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5. RESULTS AND DISCUSSION

5.1. Introduction

In this section we present the results obtained for six .
systems: helium, molecular nitrogen,' carbon monoxide, molecular
hydrogen, acétylene, and ethylene.

| Energy-loss spectra, where given, are unretouched X-Y
recorder traces obtained frorh the count-rate-meter (see section
4.3. 4.l3). The basic data (energy-loss spectra) are obtained as
follows: 'A

' (1) The instrument is ""tuned' and stabilized as discussed in
section 4. 3.
| (2) At some initial scattering angle (usualiy near 40°) an
énergy-loss spectrum is recorded.

(3) The scattering angle is increased by 10° and another
eherg‘y-loss spectrum is obtained. This procedure is repeated until
the entire angular range has been scanned from two to eight times.

"~ The error bars assigned to derived quantities (such as peak
height ratios and differential cross sections) are determined as
follows: If X;s Xq, ... X represent a set of measurements of the

Same quantity, then the quoted value is X+ AX where

—

N |
X=5 2 % (5-1)
i=1 -

and AX is simply the average error,
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AX = ) IX-% (5-2)
i=1
The error in the differential cross sections at low angles introduced
by -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.,

S 5%) for angles (9) greater than 30° and at most 20% for § = 10°.

5.2. Helium

5.2.1. Introduction

Thé electronQimpéct excitation of helium has been the subject
of a great many experimental and theoretical investigaﬁons(47).
However, relatively few of fheSe dealt specifically with the angular
dependencies of ihélastic differential scattering cross sections (DCS).

o(129) 1 900(130)

Measurements at fixed scattering angles near 0
over a wide range of incident electron energies disclosed significant:
differences in the relative DCS for optically allowed and forbidden
trlansitions. It was generally found that the ratios of DCS for
forbidden transitions to those for allowed ones were g’reatef 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 fo 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

" that the Born approximation prediction of the total cross section

-
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for the 1'S — 3'P transition is significantly in error below about
100 &V. Vriens, et al. (32) have determined that the Born approxi-
mation is ﬁot valid for predicting DCS below about 200 eV for the
1's -~ 2'P transition nor.below 400 eV for the 1'S ~ 2'S one. Also
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 —Rl;dge exchange approximations (see
section 3). It is interesting to note, however, that the Ochkur-
Rudge approximation é.ppa.rently predicts nearly the correct shape
(peak near § = 90°) of the DCS for this transition at impact energies
quite close to threshold(66). It 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 are only three previous 4experimenta1 measuremenfs |
with which we can (and will) compare our results: | |

(1) The peak intensity ratios for several helium transitions
determined by Chamberlain, et al. (27) at a 0° scattering angle and
;in'cident energies from 22 eV to 81 eV,

(31)

(2) the measurements of Simpson, et al. on the shape

of the 1'S - 2°S, 2'S, and 2P DCS for 5° = 6 = 60° and 56. 5 &V
- incident energy, and

(37b)

(3) Ehrhardt and Willmann's determination of the shape

of the 1'S ~ 2°S DCS as a function of § at 24 eV.
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In addition, the DCS for excitations of the 2°S, 2'S, and 2'P states
relative to that of the 2 P one brovide essential information about the
differences between the angular dependencies of scattered electron
i.ntensitiés for transitions which are optically spin- and/or symmetry-

forbidden and those of an optically allowed one. -

5.2.2. Energy Scale Cali‘bratilon

.As noted previously (section 4. 4. 6), the energy-loss scale
is calibrated simply by tuning the instrument on the elastic peak
with Vewp = 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 potenﬁal associatedlwith 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 cnergies (567-58 eV), it was assumed to be correct
thfougho_ut the impact-energy range studied (~ 25 eV to ~ 57 eV).
This correction has been applied to all of the quoted impact—ener.gies

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 (9) of 25°. The

resolution (FWHM of the elastic as well as the inelastic peaks) is



Figure 5.2-1. Energy-loss spectrum of helium. Incident beam energy (EO)
= 34 eV; incident beam current -(Io) = 3.2x 107% A; scattering angle (9) = 25°;
- scan rate (SR) = . 010 V/sec; rate-meter time constant (TC) = . 5 sec;

scattering chamber pressure (P) = 3x 10°° torr.

16¢
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0.10 eV, which is sufficient to clearly resolve the five lowest‘-lyihg
transitions. The positions of the centers of the observed peaks are
given in eV by the numbers labelled obs. Those labelled opt. were
(132)

obtained from Moore's table of atomic energy levels (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, thé very intense 2'p peak carll‘ 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 . 01 eV (~ 10% of their FWHM). The pertinent instrumental
setﬁngs for figure 5.2-1 are 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
transitions from the ilS ground state to the 2°s (spin- and symmetry-
forbidden), 2'S (symmetry-forbidden), 2°P (spin forbidden), and 2 P
(op’dcélly allowed) states.

| Since the peak shapes are not a function of angle, the
res;ﬁective peak heights are directly proportional to the DCS for that
transition, Since the collection ef_fiéiency is not a function of energy-
loss (séction 4.4.4.3), it follows that the ratio of two peak intensities
~ at the same angle is equal to the corresponding ratio of the DCS at
that angle. (Note that the volume correction cancels.) Figures ’
5.2-3, -4, -5, and -6 contain plots of the 2°S/2'P, 2's/2'P, and

23P/ 2'p peak intensity ratios(and hence the DCS ratios) as a function
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‘Figure 5.2-2. Energy-loss spectra of helium at scattering angles

“of§ = 0°, 30°, and 60°. E =34eV, I =1x10"A, P=2x 107 torr.

7]
0

0° scan: SR = . 010 V/sec, TC = 0.5 sec.

30° scan: SR = . 005 V/sec, TC = 1 sec.
6 = 60° scan: SR = . 001 V/sec, TC = 10 sec.
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Figure 5.2-3. Ratios of intensitico of the 1'S ~ 2°8, 2'S, and 2°P

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

of scattering angle. E_ = 55.5 eV. The average of four to six scans

o
" at each angle was used to determine the ratios.



257

INTENSITY RATIO

1.0 [ T T T T ép’——_@—_—_fé
0.5 | —
Y
0.l
0.05 |-
4§;,
1 L | | 4L |
0 10 20 30 40 50 60 70

SCATTERING ANGLE, deg

_ Figﬁre 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.
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Figure 5.2-5. Same as figure 5.2-3 except that E_ = 34 eV. The

average of four scans at each angle was used to determine the ratios.
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Figure 5.2-6. Same as figure 5.2-3 except that E | = 26. 5 (see text).

The points with error bars are the average of four scans. The others"

are individual scans.
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of scéftering angle for incident electron energies of 55.5 eV, 44 eV,
34 eV, and 26 eV, respectively. The number of measurements used
to determine these ratios is given in the figure captions.

Table 5.2-1 compares the § = 0° ratios obtained in this

research with those of Chamberlain, et al. (27,

The agreement is
excellent except for the ZIS/ 2'P ratio at 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 at this incident
energy (i. e., 26 eV should actually be 26.5 eV). Such an error is
not unlikely since the calibration is performed only at ~ 60 eV. The
ratios of reference (27) at an impact energy of 26.5 eV are presented
in the last row of table 5. 2-1.

| Figure 5.2-7 shows the 3'S/2°S ratio at 34 eV as a function
of 6 _'from 10° to 70°. Within the accuracy of this determination, log

3s

=) versus f is a straight line. The extrapolated value of this ratio

at§ = 0° is 0.15 which implies a 3°S/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
for excitation of the 21P, ZIS, 23P, and 2°S states obtained from the
p_reéent 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 are normalized by setting
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TABLE 5. 2-1

Peak intensity ratios at 9 = 0° for several transitions in

contains the results of Chamberlain,i et al.

The iralues in

‘helium. Column (a) contains the results of this work. Column (b)
(27

" column (b) were obtained by plotting the ratio data of reference (27)

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

smooth curve. Reference (27) gives no error estimates.

* Refer to text.

Incident | (2°s/2'P)x 100 | (2's/2'P)x 100 | (2°P/2'P) x 100
Energy : -'
ev (a) (b) (a) (b) (a) (b)
55. 1.2¢.2 1| 16x1 15 - 0
44, 2.9+.2 3| 202 25 - 0
34. 7.04.5 7| 40x2 40 | 2.3%.4 2
26. 14+ 2 14| 73x6 85 92 8
26. 5+ 13 79 | 7
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Figure 5.2-7. Ratio of intensity of the 1'S ~ 3°S transition to that

~of the 1'S — 2°S transition as a function of scattering angle. E =
34 eV. The average of three scans at each angle was used to deter-
mine the ratios. The solid line is the best straight line (average

ordinate method) through the points.
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Figure 5. 2-8. Differential scattering cross sections (DCS) in

arbitrary units for excitation of the 238, ZIS, 23-P, and 2 P states of
helium from its lls ground state. The solid line and data points are
from the preseht research. For clarity, only a few representative
error bars are shown. The dashed lines are the results of
Simpson(31). The two sets of data are normalized by setting the

'S — 2'P DCS equal to 30 (arbitrary units) at § = 10°. The present
data may be placed on an absolute scale (see text) by multiplying

-3
the DCS of this figure by 4. 7x 10 ~ (see table 5.2-2). E = 55.5eV.



5.0

0.5

| I | I_LILJ

264

it n_ul

0.1 =

.50

L L1 Ll

i !

30 40 50

Scattering Angle (Degrees)

70



265

the value of the DCS for excitation of the 2'P stvate equal to 30
(arbitrary units) at § = 10°. The relative positions of all of the other
points follow from this one requirement. | |

| There are several factors which must be considered in
comparing these data sets:

(1) They were obtained 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 are in an off-resonance portion of the

helium excitation spectrum and are relatively high compared to the

inelastic thresholds, this difference should not significantly alter the

angular distributions. i

(2) Our data are subject to an addition 20% error at§ = 10°
due to the uncertainty of the beam geometry (refer to section 4. 4. 4. 4).
The data of reference (31) are not;

(3) Chamberlain, et al. (121) have suggested that it is likely
that the scattering intensities of reference (31) are too high at the
larger angles due to the effects of double scattefing Such effects
are not important in the present research (see section 4. 4. 4. 2).

(4) J. A. Simpson, et al. (31) give no error estimates
for their data.

The agreement between this work and that of reference (31)
is excellent for § < 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 volume correction is most

significant in our data. Consequently, this good agreement indicates
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that our volume correetion is probably accurate to within the errors
of reference (31) (unknown) and the present work (~ 10%). The
discfepancies in the two data sets 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 -
(37b). Figure
5.2-9 shows: the ahgular dependence of the DCS for excitation of the
2°S state from reference (37b) and the present research at an
impact energy of 24 eV. The data of reference (37b) are believed to
be quite reliable. Since the target in their caée 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) at9 = 30°
(the velume correction for our results should be qﬁite reliable for this
angle and larger ones). The agreement is within the errors 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
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Figure 5.2-9. The 1's = 2°s differential scattering cross section (in

arbitrary units) for helium at E o~ 24 eV. The plane error bars are
the results of Ehrhardt(37b), the open circles are the present results
(average of three scans at each angle). The two sets of data were
normalizea by setting the DCS equal to 0. 30 at 6 = 30°. (Refer to

. the text for other details.)
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incorrect by 0.5 eV. Unfortunately, we were not able to obtain
relié.ble data at lower impact energies (24 eV is _withiri‘ 4 eV of the

238 excitatioh threshold which presents some of the difficulties
discussed iﬁ section 4. 4. 4. 3) nor do Ehrhardt and Willmann present

| data at higher incident energies. If we assume that the incident
energy of 24 eV as 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 thé 26 eV calibration, then the ''true'" impact energy

is probably close to 24.5 eV. Sinée these impact energies are so

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. Thevdistributions at 22. 0 eV (curve 1) and 24.0 eV
| (curve 2) are taken from reference (37b) while the ones at E (curve 3) |
(E =24.5 if the assumptions above are correct), E + 2 0 (curve 4),
and 34 eV (curve 5) are from the present work. All of the distributions
have been normalized td 0. 30 (é.rbitrary units) at 9 = 30°. For clarity,
smooth curves have been drawn through the data points (within the o
error bars) and oﬁe representative error has been indicated on each
curve. It is quite clear that increasing the impact energy from 22 eV |
to 34 eV changes the angular distribution from one that is peaked at
angleé greater than 70° to one that peaks at angles less than 10°.

(Of course, there may be additional péaks beyond 70° which we cannot
observé.) This general trend is consistent with E =~ 24.5 in curves 3

and 4.
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Figure 5.2-10. The 1.18 - 238 differential scattering cross section

(in arbitrary units) for helium. Data of reference (37b) at E 0=
22.0 eV (curve 1) and E0 = 24.0 eV (curve 2). Present results at
"E =E (curve 3, see text), Eo =E + 2 eV (curve 4), and E = 34 eV
(curve5). Each curve is normalized to 0. 3 arbitrary units at

6 = 30° and contains one representative error bar.



