 to 102.40 'V and 

deviation from linearity and reproducibility is less  than 

lOmV in the entire range. As the channel address is increased , 

by one, the time for V, to reach its new value (to within 

0.01%) is 1 p sec. o r  less. As this address is switched from 

1024 to 1, the time for V, to drop to less than 1 mV is 10 p see. 

o r  less.  

c. - Av, the voltage step, is 10, 20, 30, 40, 50, 60, .70, 80, 90, 
9- 

or 100 mV corresponding togain  1, 2, 3 ,  4, 5, 6, 7, 8 ,  9,. 

o r  10 of the differential amplifier. 
'* 

d. - A t ,  the dwell. time selected on ITB: see  Section 2.13. 

r. - DAC-20-10 unit: s ee  Haytheon ~ o o k l e t ' s p - 1 7 1 ~ ,  pp. 6 and 7. 



f .  - Output impedence is 5 1000 ohms for both V, and V,. 

g. - Synchronization between ITB pulses and changes in V, and 

V, is 1 p sec. 

h. - Dwell times in corresponding channels of two halves of the 

memory (for example, channels 2 and 514) a r e  equal to 
5 

within 0.25 microseconds or 1 part  in 10 , whichever is 

larger.  

4. Components 

The major components of which the system is composed are: 

a. - ND-181-F 

b. - ND-181-M 

C. - ND-180-ITB 

d. - ND-312 Teletype 

e. - Raytheon DAC-20-10 

f.  - Differential Amplifier System 

g. - Translator 

h. - Prese t  Counter 

i. - Modification of ITB 
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APPENDIX rn 
Angular Dependence of Low-Energy Elec t ron '  Impact 

Exc i t a t ion  Cross Section of t h e  Lowest T r i p l e t  

S t a t e s  of % 

* * 
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e x c i t a t i o n  of t h e  lowest t r i p l e t '  s t a t e s  of molecular hydro- 

+ 
gen (b3zu, a3z+) have been ca lcu la ted  from threshold  t o  85 e V  

g  

impact energy using the  Ochkur-Rudge theory.  For t h e  

+ + xlzg - b3zU t r a n s i t i o n ,  t h e  r e l a t i v e  d i f f e r e n t i a l  c ross  sec t ions  
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were measured with a  low-energy, high-resolution electron impact 

spectrometer from 10' t o  800 sca t te r ing  angle and impact energies 

of 25, 35,. 40, 50, and 60 eV. . Theory and experiment a re  , in  good 

agreement f o r  the  shape of the  d i f f e r e n t i a l  cross section for  energies 

of 35 eV and above. However, a t  25 eV, the theory continues t o  pre- 

d i c t  a  ra ther  well developed maximum in  the cross section a t  around 

40' while the  experimental cross sections a re  more is0tropi.c. An 

appreciable contribution t o  the ine las t ic  sca t te r ing  in  the energy 

+ 
l o s s  region from 11 t o  14 eV due t o  exci ta t ion t o  the  a3z and/or 

Q 
@flu s t a t e s  i s  def in i te ly  established from the observed angular 

d i s t r ibu t ions .  A quantitat ive evaluation of the  individual angular 

behavior of the exci ta t ions  i n  t h i s  region, however, would require 

a  resolution higher than the presently available one of 0.030 eV. 



1. INTRODUCTION 

Low-energy e lec t ron  impact spectroscopy has been found t o  be a  

very powerful t o o l  f o r  loca t ing  and iden t i fy ing  energy l e v e l s  of mole- 

cules ,  e spec ia l ly  those  t o  which t r a n s i t i o n s  from t h e  ground s t a t e  a r e  

forbidden by o p t i c a l  s e l e c t i o n  rules.'-+  h he low-energy range a s  defined 

here i s  from a  few eV up t o  100 eV. This corresponds t o  the  binding 

energy of ou te r  e l ec t rons  i n  atoms and molecules and is  a  very important 

region from t h e  point  of view of spectroscopy, photochemistry, plasma 

physics, and f o r  many atmospheric phenomena. ) Both the  energy and angu- 

l a r  dependencies of th.e d i f f e r e n t i a l  c ross  sec t ion  a r e  important i n  

iden t i fy ing  a  given t r a n s i t i o n .  The energy dependence of t h e  d i f fe ren-  

t i a l  c ross  sec t ion  has been inves t iga ted  t o  some degree i n  the  pas.t.l-" 

Hoyever, t h e r e  i s  very l i t t l e  information ava i l ab le  on t h e  angular depen- 

dence of e x c i t a t i o n  c ross  sec t ions  a t  low impact energies.  The ]:lorn- 

Oppenheimer approximat ion- is  not v a l i d  a t  these  impact energies;  'i.n f a c t ,  

no theory has proved r e l i a b l e  i n  p red ic t ing  the  energy and angul.ar 

dependencies of d i f f e r e n t i a l  c ross  sec t ions  f o r  even t h e  simplest  system 

of electron-atomic hydrogen. 

Recent s t u d i e s  of ~ e , ' ~  Ha, %, CO, C02, HaO, and 

C2H4 ,lo ind ica te  t h a t  t h e  measurement of the  d i f f e r e n t i a l  c ross  sec t ion  

a t  a  f ixed  inc ident  energy and va r i ab le  s c a t t e r i n g  angle y ie lds  more 
. r 

information about the  nature of t h e  e l e c t r o n i c  e x c i t a t i o n  than does the  

measurement of the  energy dependence of the  d i f f e r e n t i a l  cross sec t ion  

a t  a  f ixed s c a t t e r i n g  angle.  In  order  t o  l e a r n  rnore about the  angular 

behaviur of d i f f e r e n t f a 1  cross sec t ions  for  dif'fe1:en.L types o:f CIIC~'.I.I'O~~I~C 
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exc i t a t ions ,  it i s  important t o  c a r r y  out  experiments on t r a n s i t i o n s  of 

known charac ter .  The information obtained from such s tud ies  is  useful  

i n  t h e  evaluat ion  of d i f f e r e n t  approximate t h e o r i e s  and may l ead  t o  r u l e s  

f o r  a s s  i,gning unknown t r a n s i t i o n s .  

The hydrogen molecule, being t h e  molecule most amenable t o  

t h e o r e t i c a l  ca lcula t ion ,  was the  n a t u r a l  s e l e c t i o n  f o r  comparison between 

theory and experiment. Cartwright and ~ u ~ ~ e r m a n n ' l  have ca lcu la ted  t o t a l  

c ross  sec t ions  f o r  t h e  e l ec t ron  impact e x c i t a t i o n  of the  two lowest t r i p -  

l e t  s t a t e s  of molecular hydrogen using t h e  Ochkur-Rudge (OR) theory.  l2 

These cross  sec t ions  ag ree 'we l l  with c o r r i g a n l s  experimental e l ec t ron  

impact d i s s o c i a t i o n  cross  sections13 from threshold  t o  50 eV. . A 

comparison between the  t h e o r e t i c a l  and experimental angular dj.strtbut.j.ons 

a s  funct ions  of inc ident  energy provides an add i t iona l  arid more sctisj.tive 

t e s t  of t h e  theory,  s ince  in teg ra t ion  of t h e  d i f f e r e n t i a l  c ross  sec t i t r t~  

may conceal a  f a i l u r e  of the  theory while s t i l l  lead in^ ,:to'-t11c correc.l; 

,< 9- 
t o t a l  c ross  sec t ion .  Greed4 has pointed out t h a t  t h e  arguments of 

~ u d ~ e ~ ~ ~ , ~  and ~ r o t h e r s l ~ ~  jus t i fy ing  ~ u d ~ e  ' s rnodif i c a t i o n  of t h e  Ochkur 

theory  a r e  of doubtful  v a l i d i t y  and t h e  b e s t  t e s t  of these  theor ie s  is  

comparison with experimental d i f f e r e n t i a l  c ross  sec t ions .  Hence, t h e  (OR) 

approximation has been used t o  ca lcu la te  t h e  d i f fe ren t i a l .  c ross  sec t ions  

+ + + + 
f o r  t h e  X1z - b 3 s  and X'Z - a3zg e x c i t a t i o n s  f o r  comparison wi th  t h e  

g  g  

equivalent  experimental measurements. The s i n g l e t - t r i p l e t  t r a n s i t i o n  

!- provides an unambiguous t e s t  of rearrangement s c a t t e r i n g  theor ies  s ince  

they  a r e  due e n t i r e l y  t o  exchange e x c i t a t i o n  with.  no  cont r ibut ion  fro!n 

d i r e c t  process. 
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A broad fea tu re  i n  the  e l e c t r o n  impact spectrum of I$ correspon- 

ding t o  t h e  X'Z' - b3< t r a n s i t i o n  has been observed by ~ c h u l z ~ ~  and Dowell 
g 

and sharp1' using t h e  trapped-electron method. By t h i s  method t h e  t o t a l  

c ross  s e c t i o n  i s  measured very near threshold  energy. Kuppermann and 

R a f P c  a l s o  observed the  4 b3z+ t r a n s i t i o n  a t  60 eV impact energy u 

with an apparatus which co l l ec ted  sca t t e red  e lec t rons  from 220 t o  112', 

t h e  c o l l e c t i o n  e f f i c i ency  being h ighes t  a t  90'. To our knowledge t h e r e  

a r e  no experimental o r  t h e o r e t i c a l  d i f f e r e n t i a l  c ross  sec t ions  f o r  e lec t ron-  

exchange processes i n  molecular hydrogen t o  which our r e s u l t s  can be com- 

pared. 

2. THEORY' 

~ o s t  previous ca lcu la t ions  of the  exchange e x c i t a t i o n  of atoms 

by low energy e lec t rons  have been performed i n  t h e  Born-Oppenheimer (BO) 

approximation. l6 The r e s u l t s  of such ca lcu la t ions ,  however, ind ica te  t h a t  

t h e  (BO) approximation f a i l s  badly f o r  inc ident  elec.tron enerc ies  1,elow 

about 100 e ~ . "  The ca lcu la t ion  of s imi la r  exchanty processes ir~v.ol.virq: 

diatomic molecules has been l imi ted  by the  mathematical di:fficull;y of 

t r e a t i n g '  t h e  noncentral  molecular force  f i e l d  and t h e  nuclear  motion. 