270

o~
C e~ faroyd P
<
N e - L
e’
o~
i
g
o
(]
ﬂs
(o]
io
o™
o~
<
S’ O
. i I
P P
e D
o
© < ™ o ) : © < o
— — — - S o o

(s1TUN) ATEI)IQIY) UOTII0S SSOID [BQUSISFIQ

Scattering Angle (Degrees)



271

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,
-5, and -6. |

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.
Let 02'11‘13 (E,8) be the "true'" differential cross section for excitation
of the 21P state for an incident energy E and scattering angle 6. Then,

the "true' total cross section for this excitation is

QT (B) = 24 [ of (E,0) sinods (5-3)
2P o 2'p

Within the experimental uncertainties already discussed (section
4. 4. 4) the experimental DCS in "arbitrary' units is directly"

proportional to the "'true' one:
TAT(E0) = KE) 0T (E,0) , (5-4)

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

experimental cross section in these "arbitrary' units is

Arb(E) = 27 fosrb(E 6) sind d¢ (5-5)

which, together with (5-3) and (5-4), gives
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Figure 5.2-11. 1'S = 2S, 2'S, 2°P, and 2'P DCS (in arbitrary units)

for helium. E o = 44 eV. The conversion factor to place these data
on an absolute scale (table 5.2-2) is 3.3 X 10°° waoz/arbitrary unit.

For clarity, only a few representative error bars are shown.
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KE) - —2P2 . (5-6)

Reliable values of Q g (E) for 22 eV < E <450 eV are- avallable(43)

QArb

and (E) can be calculated from the present data through

relation (5-5). Table 5.2-2 gives the results of numerical integration

of (5-5) for 02TP taken from figures 5.2-8, -11, -12, and -13.
| o'p

133)

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

obtain approximately 240 "data points from an assumed value of

2Arb at & = 0° and the OAlrb values at 6 = 10°, 20°,...,70° from the
P

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

appreciable error in the integral (5-5) from 8 = 0° to 70° because of

the sinf6 weighting factor. For lack of a better method, the data

were extrapolated to 6 = 180° by assuming

Arb (

6 =170°) = Aef/a (5-7)
2P S

where A and @ were determined by o‘grb (60°) and oAT (70 ). The
A | P o'p

respective values of a are given in table 5.2-2. The integral over

(5-17) was performed analytically. The uncertainty in the integral
(5-5) over the range 6 = 0° to 70°is probably 10-15% since this is

the approximaté relative error in each experimental value of
Arb
2 P

(E 9)



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.

Arb0 Arb1 : L -
Arb2 T 1
a EPE
E o'p 2'p 2'p 2'p "K(E)
(eV) (Arb) (Arb) | (radians) | (Arb) | x10° cm | (ma/Arb) (%)
(eq. 5-8) { (eq. 5-9) |(eq. 5-7) |(eq. 5-10) (ref. 43) | (eq. 5-11) | (eq. 5-12)
55. 5 15. 08 3.90 1.48 6.07 7.9 4.7%x 1077 23
(fig. 5.2-8) ' '
44 19. 29 2. 64 . 84 5. 48 6.3 3.3x 107° 25
(fig. 5.2-11)
34 29. 66 1.76 52 5. 06 3.7 1.4x 10" 23
(fig. 5.2-12)
26 (26.5) | 125.66 | 4.78 .22 | 30.3 1.5 31

(fig. 5.2-13)

1.3x 107"

LLe
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It is difficult to estimate the overall error in the caiéulation
of Qg}rllo since we have no knowledge, either theoretical or experi-

Arb

mental,of how o really varies beyond 8 = 70°. In order to
9"

obtain some estimate of the possible error in the integral form

= 70° to 180°, we have calculated this integral assuming
of}rb (@ = 70°) = oArb (70°). Thus, our estimated error in the
2P 2 P '

Ardb

detefmination of Q7" "~ is simply the value of the integral between
2 .

70° and 180° assuming this constancy with respect to # minus its
value assuming the 8 dependence given by (5-7) plus 12% .
(uncertainty in the 6 = 0° to 70° integral). -In summary, the various

inte‘g.ral quantities in table 5.2-2 are given by:

70° o
Arb0 p g _70°) - waoArb(E,e)sine.de, (5-8)
2'p 2'p :
180°
Arblip 10°.180°) = 274 | e/®sing do, (5-9)
70°
and
180°

Arb2 @ 70°-180°) = 27 ozArb(E 0) S sind do .~ (5-10)
o'p | <

"~ The values of Q'Il‘ (E) are taken from reference (43). Our best
. 2P

estimate of K(E) (from equation (5-6)) is then
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grbo N QAlrbl
KE) - 2P 2P (5-11)
Q.1
2P

with an estimated percent error (EPE) of

QArb2 _ qArbl

1 1 :
_ 2P 2P -
EPE = B0 h1 X 100_ + 12%. (5-12)
1 t+ 1 B
2P 2P

The results of tl;is absolute scale calibratioﬁ can be com-
pared, at least within a factor of 2, with the absolute .calculations ‘
'of- Heideman and Vriens(73) based on the Bethe-Born approximation,
for oglp (E,0°). Table 5.2-3 summarizes this comparison. The

values of 0.21 (E,0°) in column (a) were obtained by extrapolating the
P : ,

o;}rb data of figures 5.2-8, -11, -12, and -13 to 6 = 0° and

‘multiplying the result by the corresponding 1/K(E) from table 5.2-2.

It is evident that tﬁe resulting DCS could be incorrect by as much as
a factor of 2 from a combination of the error in the extrapolation

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

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

(73). The fact that the valucs of

errors of this same magnitude
column (a)_are 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)
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TABLE 5. 2-3

Zero-angle differential cross sections from this work
(column-a) and reference (73) (column b) for the 1's ad 2'p

transition in helium. E is the incident electron energy.

E crzlp(E,o°)/7ra02
(ev)
(a) | (b)
55. 5 .21 .70
44 .18 ‘ .44
34 . 084 .21
(26. 5) . 039 . 071
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consistently over estimates cross sections at lower impact energies.

| There is a further theoretical comparison of interest.
cartwright{®®) nas calculated the DCS for the 1'S — 2°S and 2°P
transitions in helium using the Ochkur-Rudge (OR) method. Figures
5.2-14 and -15 show the results of the present experimental work
and these calculations for two different impact—energ‘ives. 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(67) become even more pronounced. Finally, figure 5. 2—16
shows the ratio of the DCS for excitation of the 2°S state.td that of
the 2°P stafe accdrding to the OR approximation (refefence (66)) and
the present‘k work. Again, the calculated ratios are of the correct
order of magnitude, but their variations with bear little resem-
blance to the experimental ones. |

| In summary, the comparisons of this sectioﬁ indicate that:

(1) the data obtained with this instrument are consistent
with the results of previous investigators, and |
(2) the usual first order exchange approximations (OR,

Borh—Oppenheimer) are not reliable for predicting the detailed shape -
’ of DCS curves for excitation of the 238 and 23P states of helium in

this low-energy range.
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Figure 5.2-14. The 1'S ~ 2°S DCS for helium. The solid lines are

the calculations of reference (66) at E, =26 eV and 56 eV. The
present results are given at E 0= 26.5 eV (open circles) and at

E 0= 55. 5 eV (filled circles). Absolute units have been placed on the
present results as discussed in the text. The relative error in the

experimental data can be found in figures 5. 2-8,-13.
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Figure 5.2-15. 1'S = 2°P DCS for helium. The solid lines are the
calculations of reference (66) at E,= 26 eV and 56 eV. The present
results are given at E j = 26.5 eV (opén circles) and 55. 5 eV (filled
circles) and have been put on an absolute scale as discussed in the
text. The relative error in the experimental data is indicated in

figures 5. 2-8, -13.
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Figure 5.2-16. Ratio of intensity of the 1's ~ 2°s transition to that
~ of the 1's - 231? transition for helium. The solid lines are derived
from the calculations of reference (66) at E;, = 26 €V and 56 éV.l
The present results are given at E = 26.5 eV (open circles) and
. 55.5 eV (filled circles). The error in the data can be obtained from

figures 5.2-3, -6.
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5.2.4. Further Discussion

As mentioned earlier, our primary concern is to use
electron scattering datal to determiné the nature 'of a given transition
(i. e., to determine whether it 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), it 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. Thése _
differences can be enhahced by studying the DCS ratios (rather than
the DCS fﬁemselves) as a function of angle. | (Further”,' such a study
eliminates one source of experimental error, the angle dependent
volume cdrrection.) |

Indeed, the DCS ratios given in figures 5. 2-3, —4, -9,and -6 -
show such characteristic differences. The most generally consistent
béhavior, at all ene‘rgies studied, is that of the 23P/ Z%P DCS ratio
(spin-forbidden only/ bp‘t_ica,llyAallowed). In all cases, it increases by
about two orders of magnitude from § = 0° to 70°. The variation of
‘the 2°S/2'P DCS ratio (spin- and symmetry-forbidden/allowed) is
‘less uniform ﬁth changes in the incident energy. .Genera.lly,‘ this
ratio increases with increasing angles, reaching a rniaximum‘ which
shifts to higher angles at lower incident energies. . It_s' maximum
increase over the 0° to 70° angular range is usually significantly
less than that of the 2°P/2'P ratio. Finally, .the 2'S/2'P DCS ratio

(symrhetry-forbidde‘n~on1y/ allowed) generally decreases with
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increasing angle, reaching a broad minimum at about 40°, and
thereafter increases. Silverman and Lassettre(ls) have reported

thvat-t'hen 2IS/21P DCS ratio increases by a factor of abbut 10 from

6 =13.8°tod = 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
it increases sharply from 8 = 0° to about 6° and thereafter decreases.
This same effect is noted in the 2°5/2'P DCS ratio at this energy,
but not in the 2°P/2' P one. |

In addition to the characteristic variation of these triplet/
singl'et‘ ratios with angle, they exhibit a dependence on incident
energy which (in éome cases) is to be expected from the considerations
of section 3. As the incident energy is lowered toward threshold,
spin-forbidden total cross sections are usually enhanced relative to
spin allowed ones. We might expect the respective differential

cross sections to vary 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 § = 0° from
table 5.2-1. However, the magnitude of this effect is sensitive to
the particular 6 considered. Table 5.2-4 presents the ratios at

6 = 40° for which the »23P/21P ratio is nearly constant. ‘I'he
enhancement with decreasing energy of the triplet/singlet ratios
compared to the ZIS/ 21P one is most evident in the region of low

(6 ~0°) and high (9 ~ 70°) scattering angles.



Peak intensity ratios in helium at § = 40°.
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TABLE 5.2-4

* See reference (134).

Eo 2°s/2'P 2's/2 P 2'p/2'p
(eV)
55. 5 . 050 . 093 .40
44 11 . 059 . 49
34 .19 . 067 .40
(26. 5) .28 . 40 . 29%
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The DCS themselves for the various transitions also show a
number of interesting features. First, the ZIS and 21P'DCS are
more sharply peaked forward than the 238 or 23P DCS (as expected).
Second, as the incident energy is decreased the 21P and 238 DCS
become more isotropic (recall section 3. 4). The 23P.DCS is
relatively flat over a wide range of angles at all of these energies.
Third, ‘the behavior of the 2'S DCS presents an interesting variation.
At 55.5 eV it reaches a distinct rriinimum at about 40° while at
44 eV and 34 eV the minimum moves out to 50° and 60°, respectively,
and apparently lies beyond 70° at 26.5 eV. This behavior is similar
to the diffraction effects observed in both elastic and inelastic
scattering from atoms(44g). Qualitgﬁvely, the present effect can
be explained as follows. Recall equation (3-114) of section 3 which
relates the phase shifts uh to the angular dependence of the DCS.
Suppose that 7, > My > Mp > Mg > etc. as indicated by e(iuation (3-117)
and that 7, = < for a certain incident energy Hk/2m. In this case,
the DCS o(k,0) will be dominated by the P, partial wave. |

Hence,
o(k,0) =~ const. {P,(cos6)}’ ¥

which has a minimum at § = 40° (and Y0°). This seems to corres-
pon_d approximately to the 2" DCS of figure 5.2-8 at 55.5 ¢V. Now,
suppose the incident energy is lowered. From (3-117) we expect

all of the nﬂ's to decrease. In particular, 5, may deérease to

' =~ . ‘Thus, at this lower impact energy
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1

ok’ ,8) =~ const{Pz(cose)}2 ,

which has a minimum at g = 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, as the
impéct energy is lowered further, the first up) to reach ~-g
corresponds to a lower ¢ value and the minimum is expected to move
toward larger angles. As an illustrative example, the: ZlS DCS ‘at
55.5 eV (fig. 5.2-8) has been compared witAh{P:,(c'ose)}2 in
figure 5.2-17. Of course, partial waves othér than P3 contribute to
the DCS, buf the general agreement in shape is noteworthy.

" Finally, the behavior of the 2P, 2'S, and 2°P DCS at
26.5 eV (fig. 5.2-13) for 9 < 20° is unique in that these DCS appear
to de_c'reasé mAarkedly toward smaller angles. This effect is probably
not due to a resonance, since none have been observed in this

(31,135)

region , nor can it be explained by the preceding arguments.

5. 3. Nitrogen °
5.3.1.. Introduction
In the excitation energy range from about 6 eV to 13 eV, N,

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 transitioné and the energy-losses at which we observe them.