~ c h k u r ' ~ ~  and RudgelZc have proposed modificat ions of t h e  (BO) approxi- 

mation which have been found t o  give r e l i a b l e  t o t a l  c ross  sec t ions  f o r '  

exchange processes i n  atomic systems. Recently, t h i s  (OR)  approximation 

was employed t o  ca lcu la te  t o t a l  crbss sec t ions  f o r  e x c i t a t i o n  o i  t h e  

+ + 
(b3zU) and (a3z ) s t a t e s  of molecular hydrogen.'' The methods used i n  t h e  

g 

c ross  sec t ion  ca lcu la t ions  reported here a r e  very s imi la r  t o  t h e  ones used 

. i n  t h e  t o t a l  c ross  sec t ion  ca lcu la t ions  and consequently a r e  only b r i e f l y  

ou t l ined .  
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Within t h e  framework of t h e  (BO) separa t ion  of nuclear  and 

e l e c t r o n i c  motion le and t h e  (OR) approximation t o  t h e  exchange s c a t t e r i n g  

amplitude of an e l e c t r o n  by a  diatomic molecule, t h e  d i f f e r e n t i a l  c ross  

. sec t ion  f o r  exchange e x c i t a t i o n  from i n i t i a l  s t a t e  i (n ,v ,~ ,M)  t o  f i n a l  

s t a t e  f(n',vi,J',M') can be w r i t t e n  a s  

where 

I n  Eqs . (1)  and' ( 2 ) )  g ,S, and Y a r e  t h e  s p a t i a l  e l ec t ron ic  ' y i b r a t i o n a l  

and r o t a t i o n a l  wave functions;  In is  t h e  ioniza t ion  energy of s t a t e  n; 

R i s  t h e  Rydberg energy; a. i s  the  Bohr radius ;  R t h e  in te rnuc lea r  d i s -  

tance;  x , @  t h e  polar  o r i e n t a t i o n  angles of t h e  in te rnuc lea r  a x i s  wi th  

respect  t o  a  space-fixed coordinate system; dil i s  t h e  element of s o l i d  

angle i n  t h e  d i r e c t i o n  of the  in te rnuc lea r  axis ;  O a n d ~  a r e  po la r  angles 

def in ing t h e  d i r e c t i o n  of s c a t t e r i n g  with respect  t o  t h e  d i r e c t i o n  of t h e  

-+ 
incoming f r e e  e lec t ron;  rl and T2 a r e  t h e  coordinates of t h e  bound e lec t rons  

i n  t h e  molecule f ixed  coordinate system; n,v, and J a r e  t h e  e l ec t ron ic ,  
.F - - 1 1  k a r e  the  i n i t i a l  ahd . v i b r a t i o n a l  a n d . r o t a t i o n a 1  quantum numbers; ko' 

. . 

f i n a l  wave number vectors  of t h e  f r e e  e l ec t ron  which a r e  r e l a t e d  by 



where E .  and E represent  t h e  t o t a l  energy of t h e  molecule before and 
1 f  

a f t e r  c o l l i s i o n ,  and f i n a l l y  

The f a c t o r  o f '  3 i n  Eq. (1)  comes from in tegra t ion  over sp in  va r i ab les .  

Since the  p resen t ly  ava i l ab le  experimental energy reso lu t ion  i s  not 

s u f f i c i e n t . ' t o  resolve  r o t a t i o n a l  t r a n s i t i o n s ,  only r o t a t i o n a l l y  averaged 

d i f f e r e n t i a l  c ross  sec t ions  w i l l  be considered here.  I f  -1;he telxpc~.otu~:c: 

of molecular hydrogen .is appreciably higher than its rota.l;i.onal charac ter -  

i s t i c  temperature ( 1 7 b 0 ~ ) ,  then  t h e  ro ta t io r i a l ly  averaged d i f f e r e n t i a l  

c ross  sec t ion  f o r  a gaseous thermal t a r g e t  is  given by 

n'v' 3kN * n'v'  2. dn 
I,, ( k 0 , ~ , v )  = -S  IS b n ' v / ( ~ ) ]  Tnv (ko,e , ~ ; R , X , @ ) [ R Z ~ , ( R ) ] ~ R I  , ( l k )  , 

k o . R  R 

where 

In  t h e  de r iva t ion  of ( 4 ) ,  t h e  v i b r a t i o n a l  wave furictions and t h e  wave 

number of t h e  s c a t t e r e d  e lec t ron  were assumed independent of 3' :and 3 ' .  

Yhis assumption i s  consis tent  with present  experimental energy resolul;ion 

c a p a b i l i t i e s .  

The exc i t ed  (b3<) s t a t e  is  unbound and hence t h e r e  i s  a continuum 

of v  ' -v ibra t ional  s t a t e s .  !The d i f f e r e n t i a l  c ross  sec t ion  f o r  e x c i t a t i o n  t o  

;w- a l l  f i n a l  v i b r a t i o n a l  s t a t e s  is formed from (4)  by "summing" over v ' .  

. Applicat ion of t h e  de l ta- funct ion  appro xi ma ti or^^^ t o  (4)  l eads  t o  a  ro ta -  

t i o n a l l y  averaged d i f f e r e n t i a l  c ross  sec t ion  f o r  e x c i t a t i o n  from t h e  



ground v i b r a t i o n a l  s t a t e  t o  a l l  exc i t ed  v i b r a t i o n a l  s t a t e s  w h i c h ' i s  given - 

where 

In  t h e  above, D is t h e  d f s soc ia t ion  energy of t h e  ground e l e c t r o n i c  s t a t e ;  
0 

E i s  t h e  energy of t h e  inc ident  e l ec t ron ;  5") is  t h e  lowest v i b r a t i o n a l  
0 0 

wave funct ion  of t h e  ground e lec t ron ic  s t a t e ;  and t h e  angular brackets  rep- 

r e sen t . an .ave rage  over a l l  o r i e n t a t i o n s  of t h e  in te rnuc lea r  a x i s  with 

respect  t o  t h e  inc ident  e l ec t ron  beam. The in teg ra t ion  ove,r the  in te rnuc lea r  

d is tance  R has .been transformed t o  an in teg ra t ion  over t h c  corrcspondj.n{: 
f' . 

: p o t e n t i a l  energy q. El ( R )  i s  t h e  expression f o r  t h e  p o t e n t i a l  ener(;y of 

+ 
I u.  

(1) t h e  b3z s t a t e  a s  a  funct ion  of in te rnuc lea r  d is tance  and 13 ) i s  Lhc. 

inverse of t h i s  funct ion .  

+ 
The a3z s t a t e  is  bound (d i s soc ia t ion  energy 2.91 e ~ )  and has 

g  

about 16  v i b r a t i o n a l  s t a t e s  and no continuum whose l e f t  c l a s s i c a l .  t u rn ing  
, . 

po in t s  f a l l  w i th in  t h e  Frank- Condon v e r t i c a l  band from the  ground e l e c t r o n i c  - 

v i b r a t i o n a l  s t a t e .  The ca lcu la t ion  of t h e  d i f f e r e n t i a l  c ross  sec t ion  f o r  t h i s  

+ 
s t a t e  i s  performed s i m i l a r l y  t o  t h a t  of t h e  113% s t a t e ,  

I n  t h e  6a lcu la t ions  reported hr?~:e, t.1'1e e l e c t ~ : o t ~ i c  'wave f~unct.in11s 

b used were those of W e i n l ~ u u ~ n ~ ~  for the  ~1'ollnd s.ta.te, ~llill.:ipso11-~1111,ili~:tl~ ' 
+ 

. . f o r  t h e  b 3 q  s t a t e ,  and a  two parameter IIartree-lock wave function f o r  t h e  
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a3zg s t a t e .  The numerical methods used were s imi la r  t o  those discussed 

p r e v i o u s l ~ l  and the  r e s u l t s  reported here a r e  believed t o  have computa- 

t i o n  e r ro r s  of l e s s  than 10%. 

3.  MEASURFMENT OF THE CROSS SECTIONS 

3.1 Apparatus 

The low-energy electron-impact spectrometer used i n  these experi-  

ments i s  bas ica l ly  t h e  same type a s  t he  one described by S i m p ~ o n ~ ~  and 

Kuyatt and ~ i m ~ s o n . ~ ~  It consis ts  of a  low-energy e lect ron gun, a  sca t -  

e r ing  chamber, two hemispherical e l e c t r o s t a t i c  analyzers ( f o r  gener.at.iiig 

a  monochromatic e lec t ron  beam and energy-analyzing thk scattei.cd clec.t.rons), 

and a  detector .  The resolut ion of each of t h e  two e1ec~l;rosl;n~l;i.c. a~ la lyzcrs  

i s  var iable  i n  t he  0.030 t o  0.300 energy range by appropriately adjlisti.ne; 

t h e  sphere po ten t ia l s .  The sca t t e r ing  chamber i s  a  welded-bellows cylinder 

which allows a  va r ia t ion  i n  s ca t t e r i ng  angle from -30' t o  +90° . The convo1l.l- . 

t i ons  of the  bellows have an "sf '  shape and form an e lec t ron  trap.which 

reduces the  e f f e c t  of wal l  sca t t e r ing  which could ser iously  . in te r fe re  with 

t he  measurements a t  higher angles. The s ca t t e r i ng  chamber sample pressure 

i s  normally i n  the  lo-" t o  10'~ t o r r  region.. The pressure is measured w'ith 

miniature ion and thermocouple gauges and i s  kept constant during an experi- 

ment by a  var iable  leak and.a pressure 'cont ' rol l ing system. Temperature 

control  of t he  t a rge t  gas is possible by introducing cooling or heatillg . . 

L media i n t o  the  area  between the  sca t t e r ing  chamber and a  second hellowe w]lj,c]l 

surrounds it. The second e l e c t r o s t a t i c  energy anal.yzt?r i.:; i ;~~ l l t ?d  I:(. pa:::: 

e lec t rons  wit,h the  S~IIIL! t.?tlc:~:t:y us .t*lie l ' i . t ? ~ ; t  c~~t,r:;y scll~t!.l:~li::, A :?w~\,\p \ r t~l . .~ . : ,~~: l~  
Qb 

i s  p i .  W I  : . : ~ ~ ~ ~ 1 . ~ ~ ~ ~ ~ ' 1 1 1 ~  ~11;i1111~1:.1' 111d ~:r111;(:3.' of I sccottd. all;~~:l.y::~:~.-. 



When t h i s  vol tage  is  zero, e l ec t rons  t h a t  d i d  not l o s e  any energy during 

t h e  s c a t t e r i n g  w i l l  pass t h i s  analyzer  and reach t h e  de tec to r ,  a  twenty 

s t age  e lec t ron  m u l t i p l i e r .  The m u l t i p l i e r  output can be coupled t o  a  

count-rate-meter o r  a .  1024 channel sca le r . '  A s  t h e  sweep voltage i s  grad- 

u a l l y  increased,  e l ec t rons  t h a t  have l o s t  t h e  corresponding energy i n  

excit5ng the  molecular t a r g e t  w i l l  reach t h e  de tec to r .  The rlumber of 

e l ec t rons  counted per  u n i t  time versus t h e  sweep voltage furnishes  an 

energy-loss spectrum. The energy-loss sweep voltage is  cont ro l led  e i t h e r  

by a  sweep generator  o r  by the  multichannel s c a l e r  whose memory channel 

number ( i n t o  which counting 'occurs) i s  converted t o  an analog vol tage .  

External  f i e l d  e f f e c t s  a r e  el iminated with appropr ia te  r ad io  frequency 

and magnetic sh ie ld ing .  The e n t i r e  apparatus i s  bakab le . to  4 0 0 0 ~ .  A 

A' more d e t a i l e d  desc r ip t ion  of t h e  system is  given e 1 ~ e w h e r . e . ~ ~  

3.2 Experimental 

In  these  experiments the '  e1cct:ron currenl; sc:ut-t;c:rcd :i.ill;o 3 ,;:i.vc:r~ 

s o l i d  angle of approximately skeradian was nieusured a:; a l'ur~ci;i.on of 

energy I o s s  a t  a  f ixed e lec t ron  impact energy. A t y p i c a l  energy-loss 

spectrum i s  shown i n  Fig.  1. It is  an X-Y recording of t h e  count-rate-  

meter output .  The X-axis represents  t h e  energy-loss of t h e  e l ec t rons  and 

t h e y - a x i s  corresponds t o  the  number of e l ec t rons  per  minute reaching t h e  
. . 

de tec to r  with each p a r t i c u l a r  energy l o s s . .  This spectrum was obtained 

w with an e lec t ron  impact energy of 50 eV and a  s c a t t e r i n g  angle of 40'. 

The e l a s t i c  peak shown on t h e  lef t-hand s i d e  determines the  zero energy 

l o s s  po in t .  
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The apparatus f o r  t h e  b3zu e x c i t a t i o n  was tuned. t o  about 0.2 eV 

r e s o l u t i o n  ( f u l l  width a t  half-maximum FWHM of t h e  e l a s t i c .  peak). This  

was a  reasonable choice t o  insure  high s i g n a l  l e v e l  and p a r t i a l  r e so lu t ion  

+ 
of the  v i b r a t i o n a l  s t r u c t u r e  of t h e  X'Z - @llu t r a n s i t i o n .  ' Most of t h e  

g  

measurements were made with a  count-rate-meter with a  time constant  t h a t  

var ied  from 0.5 sec f o r  the  e l a s t i c  peak t o  10  sec  f o r  t h e  t r i p l e t  t r a n s i -  

t i o n  a t  high angles.  The energy-loss sweep-rate was adjus ted  accordincly 

t o  give an undis tor ted  reproduction of t h e  f ea tu res .  The energy-loss sca le  

i s  absolute,  being measured with a  d i g i t a l  voltmeter with respect  t o  t h e  

ceriter of t h e  e l a s t i c  peak. I ts  accuracy (about 10   me^) j.s vcri.fic?d 11y 

the  o p t i c a l  values of the  por t ions  of t h e  v i b r a t i o n a l  berids of 1 : l ~  C?ru 

exc i t a t ion .  

For t h e  experiments i n  the  11-14 eV energy l o s s  region t h e  

instrument was retuned t o  obta in  an o v e r a l l  r e s o l u t i o n - o f  about 0.040 eV 

(FWHM). Typical spec t ra  a t  t h i s  r e so lu t ion  a r e  shown on Figs.  2 and 3 

and discussed below. 

In  order  t o  monitor t h e  condit ions a t  di.l'feren.1; ancl.es dur:i.r~l; the  

experiment, and check the  o v e r a l l  instrument s t a b i l i t y ,  t h e  pressure and 

t h e  beam current  i n  the  s c a t t e r i n g  chamber were measured and the  e1a~t~: i .c  

, 
peak was scanned before and a f t e r  each energy l o s s  spectrum was taken. 

The pressure of H2 was kept constant  ( t o  wi th in  about 5%) a t  a  value 

between 1 and 2 m i l l i t o m  during each experiment and the  l i n e a r i t y  of t h e  

c s c a t t e r e d  cu r ren t  wlth pressl- re was e s t a b l i ~ h e d  from 0.41 up t o  Q. 

3.3 Sca t t e r ing  Volume Correction and Error  Estimation. 

Measurements taken a t  d i f f e r e n t  s c a t t e r i n g  angles correspond t c  
$ b  

d i f f e r e n t  s c a t t e r i n g  geometry. I f  one wants t o  compare rrhss sectlons 

.. a t  d i f f e r e n t  angles ,  a nosmalizatiorl of a l l  1neas11rement.s t o  t11e surnc? 
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s c a t t e r i n g  geometry is  necessary. It is  c ~ s t o r n a r ~ ~  t o  ca&y out  t h i s  

normalization by mult iplying t h e  s c a t t e r e d  current  by s i n  0 where 0 is 

is  t h e  s c a t t e r i n g  angle.  This procedure y i e l d s  proper normalization 

\ 
only i f . t h e  e l ec t ron  beams en te r ing  t h e  s c a t t e r i n g  chamber and t h e  e l ec t ron  

* 
o p t i c s  of t h e  de tec to r  system have small diameter and angular  divergence. 

In  our instrument c i r c u l a r  aper tures  a r e  used f o r  col l imat ing  

and focusing t h e  e l ec t ron  beam. The s c a t t e r i n g  geometry is. shown on Fi.c. 4. 

Both t h e  e l ec t ron  beam enter ing  the  scai-.terinc charnl,c:r and the. d:i.rc,c.l;io~lc 

viewed by the  e l ec t ron  o p t i c s  a t  t h e  e x i t  of t11i.s. c11arni)cr. a rc  -c.epr.c::;ol.i.l,c!ct 
L 

by cones. Typical values f o r  the  incident  beam and e x i t  v:i.ewj.ng cone 

' h a l f  angles a r e  3' and . 4 . 5 O  respectively: The in te r sec t ion . '  of these  two 

cones def ines  the  volume from which s c a t t e r e d  p a r t i c l e s  can reach t h e  

de tec to r .  The s o l i d  angle extended by the  de tec to r  v a r i e s  from point  t o  

po in t  wi th in  t h i s  volume i n  f a c t  it drops t o  zero a t  the  extremes. One 

has t o  average the re fo re ,  the  s o l i d  angle over t h i s  volume t o  (:et a n  

e f f e c t i v e  value of  ( s c a t t e r i n g  l eng th )  X ( s o l i d  angle)  (!?,&a) 'l'hi s 
c f f '  

76  ;2 
problem has been discussed by G. R r e i t ,  11. M .  Tllaxi;c)r~ orld L. I;::i.:;c:!ril~~td" 

and by C. ' L. Cri tchf  i e l d  and D. C.  odder .262' Kvc2x.y di:t'fc.r.cn.l;:i id. v.ol.lanc! 

element within t h i s  volume has t o  be proper ly  weighl;ed f o r  elecl,r.orr derr- 

s i t y  and s o l i d  angle' subtended a t  t h e  entrance of t h e  de tec to r  op.l;ics. 

For normalizing our measurements, t h e  incoming beam was considered a s  a  

cone wi th  a  t runcated  Gaussian e lec t ron  dens i ty  d i s t r i b u t i o n  having i t s  

maximum along the  cone a x i s .  The dens i ty  weighted volume elements of 

t h e  beam.cone were in teg ra ted  wi th in  t h e  l i m i t s  defined by the  surface  of 

t h e  view cone. Each element was a l s o  weighted by the  inverse square of the  

d is tance  from the  e n t ~ a n c e  apert,ure of the  de tec to r  t o  a1.l.o~ f o r  t.hc s o l i d  

al~gl.t! o.C .I:llc> i1et~:c.l.o~. r 1 . t ;  .1..1.ic: vol.~1111<. ~!l.e~ncl~.(;. ' 1  I I I  i ( t )  at. 
t.: t::r 
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each angle was normalized t o  t h e  value a t  90'. The d i f f e r e n t i a l  s c a t t e r i n g  

c ross  sec t ion  f o r  a  p a r t i c u l a r  e x c i t a t i o n  i s  propor t ional  t o  t h e  peak 

he iqkit ( a f t e r  co r rec t ion  f o r  s c a t t e r i n g  geometry) provided t h a t  

t h e  cross  s e c t i o n  is  independent of angle wi th in  t h e  range defined by 
.r 

. the  view cone and t h a t  t h e  l i n e  shape is  independent of angle.  A t  8 = lo0,  , 

t h e  d i f ference  between these  c k l c u l a t i o r ~ s  and t h e  approximate s i n  8 correc-  

t i o n  i s  about lo$. 

The e r r o r s  inherent  i n  the  reduced measur*ements a r e  o f  t l~rec! 

types : 

1. Random f luc tua t ions  and background 'noise. If t h c  nurnl~e~: of 

counts pe'r second reaching the  de tec to r  i s  N, t hen  from t h e  sta-t;fsti .cal ria.l;rl:r.c. 

of t h e  counting process, t h e  uncer ta in ty  i n  N (one standard devia t ion)  i s  

0 where 7 i s  t h e  time constant ( i n  sec )  of the  r a t e  meter.=? T h i s  
.L + + 

f l u c t u a t i o n  was always l e s s  than 576 f o r  t h e  X'C - h3z peak. Sn adtli.l:ion, 6 U 

t h e r e  i s  a  background noise due t o  s t r a y  e lec t rons ,  c1ect : ron- j~  nc)j.s(.:, arid 

cosmic rays .  This noise is r e l a t i v e l y  independ.ent of sca1:t;cr:iril: anl;lc: urlii 

amounts t o  about 2 counts pe r  see .  