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



Differential Cross Section (Arbitrary Units)

290

-
o
i

o
m .
|

e
o.
|

0. 4 ==

e
)
l'.

i | i

o

o

10 20 30 40 50 60 70 80

Scattering Angle (Degrees)

Figure 5.2-17. Comparison of the measured 1'S = 2'S DCS of

helium at E_ = 55. 5 eV (circles) with |Py(cos6)|” (solid line). The

data have been normalized to the arbitrary value of . 45 at 9 = 20°.
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TABLE 5. 3-1
Transitions from the X =+ (v = 0) 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 OBS.EE is the excitation energy (energy-loss) obser\}ed in the

présent work.

ues®@ UVS opT.EEP) oBs. EE(®)
(eV) (eV)
3+
AT, 0 6.17 -
1 6. 35 -
2. 6. 52 6. 50
3 6. 69 6. 71
4 6. 86 6. 84
5 7. 02 7. 02
6 7.18 7.19
3
B II 0 7.35 7. 36
g 1 7.56 7.57
2 7. 77 7. 77
3 7.98 7.97
4 8.18 8.17
| 5 8. 38 . 8.37
1
Call 0 8.55 8. 56
g 1 8.16 8.7
2 8. 96 8.97
3 9.16 9.16
4 9.35 9.35
5 9.55 9. 54
6 9.74 9.73
7 9.92 9.91
8 10. 10 10. 09
9 10.28 10. 30
10 10. 46 10. 48
c’n 0 11.03 11.03
u 1 11.28 11.29
2 11.52 11. 51
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TABLE 5. 3-1 (continued

(o8

uEs(® uvs opT. EE(P) oBs. EE(©)
(eV) (eV)
®*2HY 0 11,87 11. 87
'(1Zg)(e) 0 - 12.26
| blﬂu 0 12.58
1 12. 66
3 12. 75
3 12. 84 | @
4 12. 93 (12:92)
’ /1 +
p oz 0 12.93
u 1 13.20 - (13.21)(®)

2 State designations are taken from referer'l_ce (2b) pp 551-553,
except as indicated. |

P calculated frdm the data of (a) above.

- € The observed excitation energies from this research are believed
to be accurate to + . 01, eV in most cases. The givén energy-
losses were determined from scaﬁs in which the feature was most
clearly observed (i.e., low angles for the singlets and high ones
for the triplets). | |

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

ie. discussed in the text. |

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

_the text.
f Thé vibrational features are not resolved in our spgctra. The peak

‘we obsérve should correspond nearly to v’ = 4.
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TABLE 5. 3-1 (continued)

€ The vibrational structure is not resolvedvin our speét'ra. The
peak pdsition at 13.18 eV should correspond with the v’ = 1 level
although there may be contributions from several other states.

See reference (39).
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 The transition from the X £+ ground state of N, to the b II,
state is the first opticé_lly allowed one. Transitions to the lower

lying states are forbidden by symmetry (g -~ g, e.g., alﬂg, lEg"),

electron spin multiplicity (1 <~ 3, e.g., A32u+, CSHu) or both
. 3 3. 4 L. , 1 1_ - .
(e.g., B Hg, E Zg ). Excitation of the p Z, (or b'II,)) state is

electric-dipole allowed while transitions to the symmetry forbidden

states are electric-quadrupole allowed Gilmore(lBG) has
summarized the potential energy curves for most of these states.

. The electron-impact excitation of N, 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
investigators although the assignment of the EsZ g+ one has been in
question.

16)

Lassettre and Krasnow( investigated the change with

scattering angle (0° to 15°) of the unresolved X12g+ - alﬂg
(Lyman-Birge-Hopfield) transition at 500 eV. They found that the
ratio of the DCS for excitation of the a II g state to that of the

b II, one varied from about .05 at9 = 4° to 0.3 at 0 = 10°. Later
thesé studies were extended(”C) to lower energies (60 eV) and
Higher resolution but at low angles (§ S 2.5°). Recently,Skerbele,
et al. (223) reported high resolution spectra of N, at 50 eV and 36 eV

(6 = 0to 12°). In this case, transiltions to all of the electronic

statés of table 5.3-1 were observed although singlet — triplet

transitions were a minor part of the overall spectrum.



295

Heideman, et al. (29) obtained energy-loss specfra for 9 = 0°
at incident energies of 15.7 eV and 35 eV. Neither the A nor B
statés were observed at either energy while the C state was evident
at the lower one. Transitions to the other electronic states in
table 5. 3-1 could be seen at both energies. |

Doering and Williams(sﬁc) have presented lower resolution
energy-loss spectra at impact energies down to 16. 1 eV for 6 = 90°.
As expected, the singlet — triplet transitions cqmpriée a major pa.ft
of the N, spectrum under these conditions. No vibrational structure

was resolved, but transitions to the Bsng, alﬂ R C3Hu, and b'IIIu

g
states were evident.
' The N, excitation spectrum has also been studied by Brongersma

-and Oosterhoffl11)

and Compton, et al. (13) using a trapped-electron
technique. Although the reported spectra of these authors are =
similar in appearance, their state assignments are quite different.
This is probably the reéult of an energy calibration errof in the

(13). 1) was able to verify

results of Compton, et al. .Br‘ongersma(1
the identity of the B state by resolving its vibrational structure. It
is interesting to note that these threshold studies do not reveal

excitations to the A or C states but are dominated by transitions to

the B and E ones (all four of these statés are triplets).

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 § = 20° and 80°, respectively. The low angle spectrum



Figure 5.3-1. Energy-loss spectrum of N,. E_=40eV, I =2X 107% A,

# =20°, SR=.01V/sec, TC = .5 sec, P =1x 10" torr.
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Figure 5.3-2. Energy-loss spectrum of N,. E = 40eV, I =2X 10724,

8 = 80°, SR = .002 V/sec, TC =10 sec, P = 1 x 1072 torr.
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agfeés with that of reference (22a) (although our resolution is not as
good) while the high 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§ = 80° of the energy-loss region from about 6 eV
to 11.5 eV. In this figure, transitions to several of the A32u+
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 intensi.ties (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 (8) in accord with the results from optical measurements
a.nd"reliabl‘e calculations. The Csnu‘ state is a good ''test' case
since its 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

(137)

calculations of Benesch, et al. The error limits in thé table

are calculated according to equation (5-2). They do not contain a
possible systematic error 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 errors of this determination there is no

change with scattering angle and the overall average is in reasonable

(137) ED

. The

agreement with the calculations without the use of C



Figure 5.3-3. Energy-loss spectrum of N, (6 eV to 9.5 V).

E,=35eV, I =3x10"A, 0 = 80°, SR=.002 V/sec, TC =
10 sec, P =2x 10 torr.
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TABLE 5. 3-2
Relative intensity distribution of the X'5 & =0~ c’m,
(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 contain
the relative peak intensities. Columns 5 and 6 contain the factor

indicated in equation (3-74) (section 3. 3.7.1).

Scattering  Number  ED CED
| , 10 20
- Angle Vv of Scans
(degrees) 1 2
10 61+ .05 .21+ .04 4 1..028 1. 056
20 .62 + .04 .21+ .04 4 1.008  1.016
30 .60 + .04 .20+ .02 5 . 997 . 994
40 .59 + .04 .22+ .03 4 .991 .983
50. .66 £ .07 .22+ .03 4 . 989 . 978
60 .68 +.03 24+ .03 4 987  .974
10 .64 + .03 97+ .03 4 986  .972
80 .68 +.04 27+ .02 6 .985  .870
Averageover gg, 3 23+ .02 35 996 993
all angles
Calcula(‘g;d 558 .193

values

- 2 Reference (137).
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‘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

ED ED
Cio or Cyp

would enhance the slight deviation with angle rather

than decrease it). Since the relative intensity of the z)’ = 2 peak is
only ~ 10% larger than the calculated value, the background problem
mentioned above is apparently not significant (assumir_lg the reliability
of th'e calculation(137)).

A similar determination was performed for an impact
energy of 35 eV. An average of 28 scans at angles from 10° to 80°
yieldéd ay’ =1 relative intensity of 0. 60+ .03 and a v’ = 2 relative
intensity of 0.21 + . 03. Notice that the relative intensities are also
independent of incident energy (at least in this 25 - 35 eV energy
range).

The relative vibrational intensities within the alH g band have
been measured by other investigator-s at6 = 0°. We cannot reliably
measure these intensities at large angles bécause of the overlapping
B3Hg state. However, six low-angle scans (6 S 15°) were used to
determine the relative intensities summarized in table 5. 3-3.

The agfeement with the calculated values is quite good, except
possibly for v’ =0. The v’ =9 and 10 relative intensities of this

research are in better agreement with theory than those of

reference (17c), presumably because the background problem
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TABLE 5. 3-3

Intensity distribution in the 2'II_. band of N,. The X = g =0)

g
- alng(u' = 3) transition intensity is normalized to L CB% has been

calculated for an incident energy of 25 eV.
Incident Energy (eV)

v cB® 400l 60ol® 35 25  Caled. (©)
- . (ThisResearch) -

0 1.019 .37+.03 .28+.02 .28 .27+.02 .235
1 1.012 .68+.04 .63+.05 .69 .64+ .04 .630
2 1.006 .96+.07 - .91+ .03 .93 .93+ .05 _ .932
'3 1.00 1.00 1.00  1.00 1.00 .00
4  .994 .83+.04 .85+.04 .84 .86+.03 .873
5. .998 .66+ .01 .6l%.05 .65 '.6‘2_i.04 . 664
6 .981 .48+ .03. .42+ .03 .45 .45+ .03  .453
7 .975 .37+.02 .26%.03 . .30 .28%.03 287
8 .970 .27+.04 .17+ .01 .22 .19+ .02 .172
9 .965 .18+.01 .11+£.01 -  .097+.008 .097

.959 .12zx .01 (.07) - .04+ .01 . 054

=t
- QO

a Reference (17c). |
P pberived from the spectra of reference (29).

€ Reference (137).



306

optically determined(138) set of relative intensities with which the
data of table 5. 3-3 can also be compared, but the relative precisi‘on
of the optical measurements is too low for a meaningful compar -

ison(139).

Again, the precision of the data is not sufﬁcient to test
the predictions of equation (3-73). E The Cg,? value, although greater
than unity, is not nearly large enough to lower the relative intensity
of the / = 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 at 12. 26 eV seems clearly to be a Do one(ilg) while the

g
one at 11. 87 eV may be either a 1‘2g+ (references (17a,19)) or 3Zg+

(172) and Lassettre, et al. (17c)

(reference (29)). Meyer and Lassettre
argue for the former (singlet) assignment primarily because they
observe it at an impact energy of 400 eV. Heideman, | et a.l.'(zg)
prefer the latter assignment since the § = 0° excitation function of
this state is sharply peaked near threshold--a behavi'orAindicative of
é sihglet ~ triplet transition. This disagreement can be resolved by
comparing the relative angular dependencies of the DCS for excitatibn
of the 11. 87 eV and 12.26 eV stateé. Figure 5. 3-4 shows the peak
inlensily ratios of the E32g+ (11.87 €V), = g (12.26 eV), pE,
(13.21 eV) and C31'[u (11. 03) excitations with respect to the bII'Iu
‘(12.' 92?_ eV) one as a function of scattering angle from 6 = -30° to

- +80° fbr_ E,=35eV (ﬁncalibrated). The CSHu intensity is the sum

of the v’ = 0, 1, and 2 vibrational level peak intensities while the

e
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Figure 5.3-4.  Ratios of intensities of the xlzg - E3Z‘,g+ (11. 87 eV),

B; lzg+ (12.26 V), O; C'Ti, (11.03 eV), A; and p' ‘= F (13. 21 V), O
transitions to that of the bIHu (12.92 eV) one in N, as a function of
scattering angle. EO = 35 eV. Peak intensities were used for the
_E, 12g+, p’, and b states while the sum of the y' = 0, 1, 2 vibrational
level peak intensities was used for the C state. Each data point is

an af)erage of three to four scans at each angle. For clarity, only

a few representative error bars are shown.
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intensity of the others are measured at their respective peaks. This

figure clearly shows the expected symmetry of these ratios about

6 = 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), thesc; ratios are equal to the "true"
DCS ratios times a constant (independent of angle }?ut depencient upon
resolution). Of prime importance is the fact that the Variatioh with
6 of these plotted ratios is the same as that of the "true'' DCS ratios.
It is clear that the triplet/singlet ratios behave With 6 as we expect
(qﬁalitatively) from theory and agree with our observations in helium.
The X ~ b transition in N, and the 1'S ~ 2P transition in
helium are similar in that the change in orbital angular momentum
(A A) is 1 while the change in spin angular momentum (AS) is 0.
Likewise, the X — C (N,) and 1'S — 2°P (He) transitions have
AA =1 and AS = 1. Thus, we might expect the C/b (N,) and 2°P/2' P
(He) ratios to behave in a similar manner with angle for impact
energies which are 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

expect the 12g+ (12.26 eV)/b and 218/21P ratios to exhibit similar

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

+

figures. Finally, the assignment of the 11.87 eV transition as E = g

is éompletely consistent with the similarity in the behavior of the

2°S/2'P and E3Zg+ (11.87)/b ratios (AA = 0, AS = 1 for both upper



310

stateS). Even if these somewhat qualitative comparisons are not
convincing, it is clear from figure 5. 3-4 that the 11. 87 eV and
12. 26 eV transitions are 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 staté 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). Note that
both the E/b and C/b fatios increase by about the same amount
relative to the 1ZgﬁL/b ratio. This also indicates the singlet — triplet
nature of the 11.87 eV transition. ‘
Figure 5. 3-6 shows the p’ 1Zl;r(pea.k)/blnu (peak), B3Hg (v' =
4)/b1‘Hu, and aIHg (' = 3)/b1Hu ratios as a function of § at 40 eV
(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-odd' symmetries (i.e.,
X~ Bisg—- gwhileX~-Cisg — u),A this similarity may indicate
that the latter disti,nction 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 1ZgJ’/b and p’ 1Zqu/b ratios
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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Figure 5.3-5. Ratlos ul inlensities of the xlzg’“ - E32g+, ; lzg’“,
0; C'Iy, A; and p’ '%}, O transitions to that of the b'II one in
N, (seethe captionof fig. 5.3-4). E, = 25 eV. Each data point is

an average of four to six scans (as listed in table 5. 3-2).
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X - p’ and X - a transitions are g = u, AA=0, AS=0and g — g,

AA =1, AS =0, respectively, while the X — 12g+ one is g~ g,AA =
0, AS = 0.

‘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 are 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'I; (E) with which

u

the A1rb(E) can be normalized for E less than about 100 ev{140),
b

u
Also,' the lack of equal vibrational resolution of the various electronic

bands (i. e., the vibrational structure of the é.lng state is resolved
while that of the blIIu one is not) complicates the relaﬁon of peak
intensity ratios to DCS ratios. The first difficulty could be over-
come by using a mixture of He and N, (of known concentration) in
the s'cattering chamber. The N, DCS could then be determined using

He és 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 eleclron impact. Table
5. 4-11 summarizes the electronic and vibrational transitions we can
observe below an excitation energy of about 12 eV. Transitions from

3
the X »* ground stale o Lhe a3H and b =" states arc spin-forbidden
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Figure 5.3-7. Differential cross section (arbitrary units) for

3 1
excitation of the E 2g+’ Q,; 12g+, O; .C3Hu, A;and b Hu, 0O states in
N,. E 0= 35 eV. For clarity, only a few representative error bars
are shown.
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TABLE 5. 4-1
Transitions from the Xzt (v = 0) ground state of CO to
various electronic and vibrational states below 12 eV. The abbrevia-

tions are defined in table 5. 3-1.

vES® uvs opT.EED) oBs. EE(©)
(eV) (ev) =
Al 0 6. 01 6. 01
‘ 1 6. 22 6. 22
2 6. 43 6. 43
3 6. 63 6. 64
4 6. 84 6. 85
N 0 8.03 '8.03
' 1 8. 21 8. 21
2 8. 39 8. 39
3 8. 56 857
4 8. 74 8. 13
5 8. 90 8. 90
6 9. 06 9. 07
| 7 9. 22 -
pzt 0 10. 39 10. 40
1 10. 67 _
2 10. 94 -
Bzt 0 10.78 10.77
1 11. 03 11. 03
2 11. 29 T
czt 0 11.40 11.40 !
1 11. 66
&'md 0 11.52 (11. 50)(®)

2 State designations are from reference (2b), pp 52045_22.
b Calculated from the data of reference (a) above.
€ The values are believed to be accurate to about + . 01 eV.

d This state designation is given by S. G. Tilford, J. T. Vanderslice,
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TABLE 5. 4-1 (continued)

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

" © Observed as a shoulder on the C =+ (v’ = 0) peak.
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while all other transitions in table 5. 4-1 are optica11y> allowed.
Potential energy curves for these states and a summary of available
optic'al data on CO can be found in the review of Krupenie(141).
Thé electron-impact excitation spectrum of CO was first

obtained by Schulz(%?

using the trapped-electron technique. Transi-
tions to the a'II state (Cameron bands) were the most ihtense feature
in his spectrum. . Brongersma and Oosterhoff(u), with an improve-
ment of this same technique', were able to resolve some vibrational
structure in the a3H state. Transitions to the AlrI state were not
observed while those to the B12+ and b32+ ones were relatively
intense. |

Lassettre and coworkers(142) first studied the X — A
transition in the energy-loss spectrum of CO at an incident energy

of 500 eV and § < 15°. Lassettre and Silverman(143)

expanded this
study to the angular dependence of the X — B and X — C transitions
G E 15°). In a later publication(144) they compared the envelope
shape of the unresolved X -~ A transition wifh 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 spéctrometer. They again compared the relative
intensities within this band to calculated Franck-Condon factors.'
IIowever, noticeable discrepancies were found for higher vibrational
levels. This led them to suggest that the intensity distributions
within the All'[ band might be energy-dependent, approaching the

‘calenlated values at higher (> 200 eV) impact energies. Skerbele,
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et al. (145) reinvestigated the Alll band at 200 eV and 400 eV incident
energy (0 < 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.

1. (22b) reported a high resolution

Recently, Skerbele, et a
study of CO at 50 eV impact energy in which excitations of the a1l
and b'Z* states were observed in addition to those of the A'T, B 2,
CIZ’L, Elﬂ, and FIII ones. The relative vibrational intensities

_ within the 2’II 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 6 = 10° and 75°,
respectively. Since the vibrational structure of both fhe a'1l and
Aln‘states is clearly resolved, wé can compare the relative peak

(146)

intensities within these bands with calculations and the results

(21,220,145)  1.p1e 5.4-2 summarizes the

of other investigators
results obtained at 25 eV and 35 eV for the AIH band. Since we
_observed no angle dependence in the felative intensities (within the
error of this data), all of the scans at each energy are averaged
togéther. However, from equation (3-72) (section 3.3.7.1), we
wouid expect a rather significant difference in the diétribution of

relative intensities at § = 0 from those at § = 80°. In particular



Figure 5.4-1. Energy-loss spectrum of CO. E0 = 25 eV, I0 =1%x 107" A,

6 =10°, S.R. = .01 V/sec, TC = 1 sec, P = 2% 107 torr.
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TABLE 5. 4-2
Relative vibrational intensity distribution in the AIH band of

CO. TheXz* v =0 - AIH(V' = 2) transition intensity is normal-

a Reference (145).

b Reference (21).

C Derived from the spectrum of reference (22b).

d

. This research, average of 8 scans.

€ This research, average of 11 scans.

1

Reference (146).

ized to 1.
Incident Energy (eV)
v’ ~ Calculations'f)
_ _400@  90g(b) 5gc) 35(d) 25(€)
0 .44+ .02 .45+ .02 .55 .48+ .02 .51% .02 . 492
1 ,.87+ .02 .89+ .02 .94 .954 .03 .94% .02 940
27 1.00 1.00 1.00  1.00 1.00 T'oo'
3 .83+.03 .88+ .02 .80 .81 .04..78x .03  .1788
4 .56%.03 .62%.02 .52 .54+ .03 .52% .03 L5117
5 .34+.01 .39+.02 .32 .34+ .04 .31+ .02 . 299
6 .20+.01 .24%.02 .17 -  .16% .02  .159
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-equation (3-72) predicts that, at6 = 0°

cly = 1.092 and CDD - 857 while atg = 80°
DD _ DD _
Coy = 1.005 and CDY = .991.

The fact that the angular resolution is only about 2° will not change
these numbers (to 3 éigniﬁcant digits). Although the data do not
indicate the trend predicted by equation (3-72), their precision is
barely adequate for a valid comparison. It is interesting to noté
that the low-energy data of this research and reference (22b) agree
 much better with the calculations than do the high-energy data(21, 149
(CII})‘%D is essentially 1. 00 under the high-energy conditions. )

Table 5. 4-3 presents the relative intensities with the 2’1l
band. The "correction’ factor predicted by equation (3-74) is not
shown since it exhibits even less deviation from 1. 00 than that
predicted for the C3Hu state of N,. Again, the relative intensities
were independent of angle and the avérage is presented in the table.

It is noteworthy that the agreement of these relative intensities with

(146) is good even for impact energies within . 05 eV of

calculations
threshold (trapped-electron results(n)). To make equation (3-74)
consistent with the trapped-electron method, qz and qo2 must be
integrated over all angles before dividing them . This yields a
vibfationai level peak intensity ratio of |
n A
R,, = C, %"3 (5-13)

00
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TABLE 5. 4-3
~ Relative vibrational peak intensities in the a1l (Cameron)
band of CO. The X =+ wv=0 - asl'I(v’ = 1) transition intensity is

normalized to 1.

L Incident Energy (eV) Calculation s(e)
50(2) Threshola(® 35(¢) 25(d)

L (+.05ev)

0 .84+.03 1.,  .88%.07 .84+ .04 . 835

1 1.00 1.00 1. 00 1. 00 1. 00

2 .74+.038 .6, .75+.10 .64+.04 686

3 .39+.10 .3, .44%.12 .34%.04 357

.

- .2 - .16+ .02 .158

A Reference (22b).
o Derived from the trapped-electron spectrum of reference (11)
without an overlap correction.

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

9 This research, average of angles from 0° to 80°, 15 scanéﬁ

€ Reference (146).
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-Where

2 2
- . ku(k +kv)

2 ’

C =
vro 2
. k,olky + K0 )

k2 is proportional to the incident energy which excites the vt vibra-

_ tion, and k02 is proportional to that for the VOth on

e. However,
each peak in the excitation spectrum of reference (11) corresponds

approximately to the same electron energy after the sbattering event.

Thus, with kv = kuo =2, Cof equation (5-13) becomes
—~ ’ k2 + >\2
C > =5 . (5-14)
o o 2, )\2 5
"0
2 2

2 2 hk 2 2

Since%—%— is approximately . 05 eV while 5m and—zﬁ are ~ 6 eV,

2 W .

~ k v

C o e . : (5-15)
vvo Kk 2 Wvo .

)
Consequently, the high-energy form of the Ochkur approxlmatidn"
predicts only a ~10% distortion in the relative peak intensities at
threshold. (Of course, it is very doubtful that this set of approxi-.
rriationé has any validity whatsoever at threshold. )

Figures 5.4-3 and -4 show the relative angular dependence of
the DCS for excitation of the 2’Tl(v = 0+ 1+ 2), b'Z" (' = 0),
Bzt (v'=0), and C12+(v' = 0) states with respect to that of the
AIH(L* =0+ 1 + 2) one at incident energies of 35 eV and 25 eV,

respectively. The a/A intensity ratio is quite characteristic of a
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Figure 5.4-3. Ratios of intensities of the X12+(v =0) - c'zt

(V"é 0), curve (a); Bzt (v' = 0), curve (b); a’ll (v’ =0,1,2), curve (c);
and b'z* (v' = 0), curve (d) transitions to that of the X — AT
(v'=0,1,2) one in CO. E0 = 35 eV. Each data point is an average

of three to four scans at each angle.
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Figure 5.4-4. Ratios of intensities as defined in figure 5. 4-3.

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

angle.
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(singlet — triplet)/(singlet — singlet) ratio as evidenced by the
2°P/2' P ratio of helium and the B'Tly/b'IT, and C’II /6'I1, ratios of
N Also the b/A intensity ratio is quite 81m11ar to the E Z +/b II
one of N, and the 2 °s/2'P ratio of helium. This striking similarity °
with the E/b ratio 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
the '= ‘g+/blﬁl'1 ratio of N, while at 25 eV they are more like the
all'lg/blnu and p’ "% /b T, ratios of N,. In any case, they exhibit

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

AA =0, symmetry-forbidden/(AS = 0, AA = 1, allowed) intensity
ratios.

Herzberg(Zb) lists a ¢ =* state with a 0 — 0 excitation energy
of 11.415eV. Also, Brongersma(n) observes a relatively intense
feature at 11. 42 eV in the threshold excitation spectrum. This
" transition is practically coincident with the C12+ (p’ = 0) transition
(11. 396 eV) which we observe and which may be responsible for the
peak in reference (11). If excitation of the ¢’z state were important
under our experimental conditions, we would expect the measﬁred
CIZ}+/A1|H ratio to increase abnormally (compared to the B/A ratio,
fo'r example) at larger scattering angles. This behavior is not
evident in the data (figures 5. 4-3 and -4). (A case in which a -
sihglet —~ singlet transition intensity is distorted by an underlying
singlet — triplet one is discussed in section 5. 5).

Figure 5. 4-5 gives the DCS at 25 eV(in arbitrary units) for the
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Figure 5.4-5. Differential cross section (arbitrary units) for
excitation of the AIH(V'—'— 0, 1, 2), O; 'l w=0,1,2), ®;
BTt (= 0),A; and BT (' = 0), O states of CO. E_ = 25 eV.

-3
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, transitions of figure 5.4-4. The singlet DCS are sharply peaked
forward while the a3H DCS is relatively isdtropic. The b32+ DCS
is quite similar to that of the E'Z Y state of N,. All of these

g
comparisons are as expected.

5.5. Hydrogen

5.5.1. Introduction

Hé has been exhaustively studied by optical methods (reference
(2b), pp 53'0-32). Relatively few electron-impact studies of H, have
been reported, although excitations from the xlzg ground state to
the b32u+, B'Z g+’ CIH csﬂu, and Dlrlu have been observed.
(149)

’
Schulz used a trapped-electron technique to observe
excitations to the b32u+ (repulsive) state and -a second ‘band, peaked
at about 12 eV, which he assigned as X — B, C, D (singlets). In
view of the recent high-resolution trapped-electron work of Dowell
and Sharp1?), this 12 eV peak probably contained substantial
contributions from the csnu state.