2. Ef fec t ive  s c a t t e r i n g  volume correc t ion .  Another source of e r r o r  

a r i s i n g  from t h e  e f f e c t i v e  volume correc t ion  i c  due t o  t.he &lo r~ncc~:.l ,aI,nt~ 

i n  the  ' s ca t t e r ing  angle and the  uncer t a in t i e s  i n  the  beam and view cone 

angles.  These l a t t e r  angles cannot be determined d f r e c t l y  with the  present  

experimental setup.  The l a t t e r ,  however, can be est imated from t h e  e l ec t ron  

9- o p t i c s  wi th  sa t j . s fac tory  accuracy. The beam cone angle i s  then obtained 

f rom' the  d i r e c t  beam i n t e n ~ i t y  p r o f i l e  a s  measurgd on the  f i r s t  dynode of 

. t he  m u l t i p l i e r  a s  a  furlction of s c a t t e r i n g .  angle.   h he peak pos i t ion  of 

t h i s  curve def ines  the  zero s c a t t e r i n g  angle. ) 
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3. Instrumental  e r r o r .  This includes a l l  e f f e c t s  associa ted  with 

t h e  v a r i a t i o n  of pressure,  beam i n t e n s i t y ,  .and o v e r a l l  instrument de tec t ion  

e f f i c i ency  during t h e  measurements. The constancy of these  ' quan t i t i e s  is  

monitored.during each energy-loss sweep bu t  a  s i g n i f i c a n t  change of i n s t r u -  

ment detect ion e f f i c i ency  with s c a t t e r i n g  angle could go undetected. The 

f a c t  t h a t  the  optimum tuning condit ions a r e  found t o  be the  same a t  any. 

angle and t h a t  t h e  s c a t t e r i n g  i n t e n s i t y  i s  symmetric around zero angle, 

ind ica tes  t h a t  t h i s  e f f e c t  i s  neg l ig ib le .  ' 

. . -me  e r r o r  ba r s  assigned t o  the  measurements incl-lldc estimu.L~d 

c 'ontr ibutions from these  t h r e e  sources of e r r o r .  

4. RESULTS AND DISC'USSION 

A s  seen i n  Fig.  1, t h e  i n e l a s t i c  f e a t u r e  c6r1:.es~ol.liii.1~1~~: 1;o t , I i ( :  

+ + 
xlTg -+ b3x t r a n s i t i o n  has a  maximum a t  about 10 eV erier(:y 10:;s. Sin(:(! u 

t h e  b3T:state of M i s  unstable w i t h  respect  t o  d i s soc ia t ion  i n t o  two 
2 

hydrogen atoms, t h e  t r a n s i t i o n  is represented by a  broad fea tu re  whose 

shape seems t o  be determined1' by the  Frank- Condon overlap i n t e g r a l s  .28 a 

I n  t h e  11 t o  1 4  eV energy l o s s  region severa l  s i n g l e t  and t r i p l e t  t r a n s i -  

t ions overlap.  28b The o p t i c a l  v i b r a t i o n a l  band progress i nn for t h e  

+ x1zg + c'fl t r a n s i t i o n  is  shown. 

To determine t h e  angular dependence of the  d i f  f (::r..en.l;:i.ul. cl.c)s:; 

s ec t ion  f o r  t h i s  t r a n s i t i o n ,  t h e  corresponding maximum ordj.riatc, was 

read o f f . t h e  energy l o s s  spectrum a t  each angle and normalized t o  the  

same s c a t t e r i n g  volume with the  ca lcu la ted  e f f e c t i v e  s c a t t e r i ~ ~ g  vol.~tn~e 

described abov'e. Using t h i s  peak height  . instead of the  area  under  the  

band does not introduce any e r r o r  i f  t h e  l i n e  shape is  the  same a t  a l l  
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angles.  ,We found t h a t  t h i s  was indeed t he  case f o r  both the  e l a s t i c  and 

i n e l a s t i c  fea tu res  of t he  energy l o s s .  spect ra .  In  order t o  compare t h e  

absolute t heo re t i c a l  and r e l a t i v e  experimental cross sect ions ,  the  l a t t e r  

a r e  mult ipl ied a t  each energy, by a fac to r  which i s  the  average of the  

r a t i o s  of the  calcula ted absolute and experimental r e l a t i v e  cross sect ions  

a t  each angle. The p o s s i b i l i t y  of appreciable contr ibut ion from t h e  

s t rong C'V t a i l  was eliminated by p lo t t i ng  the  cross sec1;iorls ol.,l:a:ir~c.!cl u 

not only from the  maximum ordinate measurements, h11.t from rneasurc!rc~c.!n-l.s 

a t  0 . 5  and 1 .0  eV away from t h a t  maximum. N o  chanf:e i n  the  sl~opc: of tht: 

curves of r e l a t i v e  cross sect ion versus s ca t t e r i ng  angle was c~l~~servccl. 

Figure 5 compares the  t heo re t i c a l  and experimental differeri1;:ial 

cross sect ions  a t  25, 35, 40, 50, and GO eV impact energies.  The so l i d  

,I: curves a r e  t he  calcula ted ones. Each experimental point  was obtained 

from a shectrum s imi la r  -to the  one shown i n  Fig.  1. 

A t  50 and 60 eV the  calcula ted and observed c:ur.ves a1:.1:(:(:: yl.l:i.L;t: 

9 
well: A s  one goes t o  lower impact energies, howevc!r, .1;11(. il:i :;a/:.r.i:c:rnr-:r~.l, 

between theory and experiment increases.  Whi1.e .the t.he0:r.y pr.edic:.l,:; w(!3.1- 

formed maxima a t  around 40' f o r  low impact energies,  the  ci!xpcr.i.rnr:r.~.l; sltows 

f a i r l y  i so t rop ic  s c a t t e r l ~ l g  below 3') eV. Although t he  measured d i f f e r -  

e n t i a l  cross sect ions  a r e  i n  a r b i t r a r y  uni ts ,  the  absolute values ol.).tained 

from them by the  procedure described above should he c lose  t o  the. correct  

ones a t  50 and 60 eV impact energies, s ince f o r  them the  experimental 

and calculated d i f f e r e n t i a l  cross sect ions  agree very  well and t h e  t , n t a l  

cross sect ion obtained from t h e  i11tet:~at i.on o f  t h c  ~ a l c ~ i l s - l ; i ~ d  t1.i.f :fC~l.i:~1 i::i a]. 

CTOS s ~t:!c.I;:i.ons figri?c?s mppi:ox:im:l.l;cl.y w :i:t.l I ilo:~:~: i.t:un ' :; ~ttc::l:;l II'c.!I~IV!I\.~.. . .7 l 3  '1'11 



c a l c u l a t i n g  the  t o t a l  c ross  sec t ion ,  Cartwright and ~ u ~ ~ e r m a n n l l  neglected 
*, 

t h e  cont r ibut ion  from t h e  e x c i t a t i o n  t o  t h e  C'TT s t a t e .  ~ n c l u s i o n  of t h i s  
U 

cont r ibut ion  niay improve t h i s  agreement. 

The v a l i d i t y  of t h e  Ochkur (0) and (OR) t heor ie s  of e l ec t ron  

exchange s c a t t e r i n g  can be t e s t e d  only i n  a  very few cases 'due  t o  the  l ack  

of experimental da ta  and/or more accurate t h e o r e t i c a l  ca lcu la t ions .  The 

(0) approximation may be considered a s  an (OR) approximation with improper 

normalization of t h e  wave function.  For t h e  2% e x c i t a t i o n  of IIe t h c  

shape of t h e  experimental d i f f e ren t i a l .  c ross  sec.l:.i.ol.i of Ehr;tlartll; arltl 

willman7 agrees with t h e  OR predic t ions  a t  211 e V  frarr~ 20' '.l;o 3..?<0 ."" 
The experimental da ta  of Simpson, Menderez, and ~iel .czal .clc~" a t  56.5 (!V 

( 5 O  -50' ) and Vriens, Simpson, and ~ i e l c z a r e k ~ ~  i n  the  100 t o  22 j c V  ctlc!~.-t:y. 

range (5'- 1 5 O  ) a r e  i n  complete disagreement with .the (OR) and (0) curve:; 

f o r  t h e  same exc i t a t ion .  I n  the  case of atomic hydrogen, a  comparison of 

the  (OR) d i f f e r e n t i a l  exchange cross  sec t ions  f o r  e l a s t i c  s c a t t e r i n g  and 

the  1s'- 2s e x c i t a t i o n  t o  t h e  accurate c lose  coupling ca lcu la t ion  of 

~ u r k e ,   hey and smithJ0 has been made by TruhlBr, Cartwright, and Kupper- 

mann.'l They f i n d  t h a t  the  (OR) a n ~ u l a r  d i s t r i b u t i o n s  a r e  3.11 qual.:i:l;aI;:i.vc: 

agreement with t h e  c lose  coupling r -esul t s  a t  i.n-l;ermed:i.ate erleq;ic:s 1)u.I; 

a t  low energies  the  aereement is  very poor. 

It' i s  somewhat surpr is ing ,  e spec ia l ly  i n  l i g h t  o f ' t , he  above 

discrepancies,  t h a t  t h e  (OR) approximation p r e d i c t s  a s  wel i  a s  it does 
.m + + 

t h e  shape Of! the angular  d l s l r i L ~ t i ~ n  for t l ~ e  X'PL - b3z t ~ . a n s i t i o n  i n  
g  U 

I& f o r  energies a s  low a s  40 eV. Since t h e  theory i s  based on f i r s t  order  

qk per tu rba t ion  p r inc ip les ,  t h e  above comparison between theory and experi-  

. , ment implics t h a t  f o r  t h e  angular regions a n d  impact energies considered 
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here  t h e  devia t ion  of the  i n t e r a c t i o n s  from f i r s t  order  a r e  not important 

o r  t h a t  t h e  agreement i s  simply an accident .  It is  important therefore  t o  

do a d d i t i o n a l  comparisons between experiment and theory .be fo re  t h e  useful -  

ness of the  (OR)  approximation can be determined. 