Kuppermann and Raﬁ(SSa) uvbserved transitions to »b32u+ state
as well as several of the unresolved singlets using a retarding field
method of energy analysis and the collecﬁonl of electrons s‘cattered
between 22° = § = 112° (with the 8 = 90° direction being preferred).
Lasséttre and coworkers(147’ 148) have reported unresolved energy-
loss spectra at impact energies from 300 eV to 500 eV and 0° <

- 8 < 5°. No'forbidden excitations wer'é observed, nor was any

vibrational structure in the B, C, D, etc. states resolved.
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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§ = 0°. They did not

observe excitation of the b32u+ state. However, below about 30 ev,

+
g

At an incident energy of 25 KeV (6 ~ 0°), Geiger

transitions to the cal'lu and/or a 32 state (unresolved) were noted.

(151)
reported a well-resolved energy-loss spectrum of Hz[ Transitions
to the singlet states (B, C, and D) are clearly evident but no
forbidden excitations were observed (nor are they expected to be at

this high energy).

5.5.2. Results and Discussion
Our.results on the exchange excitation of the lowest triplet

state of H, (b32u+) are given in the attached prepi'int (appendix III).

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

which will be discussed below. (Figures 5.5-1 through -6 are in
the attached preprint.) Table 5. 5-1 gives the observed excitation
eﬁergies of H, in the same format as used for N, and CO.

Since we were able to resolve several vibrational members
of the Blzu+ and CIHu' states at 40 eV, it is of interest to compare
the relative {ribrational peak heights within each band to the Franck-
Condon factor ratios as discﬁssed in section 3. 3.7.1.. However,

H, presents an extremeﬁly unfavorable case in which to obtain a
meaningful comparison. As is -?evident from figures 5. 5-1, -2, and
-3, transitions from the Xz g+ ground state to the b32u+ state overlap

those to the B12u+, which in turn overlap those to the Clnu state.
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TABLE 5. 5-1

+
g
(v = 0) ground state. The abbreviations are defined in Table 5. 3-1.

Excitation energies in H, for transitions from the xlz

uEs® uvs  opr.EEP oBs. EE(®
. (eV) (eV)
3 .
b Eu+ (repulsive) - - 10.0 .2(d)
1o+ ‘ .
BZ, 0 11.18 11.18
1 11.34 11.35
2 11. 50 11. 50
3 11.66 11. 65
4 11. 81 11.81
5 11. 96 11.95
6 12.10 12.10
c'm, 0 12.29 12. 29
. 1 12.58 12. 58
2 12.85 12. 85
3 13.10 13.10
4 13. 34 13.35
5 13. 56 13. 55
2’z 0 11.79 (11. 8‘og(e)
g 1 12.10 (12. 08
2 - 12. 40
3 12. 68
4 12.94
5 13.19
o’ 0 11.75 (11 so;
u 1 12. 04 (12. 08
2 12.32 -
3 12. 58
4 12.82. -
5 13.05 :

2 Reference (2b) pp. 530-32.

b Optical excitation energies for the Cll'I'u, cSHu, and a32g+ are from

fablo I of reference (12). Those for the B12u+ are from reference

 (154).
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TABLE 5. 5-1 (continued)

'€ This research. Accurate to Within + .01 eV except as indicated.
d Energy-loss corresponding to the peak intenSity.
€ Values in parentheses refer to excitations which were observed

. 1
as abnormal increases in the B Eu+ (v’ = 4, 6) intensities.
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In addition, transitions to the aSE g+ and c3Hu states overlap part of
the B'Z * band and all of the C'II_ one. Consequently, each
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
excitatioﬁs. |

The results discussed below are for an impact-energy of

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

resolution (FWHM = .04 eV) data were obtained at thi_s energy and
(2) excitations to the a, b, and c triplet states, although observable,
cause relatively little distortion of the strong X - B, C transitions.

This latter condition is required if we are to make any meaningful

. Franck-Condon factor comparisons.

F1rst let us examine the relative peak intensities w1th1n
the C Hu band. - The intensity ratios should be related to the ratio
of. respective Franck-Condon factors according to equation (3-72)
(Bethe-Born approximation). If the X — C (v’) peak intensities are
determlned relative to that of the X — C (v’ = 1), the C (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 ~ 5- 10%, CD,? will be neglected. The relative peak intensities

were measured for scattering angles from 6 = 0° to 6 = 80°. No

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

measurements). If the transitions to the triplet states (a,c) were
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contributing significantly to the C1 Hu band intensity, v§e would expect
some distortion of the relaﬁve intensity distribution in this band.
Such a.ffecté 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
the CIHu (v") relative intensities due to the incomplet_élyl resolved
BIIZ]:r vibrational peaks should be less dependent on anlgle since
the B12u+/ Clﬂu DCS ratio does not change much with this variable
(see below). |

Table 5. 5-2 summarizes the average (over all 's) relative
intensities and presents as a comparison the high-energy data of

(151) and the calculaﬁons of Hutchisson(lsz).

Geiger The agreement
-in.all cases is quite good, with the exception of the v’ = 0 relative
'intensit'y. This is to be expected since the B12u+ (v' =) level is
practically coincident with the C]LHu (v’ = 0) one.

The measurement and interpretation of the relative vibrational
intensity distribution within the B'Z * band is somewhat more
complicated. From figure 5. 5-3 it is quite clear that at 9 = 80°
the intensities of both the u~’ = 4 and 6 levels are strongly enhanced
by the 2z g+ (v'=0,1) and/or caﬂu (v’ = 0,1) levels, ‘r.espéctively.
Further the intensity of the lower v’ members of the BlZuJr state
may be significantly increased at higher angles by the b32u+ state
(see. figure 5. 541). Apparently, the least affected level (which we
can observe) will be the B12u+ (v’ = 5) one. Thus, table 5.5-3

presents the relative vibrational intensities within the BIZ) u+ state
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TABLE 5.5-2

Relative vibrational peak intensity distribution for the

Xz g+ (v =0) - CIHu(u’ = 0 to 5) transitions. The intensity of the

X(v = 0) = C(+' = 1) transition is normalized to 1. 00. The data

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

’

Investigator % ;
0 1 2 3 4 5
This research .72+ .02 1.00 .91+.03 .67+.03 .43% .02 .26% .02
(40 &V)
Geiger(1%1) 62 1.00 .96 . 62 .40 .23
(25 KeV) ‘
Hutchisson'192) .635 1.00 .96l 697 411 . 236

(calculation)

[§745
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TABLE 5. 5-3 |
.-

. g

{(v=0) =~ B2 (v'= 0 to 6) transitions. The intensity of the X(v = 0) ~

Relative vibrational peak intensity distribution for the X =

‘B(v' = 5) transition is normalized to 1. 00. The scans for § = 0° to

10° and 15° to 20° have been averaged together as indicated.

v’ ___ No.of

6 0 12 3 4 5 6 Scans

<0°-10°> .08+ .01 .24+ .02 .47+.03 .72+ .03 .91+ .04 1.00 1.06+ .05 4

<15°-20°> .08+ .01 .22%.03 .51+ .03 .72+.04 .92+ .04 1.00 1.09: .05 4
30° .08 .25 .47 13 .95 1.00 1.2, 2
40° 12+ .02 .25+ .04 .52+ .04 .74+.03 .95+.04 1.00 1.19+.04 3
50° .16 .32 57 .8 .90 1.00 1.2 1
60° 21 .33 .63 .9 1.2, 1.00 1.4, 2
80° .22 .36 .56 .73 1.2 1.00 1.3, 2

Geiger{19D) .10 .19 .38 .59 84 1.00 1.06

(25 KeV,0=0°)

Hutchisson!®2) 082 345 860  1.246  1.316 1.00 .556

(calculation}

(4744
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(with respect to that of the v’ = 5 level) obtained from this research,

(151) (152)

the work by Geiger , and calculations (Since Geiger used

25 KeV incident electrons, only singlet — singlet transitions were
observed.)

(151) nor of this

It is clear that neither the results of Geiger
research agree with the calculations(192) (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 § < 20°. This is probably
not due to the overlapping bsE u+ state since the b/B DCS ratio changes
by more than a factor of 10 in the same angular range (see below).

(Further, below 8 ~ 3.0° we did not observe excitation of the b32 u+

state in these high resolution scans.) This discrepancy cannot be

DD

o of equation (3-72) since

accounted for by the correction factor C

DD
vvo

angles greater than ~ 40°, the enhancement of the v’ = 0 and 1 péa.k

C is within about 5% of unity at these angles. In any case, for
intensities (due to excitation of the b3Eu+ state); the v’ = 4 intensity
(dué to transitions to the a32g+ (v’ = 0) and/or csnu (v’ = 0) levels);

and the v’ = 6 peak intensity (due to excitation of the 9> g+ w'=1),
and/or CSHu (v’ = 1) states) is clearly evident. This distortion with
angle of the relalive vibrational intensity distribution within an
electronic band can presumably be used to detect forbidden transitions

which are strongly masked by overlapping allowed oﬂes(153).
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Let us next consider the variation with ‘scatteriﬁhg angle of the
relative DCS for excitgtion of the b32u+, B12u+, and Clllu states.
Figufe 5. 5-7 shows the peak intensity 'ratios of fhe X12g+ (v =0) -~
b32u+ and BJLZ)u+ (v’ = 5) transitions with respect to that of the
X'z g =0 - clnu (/'=1) one. The Bz * (v'=5)/C'I ("= 1)
intensity ratio was determined from the same high-resolution data
used to obtain the results presented in tables 5. 5-2 and -3. The
b32u+/ Clnu w'=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 are
directly proportional to the corresponding DCS ratios. Since the
propc')rtionality constant depends somewhat on the resblution, but not
on the angle:, the magnitude of the ratios are not directly comparable
although their relative angular dependencies are. As' Aexpected, the
b/C intensity ratio increases 'rapidly with angle while the B/C one
is practically constant (within the errors of this determination). The
angular variation of the b/C ratio is quite similar to fhe 3E+/ IIratios
already noted (N,, CO). This tends to reinforce the tentative
' .hypothesis (see section 5. 3)) that for AS = 1, the value of AA(O or 1)
is rﬁore important in determining the relative angular distribution
tha.h is the ¢ = g ur u nature of the transition. The EIZJ',/CIHU

intensity ratio does not cxhibit the oscillations noted in the previous

+
g
case we have examined of a AA =0, g = u, AS = 0 transition, the

"5/ ratios. Although the X =7 ~ B'Z " transition in H, is the only

fact that its intensity, relative to that of the 1Ilu one, does not
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Figure 5.5-7. Ratios of intensities of the Xz g+ - b323u+ (peak)

curve (a) and B12u+ (v’ = 5) curve (b) transitions to that of the X —

'CIHu (v’ = 1) one in H,. Eg = 40 eV. Each data point is an average

of two to four scans at each angle.
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oscillate as do those of the AA=0or 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-
rﬁining the relative angular distribution than is the AA value.
Finally, figure 5. 5-8 shows the DCS (in arbitrary units) for
excitation of the CIHu (v'=1) and b32u+ states at 40 eV for 6 = 10°
to 80°. As expected, the si.nglet - singlet DCS is sharply forward

peaked, while the singlet = triplet one is more isotropic.

5.6. Acetylene

5.6.1. Introduction

Since acetylene (C,H,) is isoelectronic with N, and CO. we
might expect that it would exhibit a similar energ‘y-loss spectrum.
The only previous electron-impact study of C,H, was reported by
Bowman and Miller(lo) using the trapped-electron method. A
comparison of their result with those of Schulz(lss) for COand N,
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 at 6.2 eV. In both
N, and CO a low-lying triplet state (B3H g in N, and a1l in CO) was
responsible for the peak which appears to correspoﬁd to the 6.2 eV
transition observed by Bowman and Miller. Ingold and King(lse) |
had observed a weak singlet ~ singlet transition (X & g’+ - K"Au) in
absorption péaking at about 6 eV. Since the observation of a trapped-

electron excitation spectrum is not sufficient to identify a transition

as singlet - singlet or triplef(157), Bowman and Miller apparently



347

100
50 =
:'9\ -
uE -
o
>
g g
R
:5
[ ]
:5 10 oy
8 .
e o
8 -
v 5.0
m .
m L
2
) -
=
=] -
o .
Q
R
g (b)
2 10—
-
o
05 =
-
ﬁ .
| A 1 i § 1 L

0 10 20 30 40 50 60 70 80
~ Scattering Angle (Degrees)

Figure 5. 5-8. Differential cross section (arbitrary units) for
. ' N
excitation of the C]LHu (v’ = 1) curve (a) and bSZu curve (b) states in

H,. E,=40eV.
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assumed that they were observing the X - A excitation.

The attached reprint (appendix IV) discusses our investigation
of the energy-loss spectrum of C,H, (ffom 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 (figures'5. 6-1 and -2 are in the .reprint) shows
an energy-loss spectrum of acetyiene from about 5 eV to 12 eV for
an impact energy of 45 eV and a s‘cat'termg angle § = 10°. Itis
similar in appearance to the optical absorption spectrum obtained by

Nakayama and Watanabe(lss).

The energy-losses of the main
features_ of figure 5. 6-3 are 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 states 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 are sharply increasing functions of angle
whiie the singlet — singlet/singlet — singlet ones va.fy much more
slowly.

© Note that in both figures 5.6-2 and -4 the C I, (v, = 1)/
Elnu (v, = Q) 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
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Figure 5.6-3. Energy-loss spectrum of acetylene. E = 45 eV,

I,=5x10"A, 6 =10°, SR =.010 V/sec; TC = .5sec,P=1.2x 10
torr. The excitation energies for the numbered features are listed

in table 5. 6-1.