Figures 2 and 3 show t h e  energy l o s s  spectrum of H2 i n  the  11 t c  

1 4  eV region with a  r e so lu t ion  (FWHM) of about 0.040 eV a t  20' and $0' 

r e spec t ive ly .  The e lec t ron  impact energy was 110 eV f o r  these  experirnc.!r~tc. 

+ 
Many of the  v i b r a t i o n a l  f ea tu res  of t he  and (!'TI cxcital,.i.nn iir.e 

I1 

separated and they account prac t ic i~l . ly  for  a l l  t h c  .i.n.l;ens:i:l;y a.1 :?(P . A.1; 

h igher angles, however, contsil)uti.on t o  the  ine1astj.c sclrr'l;l;e.tr:i ry: f.rvont .I;hc 

+ 
a3zg and/or canU s t a t e  i s  d e f i n i t e l y  observable. illle in1:enaTLy o~~vel .upc  

of t h e  B'< v i b r a t i o n a l  bands i s  e a s i l y  recognized on Fig.  2. The inken-  

s i t y  of .consecut ive  v i b r a t i o n a l  f ea tu res  follows t h i s  envelope snioothly. 

A t  80' however the  bands with v '  = 4 and 6 a r e  much more in tense  than they 

should be according t o  t h i s  i n t e n s i t y  envelope. The e x t r a ,  i n t e n s i t y  comes 

from t h e '  cont r ibut ion  of t h e  v '  = 0 and 1 bands of t h e  a3i ' ;  and/or 
C: 

e x c i t a t i o n s .  Dowel1 and sharp1' argue t h a t  i n  t h e i r  olec1;ron-l;.rap 

th resho ld  spec t ra  t h e  dominant f ea tu res  i n  H., a r c  associol;od w.i.l;11 -1;11(! 
k 

@IT e x c i t a t i o n  and t h a t  a l l  o ther  contr ibutions a r e  negl.igi11l.c. %.I; j.:: u 
+ 

not poss ib le  t o  t e l l  from our spec t ra  whether the  a 3 q  o r  c3fl scaI:~L(:~~l.r~$ 
u  

i s  responsib le  f o r  t h e  i n t e n s i t y  enhancement we observe. A t  40 eV e lec t ron  

energy t h e  s i n g l e t  bands are s-Lronger than the  t r i p l e t  one's even a t  high 

arlgles a i d  t h e i r  In ter ference  prohi 'bits a  d e f i n i t e  conclusion. It would 

+ 
r equ i re  a much .be t t e r  r e so lu t ion  t o  separa te  the  a 3 q I  and c3n fca i~ i sa ;  

11 

f  ronl the  overlappint: s i ~ ~ g l e t  ones. 
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+ 

,The d i f f e r e n t i a l  c ross  sec t ions  ca lcu la ted  f o r  t h e  x'Z -+ a  xg 
. g 

e x c i t a t i o n  a r e  shown i n  F ig .  6. No experimental da ta  a r e  ava i l ab le  f o r  

comparison, f o r  t h e  reasons j u s t  given. 
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FIGURE CAPTIONS 

fi 
Fig. 1. Electron impact energy-loss spectrum of molecular hydrogen 

. (5. 5-1) 
at 50 eV impact energy and 40" scattering angle. Ion gauge 

reading (uncalibrated): 2 x torr. Incident beam 

current: 2.8 x lo-* A. Elastic peak FWHM: '0.22 eV. 

Fig. 2. Electron impact spectrum of H, in the 11 to 14 eV energy- 
(5. 5-2) . .. 

loss range at  40 eV impact energy and 20" scattering angle. 

Incident beam current: 1 .0 x lo-' amps. Elastic peak 

Fig. 3. Electron impact spectrum of. H, in the 11 to 14 eV energy- 
:( i 

(5. 5-3) 
loss region at  80" scattering angle. The experimental 

conditions a re  the same as for Fig. 2. 

Fig. 4. See figure 4.4-10 of thesis. 

3 + Fig. 5. Differential cross section of X ' C + - b Xu transition in H, 
(-5. 5-51 g ' 

as a function of scattering angle. Solid curves are theoreti- 

cal and points a re  experimental. Different symbols indicate 

different experiments, conducted over a period of seven 

months. Incident energies are: (a) 25 eV: a, P, A . 
\- (b) 35 eV: +. (c) 40 eV: 0, 0, A. (d) 50 eV: O, a, A .  

(e) 60 eV: x . 

I +  3 + Fig. 6. Differential cross sections calculated for the X C - a C 
(5. 5-6) g g 

excitation. The nurnlbers over thc curves represent the 
. . 

electron impact energy in eV. 
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Low-energy electron-impact spectroscopy has revealed tuVo previously unknown'low-lying triplet states 
in acetylene a t  5.2 eV and 6.1 eV. The basis fo r  this identification and the disparity in the electron energy- 
loss  and optical absorption spectra a r e  discussed. 

The triplet states of acetylene have long 
eluded detection [I]. A study of the electron-im- 
pact energy loss  spectrum of C2H2 a s  a function 
of scattering angle and incident electron energy 
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with an instrument described previously [2] has 
now unequivocally revealed at  least  two low- 
lying triplet states with maximum transition in- 
tenszies  a t  5.2 eV (onset a t  4.5 eV) '(q and 6.1 
eV (b) (see fig. 1). This identification i s  based on 

*** Present  address:  Bell Telephone Laboratories, 
Murray I-lill. New Jersey 07971. 
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ENERGY LOSS ( e V )  

Fig. 1. Energy loss  spectra of acetylene a t  10' and 5U0 scattering angles. P res su re  gauge reading 8 mill i torr;  im- 
pact energy 25 eV; incident electron current 1 x lo-O A. 'I'he x b a n d  x 3 a r e  the factors by which intensities were 

multiplied before plotting. 
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rules derived from our investigation of the ener- 
gy and angular dependencies of differential scat- 
.tering c ross  sections for  10 singlet - singlet and 
9 triplet -- singlet knoyn transitions in He [2], 
H2 [3], N2 [4], and CO [4]. 

Fig. 2 shows peak intensity ratios a s  a func- 
tion of angle for the indicated states of acetylene 
[5]. It also illustrates one of the characteristic 
differences between the angular dependence of 
singlet/singlet and triplet/singlet intensity ratios. 
The latter  a r e  much steeper functions of angle 
than the former.  Another distinguishing feature 
we observed i s  that decreasing the impact energy 
toward threshold enhances the triplet/singlet 
ratio over most of i ts  measured angular range 
(0' to 80°) significantly more than any singlet/ 
singlet ratio. The 2 or  g/singlet intensity ratios 
exhibit both of these characteristic "finger- 
prints" and, hence, C? and % a r e  identified a s  
triplet states. 

The UV absorption spectrum begins a t  5.23 
eV with a weak absorption (f - 0.8 X 10-4) [6] 
peaking a t  - 6 eV. Ingold and King [7] have shown 
that the upper. state has AU symmetry (trans- 
"bent"). Its singlet nature seems certain from 
the absence of Zeeman splitting [a] and several 
observatiorls of Hougan ~ n c l  Watson [S]. The 
weakness of the absorption i s  attributed to un- 
favorable Franck-Condon overlay. 

111 this case, optical triplet -- singlet transi-  
Qons are_probably much weaker than even the 
AIAU --XI C; transition due to the absence of 
appreciable spin-orbit coupling-and, a s  a conse- 
quence, excitation to the 7i and b states have not 
been observed in the optical absorption spectrum. 
It has been shown, however, that low-energy 
electron-impact i s  quite effective in causing 
triplet - singlet transitions but that relative 
Franck-Condon factors a r e  independent of inci- 
dent energy and scattering angle [lo] even for 
impact energies low enough for th_e Bozn approx- 
imation to fail. Since the ~ p t i c a l  A -- Xtransi -  
tion i s  10-3 to 10-4 t imes a s  intense a s  an ordi- 
nary electric-dipole transition (e.g., - -x )  for 
"geometricaln reasons [7], we would expect 
this same relative intensity in the electron ener- 
gy-loss spectr~lrn at any scattering angle. Thus, 
the electron-impact differential scattering 
c ross  sections for excitation of the spin-forbid- 
d e n z  and 8 states a r e  much larger than that for 
excitation of thewspin-allowed but " Franck-Con- 
don forbidden" A state at scattering angles 
greater than lo0. For this reason transitions to 
the ?i and 8 states but not to the  2 one a r e  seen 
by low-energy electron scattering, whereas in 
optical absorption spectroscopy the reverse  i s  

Pig. 2. Peak intensity ratios. 2 refers to the ,u =0 
vibrational level of the ? state. vefers to the .u = 1 

level. 

true. This interpretation would predict. thaLa  
careful analysis of the optical lines of the AlXu 
state might reveal p~r turbat ions  due to interac- 
tion with the triplet b state. In addition, electron 
impact at incident energies above 100 eV should 
make transitions to and 8 much weaker than 
those to A. 

Bowman and Miller [ l l ]  have studied the ex- 
citation spectrum of acetylene by the tragped- 
electron technique. They observed a broad exci- 
@tion peaJing at 6.2 eV which they assigned a s  
A1 Au +-XI Z i .  This feature might actually be 
due to transitions to the and 8 states. They 
also reported a transition peaking at 2.0 eV 
which was tentatively assigned to a low-lying 
triplet state. We searched carefully for a transi- 
tion in that region, but found none. The sensi- 
tivity of our itlstrument was sufficient to have-re- 
vealed features a s  small  a s  1/30 of the ii a t ~ d  h 
peaks. 
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The transition peaking at 7,15 _eV has been 
assigned by Herzberg [I] a s  B +- X in analogy to 
the quadrupole allowed a Illg + X I  C i  transition 
in N2. An extension of this analogy suggests a 
possible correlation of ii and 8 with the ~3 C: 
and ~3 I l g  states of N2, respectively. The loca- 
tion of these two triplet states should be useful 
in the evaluation of theoretical energy level cal- 
culations in acetylene [12-151. 

[ I ]  G .  Herzberg ,  Molecular  s p e c t r a  and molecular  
s t r u c t u r e ,  Vol. 111. E lec t ron ic  s p e c t r a  and e lec t ron-  
i c  s t r u c t u r e  of polyatomic molecules  (D. Van No- 
s t rand  Co., New York.  1966). 

[2] J .  K. Rice,  A. Kuppermann and S. T r a j m a r ,  J .  
Chcm.  Phys . ,  in p r c s s .  
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APPENDM V 

LIST OF VENDORS AND/OR 

MANUFACTURERS 

Allied Electronics 

2085 E . ~ o o i h i l l  Boulevard 

Pasadena, California 

Assembly Products, Inc. 

5770 N. Rosemead Boulevard 

Temple City, California 

Beckman Instruments 

Helipot Division 

2400 Harbor Boulevard 

Fullerton, California 

Carl Herman Associates Industries 

1346 E. Walnut Street 

Pasadena, California 

Representative of Granville-Phillips , F. J. Cooke , 
and Hastings . 

C.. E. Howard Corporation 

9001 Rayo Avenue 

South Gate, California 



Centr alab 

6446 Telegraph Road 

Los Angeles, California 

Ceramaseal Incorporated 

New Lebanon Center 

New.York, New York 

Chester Paul Company 

1605 Victory Boulevard 

Glendale, California 
! 

Representative of Hanson Manufacturing Company. 

Dow Radio 

1759 E. Colorado Boulevard 
4 

Pasadena, California 

Dynamics, Associates 
I 

261 5 South Senta Street  

Los Angeles, California 
I 

Edwards High Vacuum Corporation 

,6151, W. Century Boulevard 

4% Los Angeles , California 

. . . . .  . . . . . .  Electronics Measurement . . Company ,, . . , . . : .  

Ci .~atontowk,  New Jersey  



Fairchild Instrumentation 

541 0 West Imperial Boulevard 

T Los Angeles, California 

Fibros Seal 

Culver City, California 

Representative of United Aircraft Products, Incorporated. 

General Electric Company 

Vacuum Products Operation 

Schenectady, New York 

General Radio Corporation 
7 

1000 N. Seward Street 

Los Angeles, California 

Hasco 

83188 W. Third Street 

Los Angeles 48, California 

Hewlett-Packard 

  eel'^ Sales Division 

3939 Lankershim Boulevard 

-. North Hollywood, California 

Hoskins Manufacturing Company 

I* 5935 E. Sheila Street 

Los Angclcs, California 



Industrial Tectronics, Incorporated 

3686 Jackson Road 

Ann Arbor, Michigan 

Kenneth C. Holloway , Incorporated 

135 North Halstead Avenue 

Pasadena, California- 

Ladish Pacific Division 

3321 East Slauson 

Los Angeles , California 

Leeds and Northrop Company 
! 

5111 Via Corona Avenue 

Los Angeles, California 

.* 

Metal Bellows Corporation 

20977 Knapp Street 

Chatsworth, California 

~ i n i a t u r e '  Precision Bearings, Incorporated 

Precision Park 

Keene, New Hampshire 

Molycote Corporation 

65 Harvard Avenue 

Stamford, Connecticut 



Mycalex Corporation of America 

125 Clifton Boulevard 

Clifton, New Jersey 

Nuclear Chicago 

1053 West Colorado Boulevard 

Los Angeles, California 

Nuclear Data, Incorporated 

,P. 0. Box 88 

San Rafael, California 

Nuclide Corporation 

642 East  College Avenue 

State College, Pennsylvania 

Pace Engineering Company 

13035 Saticoy Street  

North Hollywood, California 

Parker  Seal Company 

10567 Jefferson Boulevard 

Culver City, California 

Paul Nur ches Colnpa~ly 

2396 Foothill Boulevard 

Pasadena, California 

Representative of Pamona Electronics and Bell. 



Photocon ,Research 

421 North Altadena Drive 

Pasadena, California 

PIC Design Corporation 

~ a s t ~ o c k a w a ~ ,  New York 

Picker -Nuclear 

Los Angeles , California 

Princeton Applied Research Corporation 

Box 565 

Princeton, New Jersey 

Ratr on 

P. 0: BOX 282 

Northridge, California . - 

Radio Corporation of America 

I Electronic Components and Devices I 
! Lancaster, Pennsylvania 

Scientific Atlanta, Incorporated 

Box 13654 

Atlanta, Georgia 

The Carborundum Company 

Electronics Division 

2240 South Yates Avenue 

Los Angeles , California 



The 'Wilkinson Company 

P. 0. Box 303 

Santa Monica, California 

T. L. Snitzer Company 

5354 West Pico Boulevard 

Los Angeles 19, California 

Representative of Keithley Instruments. 

U. S. Flexible Metallic Tubing Company 

454 East Third Street 

Los Angeles , California 

Vacuum Accessories Corporation of America 

P. 8. Box 134 

4 Greenlawn, Long Island, New York 

Vacuum Research Corporation 

420 Market Street 

' San Francisco 11, California 

Varian Associates 

Vacuum Products Division 

611 Hansen Way 

.Palo Alto, California 

'd Veeco 

86 Denton Avenue 

~ e w  Hyde Park, Long Island, New York 



V. T. Rupp Company 

307 Park Avenue 

LOS Angeles, California 

Representative. of Kepco , Incorporated 

'W. D. Wilson 

1118 Mission Street 

South Pasadena, California 

Representative of Swagelok, Cajon, Nupro, and Whitey. 
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PROPOSITION I 

An infrared absorption experiment is proposed to measure 
directly transitions between the translational energy levels of H, 
molecules dissolved in liquid r a r e  gases. The selection rules 
for such transitions a r e  derived assuming isotropic harmonic 
oscillator wave functions and a quadrupole-induced dipole interaction 
potential. 

The induced infrared absorption spectra of H, i n  the liquid 

and solid, state('), foreign gas mixtures(2) , and solutions (3-5) have 

exhibited broad absorption features (vL - 100 cm-') on the high and 
2 

low energy side of the fundamental vibrational absorption line, Q ~ .  
These absorptions, QR and Qp, had been attributed to. summation 

and difference tones, vo + v,, where v o  is the vibration frequency 

of the hydrogen molecule and hv, is the continuum of kinetic energies 

of the relative motion of the absorbing molecule and i ts  nearest  

(1) neighbors . 
Recently Ewing and ~ r a ~ m a r ( l )  have assigned the QR and Qp: 

features in the induced Infrared absorption spectra of H, and D, i ~ r  

liquid argon to vibration-translation combination bands involving 

changes in the quantized translational energy levels of H, (or  D,) in 

solution. If the vibrational and translational quantum numbers a r e  

v and n, respectively; Qp a r i ses  from the transition v' = 1, n' = 0 - 
v"= 0, nf'= l ; Q  f r o m v t =  1, n'= 0 -  v"= 0, n"= 0; andQRfrom Q 
V' = .I, n' = 1 -- v"= 0, nu= 0 (there is no change in the rotational 

quantum number). Assuming a cell model of the liquid state and 



that the potential interaction of the solute (H, or D2) with i ts  solvent 
2 

cage is V = ikr  (isotropic harmonic oscillator) where r is the 

displacement of H2 from the center of the cage and k is the inter- 

action force constant, they predict 

Their experim.ental results agree with this interpretation. 

Rather than attempt to characterize the translational energy 

levels available to H, (or D,) in solution from the vibrational- 

rotational spectra, an experiment is proposed to observe directly, 

in the far-infrared (v 3 50 cm-I), transitions between, these 

translational levels for H, molecules .in their ground electronic, 

vibrational, and rotational states. This information would be of use 

in determining intermolecular potentials and in understanding the 

quantum effects which influence the thermodynamics of these 

systems (6 ,  7). 

The selection rules for translational transitions a r e  
. . 

determined by the dipole matrix elements 

pi  is the component of the induced dipole moment function p along 

the ith coordinate axis (x, y, o r  z) and the J/N a r e  assumed to be 

( 8) isotropic harmonic oscillator wave functions . 



where 

2 
L;(~ ) is the associated Laguerre polynomial, Yem is the spherical 

harmonic, NnQ is a normalization constant, and M is the mass of 

H,. If we assume that the dipole moment induced in the r a re  gas 

system is due to the effect on the r a re  gas of the permanent quadrupole 

moment of H,, then 

R is the distance separating H, and the nearest solvent molecule 

and K is a constant depending on the solvent but independent of H, 

orientation. To calculate the total induced dipole of this solute- 

solvent interaction, we must average (4) over the cell (refer to 

figure 1). 

Consider an H, molecule displaced a distance r from the 

center of a spherical cage of radius a. The S nearest neighbor 

solvent mulecules ai-e assumcd to be uniformly distributed 



Figure 1. Coordinate system used for the calculation of the 

selection rules. 



over the cavity wall. The dipole induced along R due to the fraction 
2 

of molecules in the ring of a rea  2n a sin wdw is 
t 

 he' moment induced along r by these mol'ecules is 

Then, the total dipole moment induced along r by all of the surrounding 

molecules is 

SK in , cos t s i n  w d, 4 = 2  
w=O R 

Changing variables and performing the integration over R yields 
\ 

The compu~~ent of pr  along a space fixed coordinate axis (pi  of 

equation (2)) is 

where ai is the ith direction cosine of the coordinate system. 

The induced dipole matrix elements for transitions from the 
I. 

ground translational state n"= rrl' = 1" = 0 are 



The "rl' integral is in general non-zero, but the t18,q1. one is zero 

(8) unless 11' = 1. This can only occur for n' = 1,3,5, etc  . 
Translational transitions of n" = 0 - n' = 2,4 ,  6, etc. a re  forbidden. 

It is suggested that the initial experiments be done with II, 

dissolved in liquid argon to compare with experimental work already 

,done(ll. 1t would then be of interest to examine heavier (Kr ,  Xe) and 

lighter solvents (Ne, He). In the argon systems the experimentally 

observed (v - vgQ) which have been assigned to the nu= 1 - n' = 0 
QR 

transition a re  on the order of 100 cm-l. To cover the desired 

spectral region (50 cm-' to 1000 cm") there a re  commercial 

instruments available(lO). A block diagram of a possible arrange- 

ment is shown in Figure 2. The entire optical path,, except for the 

sample itself, should be kept under high vacuum to eliminate water 

vapor, which absorbs strongly in the far-infrared. Diamond is a 

good transparent window material in t h i ~  region and, i f  1 tn 2 mm 

thick, has the required mechanical strength to hold a vacuum. All 

windows, mirrors ,  and gratings should be coated with a material 

such as turpentine soot to decrease the transmission of visible and 

near-infrared light. A convenient cell length for the study of 

vibrational-rotational transitions in dilute solutions of, liquid H, was 

0. 5 meters(4). Since the magnitude of the induced dipole allowing 

the pure translational transitions is not known, it is difficult to 



Vacuum seals 
To vacuum pump 7- 

window 
Sample Cell 

Figure 2. Experimental arrangement. 



estimate the required cell length. Assuming an intensity 1/10 of that 

in the vibration-translation combination bands, a cell of approximately 

5 meters is required. The cell dimensions could be reduced with 

no decrease in optical path length by using gold mirrors  at each end 

of the cell for multiple reflections. 