3
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TABLE 5. 6-1
- Excitation energies observed in the electron impact spectrum of acetylene. The first
colufr_m 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 state is X 12g+, point group Dooh)’

Peak 'Energy ~ Optical o As signment(b)
Number Loss . Excitation Point Vibrational
(eV) Energy(a) Group State Level
5.2+ . 1(c) ' a (triplet) unresolved
6.1+ .1() 4 b (triplet) unresolved
1 7.2+ .1 (7. 3) (broad) B (diffuse, unassigned bands)
~ 1 4
2 8.16 + . 01 8.16 Dyh C( Hu),[3R] Y 00
: ~ 1
3 8.37+ .01 8.38 D,n  c(my),[3R] S,
. : ~ 1
4 8.61+ .01 o 8.62 D p c(m,),[3R] 2v,
D .02+ .02
6 9.26+ .01  9.24 Dyh D, [3R'] Y00

16¢



Peak -

Number

10
11
12
13
14

10.
10.
10.
- 10.
11,

Ehergy

Loss

.66 £ .

.94 +

29 +
54 +
74 +
96 +
19+

_(eV)

.01

.01
.01
. 02
.02
. 02
.03

TABLE 5. 6-1 (continued)

Optical

Excitation

Energy(a)

.25
.27
. 46
.48

O © O O ©

. 68
(9. 68)
(9. 93)
(10. 28)
(10.52)

As signment( b)

Point Vibrational
Group_ State Level
Con E, { B} .Voo
Cinh F, {c} Y50
D, D, [3R’] Vo
Czh F,{c} 2
D, B,[3r'] 2v,
Cap F, {C} 2v,
Dh [4R] Y00
D 4 [4R'] Yoo
D, [4r’] 2

Probably Rydberg states

[nR] , [nR].

(419
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TABLE 5. 6-1 (continued)

a Optical excitation energies in parenthesés were determined from fig. 1 of

reference (158).

P states in square brackets [ ] are from Price(164), those in{ } are from

Wilkinson(lss), the other designations are from Herzberg(zc).

€ Refer to figure 1 of the reprint, appendix IV.

€G¢
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Figure 5.6-4. Peak intensity ratios in acetylene for E_ = 35 eV.

The peak ratios are labelled according to their number designations
in figure 5.6-3. The curves labelled 3/2 and b/2 are the triplet
intensity ratios (with respect to peak 2) times 10. For clarity, only
a few representative error bars are shown for each ratio. Each

data point is an average of three scans.
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at both E | = 35 eV and 25 eV for 6 = 0° to 70° is well outside the
reasonable error limits of the data. This leaves two possible
explanations: (1) the Franck-Condon factor considerations of section

(159), and (2) there is an underlying excitation

3.3.7.1 are nof valid
(probably forbidden) which enhances the v, = 1 pea.kAre,'lative to the

v, = 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-
significaht (>~ 5%) deviations in relative vibrational intensities héve
been noted as a function of angle. The second possibility has been
clearly demonstrated for one case in H, (refer to section 5. 5). Based
on this evidence (meager though it is), the second exblanation seems to
be the most likely .one. Referring to reference (10), We note that the
most intense excitation occurs at ~ 8.2 eV. From the results of |

Schulz(ga) (11)

and Brongersma , we note that the most intense features
(excluding negative ion formation) in the trapped—elecfron spectra of
both CO and N, are due to singlet — triplet transitions. In particular,
the X =B’ g and X = E’S o transitions are the most intense in N,
while the X — a Il and X - b32+ are the most intense in CO. In view of
these comparisons, it 1s not unlikely that the exc1tauon observed at
8.2 eV in reference (10) is due to a singlet — triplet trans1t10n,
analogous to the Z‘; - E transitions of N, and CO. In order to explain
the intensity ratio variation we have observed in the c I, band of C,H,, -

the maximum transition ihtensity for this hypothetical triplet state

- should lie somewhat higher than 8. 16 eV, in agreement with reference

(10). Without additional data, further speculation seems unwarranted.
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The steeply rising (with increasing ) a/C and b/C intensity
ratios are quite similar in behavior to the previously observed
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
a and b are II states (A of ground state = 0, plus AA =1 implies

A of excited state = 1). In analogy with N,, they might correspond

\

to the B31'[g and CSHu states. These would be states of a linear
C,H, configuration. It is also possible that the excited state is
""bent'' (a possibility which does not exist for N,). In this case a

3H a(u) state of the linear molecule (point group D ooh) would correlate
with 3A a(u) + SBé(u) states of the ""trans-bent'" (point group CZh)

(160). (We have neglected the ""cis-bent' configuration and

molecule
the possibility of spin-orbit coupling mixing singlets with triplets.)
Essentially, the potential function for the degenerate II 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
possibilities of (1) cxcitation of the two 3H states of the linear

.molecule (probably a °H_and a 3Hu), or (2) excitation of a single

g
3H o(u) state of the linear molecule which splits into an 3A a(u) and

o

3Bg(u) state of the ""bent" system.
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The transitions we observe do not seem to be of the type
'> -~ °S. The ¥ and o/ singlet ratios are sharply rising functions of 6
as are the SH' and 3P/ singlet ratios already discussed. In particular,
all of these ratios are much steeper than are the 3'Z/singlet ratios
we have observed. This apparently eliminates the possibility that we
observed a 7 — w* transition, since the resulting electron configura-

(162).

tion (7 1) leads only to % and A states Il states can be obtained

by either promoting an electron from a ¢ orbital into a 7 orbital or

viceversa. Since MO ca,lculations(163)

predict that a T is the lowest
triplet state (as in N,), apparently we have not observed the lowest
triplet in C,H,. Bowman and Miller's tentative assignment of the
lowest triplet state at 2. 0 eV is not inconsistent with the present
work, even though we failed to observe an energy-loss feature at
2.0 eV. |

| Figures 5. 6-5 and -6 present the DCS (in arbitrary units)
for the excitations shown (in ratio form) in figures 5. 6-2 and -4,
respectively. The 2 and b DCS are quite similaf to the 23P (He),
asl'(CO), and CSIIu (N,) pnes, as expected. The singlet cross
sections are sharply peaked forward, more so at 35 eV than at 25 eV
incident energy (recail the discussion of section 3. 4).

| As already noted in table 5. 6-1, the peak labelled 6 in
figure 5. 6-3 could contain substantial contributions from the non-
' Rydberg E (v 0o and F 0o States. Likevﬁse, peak 7 could be a
composite\of D (v,= 1) and F (v, = 1) excitations. Thus, it is of

interest to compare the relative intensity of these two peaks as a
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Figure 5. 6-5. Differential cross sections (arbitrary units) for

excitation of the 2, 'f,', B (1), ¢ (v, = 0) (2), and 5(1/2 = 0) (6) states
of acetylene. E 0= 25 eV. Each data point is an average of three

scans.



360

mad S LAANLB LA T Tr T T T
) o .
o (= o Hel

(sY1UN £IRIYIGIY) VO39S SSOID [ENUSIBIIA

10

Scattering Angle (Degrees)



361

Figure 5.6-6. Differential cross sections (arbitrary units) for

excitation of the 7, f;, B (1), C (ve = 0) (2), and D (v, = 0) (6) states

of -ace'tyl'ene. 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
comparison for an impact energy of 35 eV. Czlz)z})o () has been included
in the table, primarily because in this one case it seems to improve
the clonstancyl 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 sameA
way or that we only observe transitions to one of the svtates (either
“For B). Without higher-resoiution 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 C,H, is an example of
the simplest pi-electron system, it has been used extensively as a
model for testing theoretical calculations. Unfortunately, the over-
lapping nature of its elecfronic bands has complicated experimental

(166) while ab initio calculations have as yet been

investigations
‘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

(169).

gaseous state The optically observed transitions (from the

X'A g planar ground state, N state of Mulliken(170)) 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
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TABLE 5. 6-2
Ratio of the peak intensity of peak number 7 (figure 5. 6-3)
to that of peak number 6 as a function of scattering angleg. E_ =

o)
35 eV.

7/6 Peak
0 Intensity Ratio .IR No. (')f
(degrees) (Ig) CIID(I)) 611305 Scans Used

0°. .85+ .05 .958 .89 2

10° .87+ .05 .979 .89 2
20° . .86x% .04 .991 .85 2
30° .90+ .04 .995 .90 3
40° .86+ . 03 997 .86 3
- 50° 88+ .04 .998 .88 2
~ 60° .90+ .05 .999 .90 .2
0° .88+ .04 .999 .88 3
Average of .88+ .02 88+ .01 19

all angles
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at~4.6eVis observ‘ed(”l). The upper state for this system is the
lowest triplet #°B, (172 (Mulliken's T state(170)).

(2) A stronger absorption consisting of a progression of diffuse
bands beginning at about 5 eV, merging into a continuum at about
1 eVl, and reaching a flat maximum at ~ 7. 6 eV occurs next. ‘It is
generally agreed(172) that the upper state is the first excited singlet,

"B, (V state of Mulliken!!70).

(3) At 7.11 eV, the first Rydberg transition is observed(173)
(R state of Mulliken). Nearly all features observed at higher
energies can be attributed to additional Rydberg tfansitions(ms).

| - (4) 'fhe first ionization potential is found to be 10. 50, eV(173).
The relative intensiﬁes and order of these transitions from 6.2 eV -
to 11. 64 eV are conveniently shown in the figures of Zelikoff and
Watanabe( 174) . |

Kuppermann and Raff(35) 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)
lLransitions observed bptically. Trapped-electron spectra reported

(87) and Bowman and Miller(lo) show peaks at nearly

by Brongersma
these same locations as well as one at ~ 9.2 eV (and _negativé ion

- formation at lower energies). Doering's(3-60) investigations at
large scattering angles (6 = 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 § = 0°, Simpson

and Mielczarek{2®) gbserved 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

speqt’rum of Lassettre and Francis(147)

, Obtained at an incident
energy of ~ 400 eV and 6 ~ 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 Wittmaack(?0) (FWHM ~ . 025 eV, E, ~ 33 KeV, 0 ~ 0°)
and Ross and Lassettre(23) (FWHM =~ . 03, E ~ 150eV, 0 ~ 0°).
Neither the N = T nor N - V transitions are observed, but the
N —~ R and higher Rydberg transitions are clearly evident. The

highest energy results(40) agreed in detail(175)

174)

with optical absorption
data_l( However, the data of references (26) and (147) indicate

a maximum in the N = R (plus uﬁderlying N — V) transition intensity
at 7.5 eV whereas the optical absorption reaches a maximum at - .
1. 28 eV. Ross and Lassettre(23) have attributed this anomaly to

an underlying quadrupole-allowed (but dipole-forbiddeh) electronic
transition.

In summary, electron-impact and optical absorption studies

generally agree, with the exceptions that (1) the N = V transition,

~ which is distinctly observed in absorption, has not heen 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 )N(IAg - (lBlg)(176) (quadrupole-allowed) transition
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which has not been observed optically. It 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 9 = 40° and
Eo’z 40eV. The N - T and N — R (or V) transitions are clearly
evident as well as higher Rydberg tfansitions. Figure 5. 7-2 shows
the energy-loss region from about 7 eV to 10 eV under r'elatively |
high resolution (FWHM ~ .05 eV) at E_ = 40 eV and 6 = 10°. The
pea.ks observed in these figures along with their probable assignment
are listed in table 5. 7-1 (all peaks except that of the N - T transition
were takeﬁ 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 Lasséttre(23), although
the résolution is not as good. Unfortunately, the signal level at this
" resolution (FWHM =.05 eV) was not sufficient to scan a very large
rangé of angles. ' The R band relative intensities are summarized
in table 5.7-2. Our 10\:av angle results at 40 eV are the same (withih

the error limits)as the = 0°, 150 eV results of Ross and
(23)

Lassettre At higher angles, the enhancement of the peaks of
" the v, = 2 and 3 levels relative to that of the v, = 1 is quite clear.
This reinforces the hypdthesis(23) that at least one forbidden
transition (hereafter labelled as N ~ Z) underlies the N — R transition

at about 7. 5 eV energy-loss (and higher). The energy-dependence
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Figure 5.7-1. [Energy-loss spectrum of ethylene. E = 40 eV, I,=
3x 10 A, 9 = 40°, SR = . 002 V/sec, TC = 5 sec, P =1.0x 10~ torr.
FWHM of the elastic peak = 0.15 eV. '

89¢
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Figure 5. 7-2. Energy-loss spectrum of ethylene. Eo = 40 eV, I0 =

1x 10°A, 6 =10°, SR = . 008 V/sec, TC =1sec, P =1.2x 10" torr.
FWHM of the elastic peak is . 05 eV.
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TABLE 5. 7-1
. Energy-loss peak locations in the electron—irhpact spectrum of
C,H,. The first column lis'ts the excitation energies (below ionization)
of the peaks in figure 5. 7-2; the second column lists the corresponding
optical values; and the third column presents the upper state assign-
mentborresponding to the optical values. The ground electronic

state of ethylene is XA o (point group D,})

Excitation Optical Assignment

Energy Excitation of Upper State
From This Energy'®
Research (evV) Electronic(b) Vibration(c)
(eV) ‘
4.4+ .1 | 3By
(onset:3.4x.1 =~ <3.6) )
‘ _ Vg Vy
7.12+ .01 7.11 B, (2R) 0 0
7.17 0o 2
7.30+ .01 - 7.28 1 0
| 7.34 | 12
.'7.461:.01_ 7.45 | 2 0
7.50 2 2
.59+ .02 7.61 3 0
| 7.67 3 2
(7. 79)(d) 7.77 4 0



Excitation

Energy

From This

Research

(eV)

'8.27+

(8. 41)(D

8.60 %

8.93 %

9.08 +

9.24 +

9.36 £

9.70+

.01

. 02

.01
. 02

.02
.02

.02
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TABLE 5. 7-1 (continued

Optical Assignment
Excitation of Upper State
‘ Enérgy(a)
(eV) Electronict?) vibration(®
Vo Vg
8.26 C,3R') 0 0
8. 32 0o .2
8.42 1 0
8. 62 D,(3R") 0 0
8.90 E, (3R) 0 0
8.95 0o 2
9. 08 1 0
9.13 12
9.25 2 0
9. 36 (4R) 0 0

a Optical excitation energies for the & state are from 'reference'(84),

those for the B from reference (169), and all others from reference

(166).
b

" the others are from reference (2¢),p. 629.