Since this proposition was first  advanced, H, vibration- 

(11) translation combination bands have been observed in liquid neon . 

and rotation-translation combination bands have been seen in liquid 

argon(12). Because of the complications introduced by the attendent 

vibrational or rotational transitions, these further studies (11, 12) 

point out the desirability of direct observation of the translational 

transitions. 
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PROPOSITION I1 

It is proposed that the techniques of low-energy, variable 
angle, high-resolution electron 'impact spectrometry be applied to 
the investigation of .the polarization of light emitted from helium 
atoms excited via electron-impact a t  incident energies near 
threshold. One possible experimental arrangement is suggested and 
the expected signal level is calculated. 

' 
In 1926 skinner(') observed that various lines emitted when 

an electron beam struck a low-pressure mercury sample were 

polarized parallel or  perpendicular with respect to the beam. 

Subsequently, Skinner and ~ ~ ~ l e ~ a r d ( ~ )  investigated the variation 

of this polarization with electron velocity in 'mercury. In this study 

and later ones on helium(39 4, the observed percent polarization at 

90" (P) with respect to the electron beam had a value close to zero 

at or  just above the threshold energy for the excitation and rose  to 

( 5) a maximum value at higher energy. . 

I" and 1' a r e  the emitted hght intensities at 90" polarized parallel 

and perpendicular to the beam axis, respectively. In the case of D 

states of helium, the r i s e  to maximum takes place within the energy 

spread of the electron beams used, about 1 eV. Theoretica.1, 

investigations, however, predicted that polarizations in many cases 

should be as high as 100% at threshold(6). Recently, McFarland ( 7) 

hasattributed the failure of experimental verification of theory to 



radially directed electrons elastically scattered from the electron 

beam. In his refined experiments, the electron energy resolution 

was about 0.1 eV and the threshold polarization measurements 

approached the theoretically expected magnitudes. 

I t  is proposed that the techniques of low-energy, variable 

angle, high-resolution electron impact spectrometry be applied 

to the measurements of polarization effects near threshold in helium. 

High resolution (AE = 0.03 eV) is quite important near threshold 

as evidenced by the calculated variation in polarization with energy of 

Lyman-alpha due to collisional 1s - 2p transitions in H ( ~ ) .  As the 

energy of the electron beam approaches threshold from above, the 

polarization P dips sharply at  about 0.1 eV above threshold and then 

r i ses  to about 45% at threshold. In. other cases, the percent 

polarization is theoretically predicted to be a maximum at  threshold 

and a sharply decreasing function of beam energy a little above 
1 1 

threshold (for example He 3 I) - P ) ( ~ ) .  These low energy dips 

( 4) were not observed in the earlier work of McFarland and Soltysik 

due to poor electron energy resolution. 

To help determine if high-resolution variable angle investiga- 

tions are  feasible, the expected signal intensities will be computed. 

Assume a sir~iple three energy level system; an initial level "aff 

(usually the ground ~ t a t e ) ,  an upper level "bff populated by electron 

collision, and a final level llcll reached after photon emission. If 

Qab is the total cross -section for electron-impact excitation of 

levcl b; Ne and Na are the number densities of the electron beam and 



the particles in state a, respectively; and ve is the velocity of the 

electron beam, the transition ra te  from a to b equals veNeNaQab. 

Assuming that the only method of deexcitation of state b is through 

spontaneous photon emission (note that this assumption ignores 

stimulated emission, cascade effects, and collisional energy transfer 

in the gas) and equating the ra te  of excitation to the ra te  of emission 

imply that the total number of photons emitted per cc per sec  (IT) 

equals veNeNaQab. If i and A a r e  the electron beam current (electrons/ 

sec) and cross-sectional area ,  respectively, the number of photons 

originating in  a volume V emitted into a given solid angle S(8 ,q) per 

second is 

and 

With the following estimates of the various parameters in a typical 

experiment: 

Na = 3.2 x lo" particles/cc to r r  at 300°K) 

P = 20 percent 

S = s teradims 

0 = 90" 



3 
equation (2) implies that I (8) = 1 .6  x 10 photons/sec. If the 

P 
photons pass  through a filter of 50% transmission and a r e  detected 

by a photomultiplier of 20% efficiency there would be about 160 

counts/sec. This is a practical level for standard counting techniques. 

A schematic representation of a possible experimental 

arrangement is shown in figure 1. Although ~ m i t ( ~ )  has verified the 

angular distribution law (equation 2) in helium, Fite and Brackrnan ( 9) 

have noted some discrepancies in atomic hydrogen. Thus, it is 

imperative to check this angular distribution at higher resolution. 

This would require the direct measurement of P at a given energy 

and the measurement of the variation in I (8) with angle at this same 
P 

II energy. A polaroid filter could be used to determine I and 1'. Then 

subsequent measurements of P (at different impact energies) could 

be made by determining I (8) at two different angles and applying 
P 

the known distribution law. 

There are a, number of refinements in the method, such as 

cooling the photomultiplier, phase sensitive detection, and circular 

grids to reduce the effects of radially scattered electrons which may 

be required. 

Since this proposition was first suggested, ~ c ~ a r l a n d ( ' O )  has 

reinvestigated the polarization of the helium 4922% radiation as a 

function of incident energy. He used a cross-beam configuration 

which eliminated many of the previous experimental uncertainties. 
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Figwe 1. Experimental arrangement. 



Although his experimentally determined threshold polarization agreed 

well with the theoretical value, a near threshold minimum was 

observed--a feature that has not been predicted by theory. However, 

these experiments(l0) were performed at a fixed angle (90") under 

low resolution (AE = 0.2 eV). More detailed studies , as a function 

of angle and with better resolution, would still be of interest. 



H. W. B. Skinner, Proc. Roy. Soc. London, A112, 642 (1926). 

H. W. B. Skinner and E. T. S. Appleyard, ibid, . - A l l ? ,  224 

(1927). 

R. H. McFarland and E. A. Soetysik, Phys. Rev.,  -7 128 

1758 (1962). 

R. H. McFarland and E. A. Soltysik, Phys. Rev.,  - 127, 2090 

(1  961). 

D. W. 0. Heddle and M. J. Seaton, Atomic Collision 

Processes ,  Proc. of the Third Int. Conf on the Phys. of 

Elec. and Atomic Collisions, 137 (1964). 

I. C. Percival and M. J. Seaton, Phil. ~ r a n s .  7 -  251, 113 

(1958). 

R. 'H. McFarland, Phys. Rev. ,  - 133, 986 (1963). 

J. A. Smit, Physica, - 2, 104 (1935). 

W. L. Fite and R. T. Brackman, Phys. Rev. , - 112, 1157 

(1958). 

R. H. McFarland, Phys. Rev.,  - 156, 55 (1967). 



PROPOSITION III 

An experiment is proposed to measure the vibration-rotation 
infrared absorption of the 2326 cm-1 asymmetric stretching funda- 
mental in H,+ produced in a microwave discharge of %. The 
conditions for which the concentration of H,+ is a maximum are  
discussed and an estimate of the pertinent experimental parameters 
is given. 

In a recent article Huff and ~ l l i s o n ( l )  have calculated the 

fundamental vibration frequencies and absorption intensities of 

H: using a theoretically obtained potential energy surface and 

associated electronic state wavefunctions. Although the existence 

of H,' was established by ~ l e a . k n e ~ ( ~ )  in 1930, there is very little 

experimental data available (3-5). Thus, an experiment is proposed 

to measure the vibration-rotation infrared absorptionof the 2326 cm-' 

asymmetric stretching fundamental in H,' produced in a microwave 

discharge of H, to provide some experimental results to compare 

(196). with recent theory 

Following the notation of Huff and Ellison, the -integrated 

molar absorption coefficient, A", can be expressed as;  

where Q is the cell path length in centimeters; C is the number of 

moles per liter of H,'; I, and I(v) a re  the incident and transmitted 

intensities, respectively; v is the frequency in wavenumbers; and 

A" is calculated(') to be 7069 darks. The integration is over all 

frequencies of the vibration-rotation haid. 



From these calculations we can estimate the feasibility of an 

absorption experiment. To get an approximate idea of the H,+ ion 

density needed (N), assume I(v) has an average value of Iav and a 

band width of 50 cm-' and that I,~/I, = .95 results i n a  detectable 

absorption. Performing the integral in equation (I), one finds that; 

A microwave discharge in & at pressures greater than a few 

mm Hg initially produces H+ and &+. After a millisecond the 

predominating ionic species a re  H2+ and H: with most, of the H+ 

gone (p. 5 ~ 7 ) ( ~ ) .  Typical ion densities in moderate power micro- 
9 12 

wave discharges range from 10 to 10 ions/cc (p. 560)(~). The 

average power (Pa,) that must be supplied by the oscillating electric 

field per unit volume to sustain a given total ion density (Ni) is 

( 8) given as ; 

where e and m a re  the electronic charge and mass, respectively; 

c is the collision frequency; Xo and w are  the amplitude and frequency, 

respectively, of the applied field. This formula applies in cases for 

which c is greater or equal to w; i. e. , for frequent electron collisioris 

with the gas molecules for each oscillation of the electric field. 

This condition will prevail in the proposed experilllent since 

pressures on the order of 100 mm Hg and microwave frequencies 



of about 1000 Mc/sec are  suggested. Goodyear and von Engel (9) 
8 

report c = 2 .3x  10 sec-' at  30 microns pressure and 400°K in &. 