Electronic states in parentheses are from references (169) and (266);

 The vibrational assignments are from references (169) and (166). .

d Shoulder.



TABLE 5. 7-2
" Relative intensity distribution for the first Rydberg transition (N - R) in ethylene.
The third, fourth, and fifth columns are the results of other investigators. These authors
resolved the v, and 2y, excitations, but to compare with our results (column six),in which

they are not resolved, these peaks have been averaged together.

L ' d

ve ve (T, _ )@ i, . )P w1, . ) | Wi, . )@

_ | 6 =10° 6 = 40°
o 0 .88 .78 .76+ . 05 .75+ .06 .72+ .05
o of |
10 1.00 © 1.00 1.00 1. 00 1.00
12 | |
2 0 .85 .90 1.00+.02  1.00%.05  1.15% .05
2 2 4 | |
3 ‘2)} .4 .80 92+ .02 91+ .06  1.10% .05
3

b d

.a Reference (174). Present results, E = 40 eV,

Reférence (40).  Reference (23). ‘

average of three scans.

pLE
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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,

.the‘ intensity ratios of the v, = 2 to v, = 1 peaks from Geiger(40),
Ross(23), and Simpson(26) are listed below:
6 = 0° 0° 0°
E, = 33,000 eV 150 eV 50 eV
(L/1) = .90 1. 00 (1. 09)(178)

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 are quantitatively in agreement with
this suggestion(”g)., |
Our angular measurements (meagef though they are) may

also pfovide an indication of the nature of this N — Z transition.
Let us assume that the 7. 46 eV transition intensity is the sum of

three components: the N — R (v, = 2) intensity (IR,), the N = V
" continuum intensity (IV,),and the N ~ Z intensity (IZ,). ‘Presumably,
the 7.12 eV and 7. 30 eV peak intensiﬁes are equal to IR, + IV,
and IR, + IV,, respectively. Although IR, /IR, and IV, /IV, are
expected to be independent of angle from our previous Franck-
Condon factor»consideraﬁons,. IR, + IV, /IR, + IV, will depend on
6 if the N - Rand N - V DCS have different angular dependencies.
The latter ratio will be independent of § if IV, << IR, and IV, <<~
IR, (a likely case). Since the data (Table 5. 7-2) indicate that

this ratio is nearly constant between § = 10° and 40°, we can
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tenfatively conclude that (1) the N — R and N — V DCS behave in
nearly the same way with angle or (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 éssumption). Thus, from the data of table 5. 7-2 \_&e have:

IR, + IZ,
R’

and

~ 1.15 at§ = 40°.

R

1.00 atg = 10°

But IR,/IR, = .90 from the 33 KeV data of Geiger for which IZ is
certainly negligible. (Recall that IR,/IR, is most likely independent
of angle and energy since it is a relative intensity within a single

electronic band.) Thus,

1Z,
1R, = 0.1ate =10°
and
=~ 0.25 ato = 40°.
This factor of 2.5 increase from 10° to 40° is not inconsistent with
a ""quadrupole’/"'dipole" intensity ratio (e.g., s gJ’/bll'Iu of N,), but
it is also similar to a ""spin- and symmetry forbidden'_’/”dipoie |
allowed" ratio (e. g., E3Zg+/b111u of N,). These results are
certainly not definitive, but they indicate the utility of angular
" measurements as well as a need for more complete high resolution
studiés as a function of angle. In summary, we can only note that
all of the arg;uménts above are consistent with’Z being either a

"singlet" or "triplet" ngn State(180)
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Figure 5. 7-3 shows the intehsity ratios for the peaks of the

N= T, N~ R, and N ~ 3R’ (v, = 0) transitions to that of the

N - 3R (v, = 0) one. These data were obtained frem 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 1ntens1ty as a
reference (the most ""logical" choice), (2) the peak of the N = R
transition could not be used since the N - 7Z transitionemight
enhance it at higher anglee, (3) the N = 3R'(v, = 0)/N"—~ 3R (v, = 0)
intensity ratio is nearly constant with angle, indicating that both
transitions are most likely ""isolated' from underlying ferbidden
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 are relatively flat
while the triplet/singlet one increases markedly with angle. The
latter ratio is qulte characteristic of those for which trans1t10ns to
the upper state have AS =1, AA=0. Since this transition is a
m — 7* type, our conclusion concerning the acetylene triplets
(i.e., they are not7 —~ 7*) is consistent with these results. The
':?1_"(01-' B)/C ratio in acetylene increased by a factor > 10° from § = 10°
to 80° while the a/3R ratio in ethylene only increases by a factor of
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.
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Figure 5.7-3. Peak intensity ratios in ethylene for E,=25eV.

~ The peak labels can be correlated with energy-losses from table

5.7 —_i. 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® =10° to 7.58 + .05 eV at § = 80° 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 at 25 eV. The agreement is hot very good. This is
. not unexpected since rather 'cfude approximations Havé 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’
~compared to other calculations on helium and hydfogen(66) using
the same approximation. This is probably an artifact of the simple
wave functions used in the present case. Inspection of equation
(3-92a) shows that the DCS is zero whenever q =~ 1.453 ao'l. Thus,
if K, < .843 a ™" (E < 9.66 eV), then the DCS will not be zero in |
| the 0° to 180° angular range; if R, = . 843, then the DCS is zero at
6 = 180°§ and if ko > . 843, the zero in the DCS moves toward
smaller angles, varying as § ~ %—é for k, >>1.45 ao—l (E, >
28.6 eV).
Figure 5.7-6 gives the DCS (in arbitrary units) for the N — R

(peak), N ~ 3R (v, = 0), é.nd N - 3R'(v, = 0) transitions at 25 eV.
As expecféd, these singlet — singlet Rydberg transitions are strongly
peaked in the forward direction with very similar shapes. (The
latter, of course, was evident from the ratioé.)

]
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Figure 5. 7-4. Differential cross section (arbitrary units) for the
N ~ T transition in ethylene. The circles are experimental points
for E o~ 25 eV (average of three scans). The solid line was
calculated according to section 3.3.7.2. The data and calculations

are normalized to the same value at 8 = 35°.
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Figure 5. 7-5. Differential cross section (arbitrary _imits) 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 E = 9.6 eV and 6 = 0° to
1.0.
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Figure 5.7-6. Differential cross section (arbitrary imits) for

several transitions in ethylene. E 0= 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 (9) to characterize and identify
singlet — triplet (spin-forbidden) transitions. We'aré hampered in
our endeavor to draw general "'spectroscopic rules' for the identifi-
cation of such fransitions 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 (é, few tens of eV's above threshold) in
which exchange excitations are important; and

(2) practically all of the available éxperimental measurements
of DCS angular dependencies (in this low-energy regioh) have béeh
made by us during the course of this research on the féw systems
reported here. These handicaps mean that our,"’rules" are a self-
consistent set of generalizations based primarily on a limited set of
empirical results. Nevertheless, it is worth reiterating' the
consistent trends we have noted in sections 5.2 through 5. 7.

The character of an excited state (of the target moleqﬁle) is
reflected in the corresponding DCS. Differences in the behavior
with ¢ of the DCS for the excitation 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-

allowed tra.nsiti-on‘ (usually the lowest lying such transition) in each
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molecule was used consistently-as a '"standard" for ratio 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 qﬁantity "DCSB/DCSA'" (DCS ratio as used before in sections

5.2 through 5. 7) simply by ''the B ratio."

Table 6-1 presents a summary of some of the ratio 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 6 of various triplet state ratios leads us jto the
following conclusions:

(1) Triplet state ratios increase markedly with increasing
6(0°. =6= 805) for impact energies that are 20 to 30.'eV above
threshold. This behavior clearly distinguishes them from singlet
state ratios. w

(2) The magnitude of the triplet state ratio increase is
sensitive to the value of AA associated with the singléf - 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 AA = 0 increase

by about one order of magnitude. From the examples of this latter
type, those which are symmetry- allowed (SA) increase by about a
factor of five more than those which are symmetry-forbidden (SF).

Further, these AS = 1, AA = 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 determihation (state A). The second column gives the
B state associated with the factor increase (B ratio at high angle
iimit 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 AA (eV) (degrees)
He 2°s 6 0 24. 0-70
1's - 2'P 2°p 60 1 23 0- 170
N, EYT N 6 0 23 10 - 80
1 + 1 3 ’
Xz e b Hu C Hu 100 1 24 10 - 80
B, 100 1 32 10 - 80
. 3 + .
co bzt 30 0 25 10 - 80

1

X'zt - A'n a’Il 100 1 29 10 - 80
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TABLE 6-1 (Continued)

Impact
Energy
Above Angular
Molecule B Factor Threshold Range
(Atom) State Increase AA (eV) (degrees)
C,H, ¥ 1000 (1)@ 30 10 - 80
Xz - T, b 1000 - ()@ 29 10 - 80
C,H, T 35 0 21 10 - 80
(N - 3R)
H, bz, 30 0 - 30 . 10-80
3+ 1 ‘
Xz =C1

4 presumably, AA =1 for these two transitions. See text,

section 5. 6.
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intermediate angles, in contradistinction to the AS =1, AA =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 AA = 0 and presumably 6 examples of |
AA =1). There is no apparent difference in the ratio dependencies
of SA and SF ratios for AA =1 (at least 1 SF example:and 2 SA
examples), while for AA = 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 nﬁmber of
examples. |

For singlet state ratios (AS = 0), the situation seems more
complex. In particular, these ratios do not exhibit any general
trend with angle as do the triplet ones (this in itself, however,
points up the AS = 0 character of the former). Some singlet ratios
are practically constant while others oscillate with either positive
or negative slopes at small §.. In the case of CO, thé'signs of the
‘initial slopes of the 12+ ratios change from negative to positive as
the impact energy is lowered from 35 eV to 25 eV while a‘similar
singlet state ratio (p’ 12u+) in' N, has the same behavior at 25 eV

‘that it has at 40 eV. |

- Consequently, we do not feel that any meaning'ful 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.
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One diatomic molecule of special interest for future work
is'Oz; Since it has a triplét ground state, transitions to singlet
states are spin-forbidden. This, of course, is simply the reverse
of the excitations we have studied so far. In addition, O, has a
low-lying singlet state with A = 2 (i. e., aA g) which, if we could
observe it, would provide information about AS = 1, AA =2
transitions (we have.observed no other AA = 2 transitions). The list
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

: ”inystery band"(181). Also the search for the low-lying triplet states
" of small molecules such as H,0, CO,, formaldehyde, etc. is

worthwhile for future investigation.
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APPENDIX I

OVERLAP OF TWO GAUSSIANS

Consider one energy analyzer (monochromator) for which
f(E)AdE is the fraction of electrons of energy E transmitted in the
energy range E ~ E + dE and a second analyzer (selector) f.or~which
g(E - T) is the fraction of electrons of energy E transrr_iitted per
unit enérgy range. We assume that f(E) and g(E - T) have maxima

atE =0and E = T, respectively, and are normalized so that

) 0 . '

" [HE)dE = [g(E-T)dE = 1. (I-1)
-0 - .

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

© | ' :
F(T) = JE)gE - T)dE . (1-2)
. -
For the present analyzer system, f and g can be adequately
approximated by Gaussians (see section 4. 4. 3. 3) as
, 2, .2
1 E/A

E) = o (1-3)
R | |

and
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e (I-4)

whére
m
AE;
and

A= —2_ |
2V ﬂnz R ‘t‘\

S
AE%
2V In2

AED" and AE} are the full-width at half-maximum (FWHM) of the
2 2 :

monochromator and selector transmission functions, respectively.
Substitution of (I-3) and (I-4) into (I-2) and integration over
E yields |
2 2
i -T/A + B)

FT) = ———— . I-5
DeTE T -

Consequently, the overall transmission function of this two analyzer

system is Gaussian with a FWHM of

L
S.2,2

AE, = [(AE? Y + (aE2) 1% . - (1-6)

1
2

nj=

If both analyzers are operated with the same resolution (FWHM),
then the FWHM of the beam leavin_g the monochromator as obserVed

m
by the selector is V2 AE;
. 2
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APPENDIX II

SPECIFICATIONS OF THE
1024 CHANNEL NUCLEAR DATA
ANALYZER SYSTEM

1. . Introduction

The system is a modified version of the ND-181 FM-ITB
syétem 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)
¢. - Model ND-180 ITB Integrator and Time Base Unit
Instruction Manual (February, 1965) ‘
The main standard features are described in those brochures and are
summarized' below. The modifications of this system which are |
desired are described in Section 3 following. Section 4 lists the

main cumponents of the system.