At 100 mm Hg and 400°K, c would be approximately 7 x id1 sec-l. 
9 

With w/2n equal to 1000 Mc/sec (10 seee1), c is greater than w 

and the formula (3) applies. Using Goodyear and von Engel's value 

of X' = 1.8 volts/cm as representative of microwave sources, and. 
0 

substituting the values of the various parameters into equation (3) 
14 

implies that the power' necessary to sustain a discharge of 10 ions/cc 
. , 

is approximately 0.075 watts/cc. If much higher electron (ion) 

densities a re  attempted by increased power input, the probable result 

is more H' formation as observed in high electron density spark 

discharges (1 67 electrons/cc) rather than an increased H: density 

(pp.. 501 -502)(~). varney(l0) indicates that at  pressures above 1 mm 

Hg the preponderant ionic species measured by mass spectrographic 
14 

tests, is H,+. Assuming N of relation (2) is on the order of 10 ions/cc, 

the required path length4 is 21  meters. 
' 

' At this stage we can make an estimate of the apparatus 

required. The reflectivity of silver for radiation of 2300 cm-l can 

be 98%(11). If 55 reflections a re  made there will be about 33% of the 

incident IR sou'rce radiation transmitted, which should be sufficient. 

The.physica1 cell length needed is then about . 4  meters. If the cell 

cross-section is circular with a radius of 1 .8 cm (cross-sectional 
2 2 

a rea  of 10 cm ) the volume would be 4,000 cc and the. required 

power would be 300 watts. Suitable ,microwave sources a re  

cornmereidly available to supply this power but a cavity to contain the 

sample cell would have to be designed. 



Figure 1 .is a schematic representation of a possible experi- 

mental arrangement. At the wattages anticipated, the sample tube 

and gas will heat up and radiate in the IR. To discriminate between 

this IR signal and the source signal, a phase sensitive.detection 

system should be used. The output of the Nernst glower could be 

chopped by a rotating sectored disc before entering the sample cell. 

The frequency of rotation can be monitored by a photo-cell and 

only the component of the detector signal in phase with.the photo-cell 

output would be recorded. There a re  many commercial IR spectro- 

meters and phase sensitive detection circuits available for this 

application. 



Figure 1. Experimental arrangement 
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PROPOSITION IV 

It is proposed that an ion cyclotron resonance mass spectro- 
meter be utilized to investi ate the photoionization of gaseous alkali 
metals (particularly cesium 'I by light at  wavelengths longer than 
those corresponding to the ionization potential with and without added 
gases (particularly NH,) . 

It has been hown for a long time that gaseous cesium can. be 

photoionized by photons which have an energy less than that 

corresponding to the atomic ionization potential('' '). This early 

work indicated that. the ionization mechanism is as follows: 

~ & e  and  aha an(^) have shown that an additional ionization process 
-C; 

probably should be considered when n 3 12, 

CS*(~P)  + cs - CS+ + CS- . ( 3) 
- .  

. . 

Recently, i t  has been observed(ll that the addition of ammonia vapor 

alters the photoionization spectrum of cesium by decreasing the 

ion current for wavelengths longer than MOOB and increasing i t  for 

shorter ones. This has led Williams and  aidi itch(^) to propose an 

ionization mechanism analogous to that of (2), i. e. , 



It should be pointed out that in none of these experiments have 

any of the ions produced been positively identified. In most 

cases , 2, 4, the total ion current was measured, while in one case (3) 

ions of different mobilities (presumably CS,+ and Csf) were detected. 

Thus, i t  is proposed that the photoionization of gaseous cesium (and 

other alkali metals) with and without added gases be studied using 

an ion cyclotron resonance mass spectrometer(5) to detect and 

identify the ionic species. This method of detection enables one to 

unambiguously identify all of the ions formed and to monitor their 

currents independently. Such studies can be used to confirm or deny 

the ionization mechanisms already suggested. 

In order to calculate the rate of formation of a particular ion, 

a few additional processes must be considered. 

where (5) and (6) represent spontaneous emission and electronic 
* 

energy transfer, respectively. The rate of Cs formation (due to 

reaction (1)) is proportional to the incident photon flux p times the 
* 

Cs concentration ([cs]). The - net rate of Cs formation (considering 

only reactions (1) through (6)) is 



where  and B a re  the Einstein transition probabilities(6) of 

spontaneous emission and absorption, respectively, and k, through 

k, are  the rate constants. associated with reactions (2) through (6). 
* 

Under steady state conditions, the net formation rate of Cs  is 

zero which implies a concentration of 

* [cs 1. = B [CS] 

A +  (k,+ &)[csI + ( k + k , ) [ ~ H , l '  

Thus, the Cs2+, CS+ (Cs'), and CSNH; ion currents will be given 

by 

. . 

+ 1 (cs2+) = k, [cs* ] [cs] 

k3 
I (cs+) = g I (Cs2+) , and 

uk, and Wk, can then be determined from measurements of these 

ion 'currents. Further, if  the Cs2+ ion current when [NH,] = 0 is 

denoted I~(CS,'), then 



The measurement of Id1 as a function of [CS] and [NH,] can then 

be used to determine A/& and (Note that in reality A includes 
* 

the deexcitation of Cs by wall collisions as well as spontaneous 

emission.) The k's a re  expected to be slowly varying functions of 
* 

temperature but to depend strongly on the particular Cs excited 

state. In particular, the investigations already mentioned indicate 

that & has an apparent energy threshold at  MOOB while k, has one 

The apparatus required to perform these experiments is for 

the most part commercially available. The usual ion cyclotron 

resonance spectrometer cell(5) must be modified to allow its 

operation at elevated temperatures (- 200°C). Also, the electron 

beam ionizer should be replaced by a suitable light source (a  high- 

pressure mercury lamp, for example) and a monochromator. 
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PROPOSITION V 

An experiment is proposed to measure the energy distribution 
of electrons thermionically emitted from single crystals of tungsten 
in order to rationalize theory and experiment. A number of suggestions 
to correct  inadequacies of prior  investigations a r e  given. 

The increasing interest  in  electron .scattering phenomena has 

led to a reexamination of the energy profiles of electron beams from 

thermionic sources. From the assumptions of the f ree  electron 

theory of metals('), the current distribution is expected to be ( 2 4  

IdE is the current  car.ried by electrons in the energy range E --+ E + 

dE, h is Planck's constant, e and m are the electron charge and mass,  

respectively, Wf is the work function of the metal, k is Boltzmann's 

constant, T is the cathode temperature, and E is the electron energy. 

The integral of ( I )  over all energies E gives the Richardson- 
' Dushman equation for the total temperature limited current  

Equation (2) has been found to be a valid description of thermionic 

emission when written in the form 



where K is an experimentally determined parameter for a given 

( lb)  metal . 
However, experimental attempts to verify even the shape of 

the distribution given by equation (I) have not been successful. 

~ u t s o n ( ~ )  observed an apparent l1 reflection coefficientf1 a t  the surface 

of single crystals of tungsten which resulted in a measured deficiency 

of low energy electrons. On the other hand, Simpson and Kuyatt ( 4) 

have noted.an anamalous broadening of the distribution (1) as a 

function of beam current which appears to increase the relative 

number of low energy electrons. Although the experimental arrange- 

ments of these two investigations are basically similar (i. e. , a 

thermionic cathode followed by an energy analyzer), there a r e  a 

number of differences in the cathode preparation and operation and 

method of energy analysis which may significantly affect the results.  

It is therefore proposed that systematic experimental measurements 

of the electron energy distribution from a thermionic source be 

made in an attempt to clear up this somewhat muddled situation. 

There a r e  a number of restrictions on the experimental 

arrangement which a r e  necessary in order to eliminate as many of 

the complicating factors as possible from the previous investiga- 

tions (374).  These requirements and the methods proposed for 

nhtainin.g them are outlined below. Figure 1 E ~ O W E  thc proposed 

experimental set up. 

Planar, indrectly heated, single crystals  of tungsten will be 

used as the thermionic emitter. ~ o b i n s o n ( ~ )  h a s  described a simple 
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procedure for obtaining such crystals and the particular exposed 

crystal face can be determined by X-ray scattering('). The use  of 

indirect heating will eliminate the possibility of IR drops in the 

source. Also, it is imperative that a means of measuring the 

crystal temperature be provided. Commercial optical pyrometers 

a r e  available .with an accuracy of $% (10" K @ 2000" K). 

The electron gun itself will consist of the tungsten source 

(cathode) and an aperture (anode). The potential between the cathode 

and anode provides the necessary draw-out voltage to direct the 

electron beam into an energy .analyzer. The gun can be operated 

under space-charge or  temperature limited conditions depending 

on the value of this potential. 

The electron gun is followed by two apertures,, equi-potential 

(2b) with the anode, and a hemispherical electrostatic energy analyzer 

The apertures a r e  needed to collimate the beam before i t s  entrance 

into the analyzer. The region between the anode and analyzer is 

kept f ree  of electric fields to eliminate the possibility that lens 

effects may distort the electron energy distribution. Likewise, 

( 2 4  magnetic shielding can be provided by Helmholtz coils . 

The analyzer is followed by two apertures (equi-potential with 

the anode) and a Faraday cup current collector. The energy profile 

of the beam can be obtained by recording the current reaching the 

Faraday cup versus the voltage across the hemispheres with all  

other voltages constant. This method of sweep has the disadvantage . 

that the resolution is a function of the electron energy. This is not 



( 2 4  a serious handicap since that function is known . 
Finally, the electron source and analyzer a r e  enclosed in a 

high vacuum chamber (residual pressure less  than lo-' torr )  to 

eliminate any interference from ionization or  gas scattering 

phenomena. 
! 

Let the experimentally determined energy profile be I (E) exp 
and the "real" one be Ireal(E). Then 

(provided the resolution of the analyze'r is adequate) where C is an 

ener.gy independent constant and U is a contact potential correction 

(generally unknown) that represents a shift in the energy origin 

but not a change in shape. Since T is known, I can be compared 
exp 

with' the theoretical prediction for Ireal (i. e. , equation (I)) 'simply 

by normalizing them to the same peak position (and height). These 

experimental energy distributions should be obtained for  E = 0 to 

E >> kT as a function of the cathode temperature,total beam current,  

space charge conditions in the gun, and draw-out voltage. 
I 

There is an additional experimental complication that has been 

ignored in all previous investigations--the production of low energy 

secondary electrons by electron collisions with the apertures. Since 

the importance of this effect is not known, i t  is suggested that 

several  se ts  of apertures, with different secondary electron yield 

 characteristic^(^), be used in the apparatus. In this way, 

distortions in. the measured electron energy distribution due to 



aperture scattering might be identified. 
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