2. General Description

2.1 Modes of Operation: -A. Pulse Height Analysis (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: 1.06
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.10

.11

.12
.13

.14
.15

394

Count rate up to 106 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 Reéorder.

Digitai: 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 g sec., 5, 10, 20, 50, 100, 200 m sec., 0.5,
1, 2 seconds for MCS and SA. |
Magnetlc core memory "Live Time. "
Live Time in steps of 1, 2, 4, 8, 10, 20, 40, 80 100, 200,
400, 800, 1000 and infinity (minutes) in PIIA. Possibility
of uée of external oscillator. Live Time is alWays printed in

first channel of memory.
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2.16 = Sweep triggering (MCS and Averaging): Internal, Recurrent,
External. Plus or Minus, AC or DC triggering.

.17 Sweep delay: 0, 1, 2, 4, or 8 times the selected sweep period.

.18 Data and address lights.

.19 Dead time meter.

.20. Test mode.

.21 Capability of overlapping quarters and halves. -

DN DN DN N DN

.22 Capability of normalizing da.ta.i’n each half of memory when in
overlapping positibn.

2.23 Calibration capability to add 1000 counts to all memory channels.

2.24 Manual address ad\?ance (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 are included.

3.1 - Forward and Forward-Backwé.rd Address Scaier.' Either
type of operation can be selected in modes of operation PHA '
and MCS. | |

3.2  In Multi-Channel Scaling Mode, besides the normal operation
mode, called hereafter MCS-I, an additional mode ié |

required, labeled MCS-II.

3.2.1 Mode MCS-II

In this mode the Nuclear Data System will be attached to an
electron scattering apparatus. This apparatus has an electron

detector system (ED), an electron beam chopper (EBC), and an -
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eledtrostatic energy analyzer (EA).
3.2.1.1 General Description of MCS-II Mode

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 P, and Pz.' chahge alternately
bet\&eeh 0 and 10 volts at a frequency determined by the dwell time
(At) selected by tﬁe ITB. (P, and P, are 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 P,
and ‘P, (V,) is zero), the incoming‘ counts are 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 are routed into the second 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 merhory if First/Direct Switch (FD-S), incorporated into the

system by Nuclear Dala, i1s in First position,and strictiy proportional
to the channel number into which counts 'are being aécumulated if
FD-S is in Direct position. For Mode MCS-II this switch is in the
First position. During the time in which counts are heing accumulated

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 part of the system) with an amplification range of
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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, V,, is available for external use across terminals

P, and P,. (P, and P, are not grounded.) The stability and repro-

ducibility for these voltages are given later in this Section.

A block diagram of this mode is shown in Figure II-1.

Figure II-2 shows the various voltages and time -_relatiion-s.

3.2.1.2 Step by Step Description of MCS-II Mode

Step 0.

Step 1.

Step 2.

System is not counting (siandby pdsition), but TBG 1s
operating and the square wave signal appears across Pl'and
P,. Operator command (manuél setting of cohtrol switch to- '
start position) causes counting to begin as per Step 1 without

disturbing the square wave in any way.

When counting is initiated, counts are accumulated in channel -
number i (i = 1 to start) in the first half of the memorylfor
time At, beginning precisely (withiri 1 o sec.) when.the |
square wave on terminals P, and P, goeé to zero. The analog

voltage across ’Pz a.nd'Ps(Vz) = 0.

Counts are accumulated in channel 513 for time At begir_mihg i

precisely (within 4 4 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. When channel 1024 is reached,

a Full cycle has been completed. -



Electron Beam Particle Fii'st/ Direct
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Figure II-1. Block schematic diagram for Mode MCS-II.

Electrostatic
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Step'4. Full cycle is repeated as many times as selected on the 5-
digit present counter (PC) incorporated into the system by

‘Nuclear Data.

3. 2. 1 3 Sgecifications for Mode MCS-II

a.- V, is 0 or 10 volts within 0.1 volts. The rise time and decay
time for switching between these two values is less that 4 U sec.
b. - V, is proportional to the channel number in the first half of
| the memory or to the channel number into which counts are
being accumulated depending on whether FD-S in in First or
:Direct position, respectively. When the diffe_rential«
amplifier is set at gain 1, the range of V, is AO.l'OOO t010.240V
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 reproducibilit§ is leés than
10 mV in the entire rangé. As the channel address is increased -
by one, the time for V, ‘t-o reach its new value (-tn within
0.01%) is 1 y sec. or less. As this address is switched from
1024 to 1, the time for V, to drop to less than 1 mV is 10y sec.
or less. ' _ |
c.- Av, the voltage step, is 10, 20, 30, 40, 50, 60, 70, 80, 90,
~ or 100 x‘n‘V corresponding to-gain1, 2, 3, 4, 5, 6, 7, 8, 9,
or 10 of the differential amplifier. | ‘ | ,
d. - At, the dwell time selected on ITB: see Section 2.13.
e.- DAC-20-10 Unit: see Raytheon Bookl'et'SPfl’flc, pp. 6 and 7.
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f. - Output impedence is = 1000 ohms for both V, and V,.

g. - Synchronization between ITB pulses and changes in V,; and
V, is 1 u sec.

h. - Dwell times in corresponding channels of two halves of the
memory (for example, channels 2 and 514) are equal to
within 0. 25 microseconds or 1 part in 105, whichever is

larger.

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 Syetem
g. - Tra.nélator
h. - Preset Counter

i. - Modification of ITB
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APPENDIX III

~ Angular Dependence of Low-Energy Electron Impact
Excitation Cross Section of the Lowest Triplet .

States of Hé

by

t4 t

S. Tfajmar,* D. C. Cartwright, J. K. Rice, R. T. Brinkmann,*
and A. KuppermannT
California Institute of Techﬁology, Pasadena, California
(Received 12 July 1968)

ABSTRACT

The differential cross sections for the electron impact
excitation of the lowest triplet'states of molecular hydro-
gen (baz:, aaﬁg) have been calculated from threshold to 85 eV
impact energy using the Ochkur-Rudge theory. For the

+ +
X*Z - YL transition, the relative differential cross sections
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were measured with a low-energy, high-resolution electron impact
spectrometer from 10° to 80° scattering angle and impact energies

of 25, 35, 40, 50, and 60 eV. . Theory and experiment are in good
agréement for the shape of the differential cross section for energies
of 35 eV and abo&e. Howeyer, at 25 eV, the theory continues to pre;
dict a rather well developed maximum in the cross section at around
LO° while the experimental cross sections are moré isofrppic. An
appreciable contribution to the inelastic scattering in the energy
loss region from 11 to 14 eV due to excitation to the a32; and/or
c?nu states is definitely established from the observed angular
distributions. A quantifative evaluation of the individuwal angular
behavior of the excitations in this region, however, would require

a resolution higher than the presently available one of 0.030 eV.
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1. INTRODUCTION

Low-energy electron impact spectroscopy has been found to ﬁe a
very powerful tool for locating and identifying energy levels of mole-
cules, especially those to which transitions from the ground state are
fofbidden by optical selection rules.*™® (The low-energy range as defined
here 1is frOm a few eV up to 100 eV. This corpesponds to the binding
energy 6f outer electrons in atoms and molecules and is a very important
region'from the point of view of spéctroscopy, photochemistry, plasma
physics, and for many atmospheric phenomena.) Both the energy and angu-
lar dependencies of the differential cross section are important in
identifying a given transition. The energy dependence of the differen-
tial cross section has been investigated to some degree in thé past.}™®
Hovwever, there is very little information available on the angular depen-
deﬁce of excitation cross sections at low impact energies. The Born-
Oppehheimer approximation -is not valid at these impact energies;.in fuct)
no theory has proved reliable in predicting the energy and angular
dependencies of differential croés sections for even the simplest system
of electron-atomic hydrogen.

| Recent studies of He,ga CéHé,gb H, N, o, CO_, H,0, and
CQH4,1° indicate that the measurement of the differential cross section
at a fixed incident ehergy and vériable scattering angle yields more
information about the nature of the electronic excitation than does the
measu;emeht of the energy dependence of the differential cross section
at a fixed scattering angle. In order to learn more about the angular

behavior of differential cross sections for different types of oleclronic
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excitafions, it is important to carry out experimenté on transitions of
known character. The information obtained from such studigs is useful
in fhe evaluation of different approximate theories and may'lead to rules
for assiéning unknown transitions.

| The hydrogen molecule, being the molecule most amenable té
théoreticalAcalculation, was the natural selection for compérison between
théory and experiment. Cartwright and Kuppermann*! have calculéted total-
cross sections for the electron impact excitation of the two lowest trip-
let states of molecular hydrogen using the Ochkur-Rudge (OR) theory.12
These cross sections agreelwell with Corrigan's experimenfal electron
impact dissociation cross sections*® from threshold to aboﬁt 50 evV. ,Al
comparisoﬁ between the theoretical and experimental angular distributions
as functions of incident energy provides an additional and more sensitive
test of the thebfy, since integration of the differential cross section

may conceal a failure of the theory while still leading to the correct

" total cross section. Green'* has pointed out that the arguments of

Rudgelac’d and Crothers!2€ justifying Rﬁdge's modification of the Ochkur
theory are of doubtful validity and the best test of these theories is
cpmparisbn with experimental differential crosé sectioné.v Hence, the (OR)
approximation has been used to calculate the differential cross sections
for the X?z; - b32: and X?Z; - 332; excitations for comparison with the
equivalenﬁ experimental measurements. The singlet-triplet transition
prbvides an unambiguous test of rearrangement scattering.theories since

they are due entirely to exchange excitation with no contribution from
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A broad feature in the electron impact spectrum of H, correspon-
+ + ' '
ding to -the X?zg - bazh transition has been observed by Schulz?® and Dowell

and Sharp'® using the trapped-electron method. By this method the total

cross section is measured very near threshold energy. Kuppermann and

Raff*€ also observed the X?z; 4~b32: transition at 60 eV impact energy
with an apparatus which collected scattered electrons from 22° to 112°,
the colleétion efficiehcy being highest at 90°. To our knowledge there
are no expérimental or theoretical differential cross sections for eléctron—
exchange processes in molecular Hydrogen to which our results can be com-
pared.

2. THEORY'

Most previous calculations of the exchange excitation of atoms
by low energy electrons have been performed in the Born-Opﬁenheimer (BO)
approximation.*® The results of such calculationé, however; indicate that
the (BO) approximation fails badly for incident electron energies below
about 100 eV.}? The calculation of similar exchange processes involving

diatomic molecules has been limited by the mathematical difficulty of

' treating the noncentral molecular force field and the nuclear motion.

b 12¢C

Ochkur*?” and Rudge have proposed modifications of the (BO) approxi-
mation which have been found to give reliable total cross sections for
exchange processes in atomic systems. Recently, this (OR) approximation

was employed to calculate total cruss sections for excitation ot the

: + +
(bazu) and (aazg) states of molecular hydrogen.!! The methods used in the

cross section calculations reported here are very similar to the ones used
in the total cross section calculations and consequently are only briefly

outlinede
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Within the framework of the (BO) separation of nuclear and

electronic motion 18

and the (OR) approximation to the exchange scattering
amplitude of an electron by a diatomic molecule, the differential cross
section for exchange excitation from initial state i{n,v,J,M) to final

state £(n’,v’,J%,M') can be written as

£ ' k' ¥ M 2
ACRIOEE 3 [ oot ® T e e ) Yixeramal”, (1)
R, :

where

2a
o

o _ .
aok'-i(I.rl/ﬂ)z]'3

f .
Ti(ko’e )(P3R;X:¢) = [

-— -
-

ig-r * - - - - -—
X f etd' D) ¢n'(11’r9;R) ¢n(r1’r23R)dI}dlé A (2)

"In Egs. (l) and'(2), y,E, and Y are the spatial electronicfvibrational

and rotational wave functions; In is the ionization energy of state n;

' f is the Rydberg energy; a, is the Bohr radius; R the internuclear dis-

tance; x,p the polar orientation angles of the internucleéf axis with
respect ﬁo a space-fixed coordinate system; dQ is the element of‘solid
angle in the direction of the internuclear axis; 6 and ¢ are polar angles
defining the direction of scaftering with respect to the direction of the

— — .
incoming free electron; r, and r, are the coordinates of the bound electrons

1
in the molecule fixed coordinate system; n,v, and J are the electronic,
vibrational and: rotational quantum numbers;'io,'i' are the initial and

final wave number vectors of the free electron which are related by

K (e, 1,8) = [12 - (2n/42 ) (8, - E,) |2

(3)

o
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where Ei and Ef represent the total energy of the molecule before and

after collision, and finally

The factor of 3 in Eq. (1) comes from integration over spin variables.
Since tHe présently available experiméntal energy resolutién is not
sufficient to resolve rotational transitions, only rotationally averaged
differential croés sections will be considered here. If fhe temperature
of mqlecuiar hydrogen is appreciably higher thaﬂ its rotational chagacter-
istic temperatufe (1L7T4°K), then the rotationally avgraged differential

cross section for a gaseous thermal target is given by

n'v’ » _A3k” * oatv, . a0
Ty (g0 = 211 [ ] o (0 gm0 [me, (0)]ar = 82 )

where

[[Vid

k”(ko,n,v,n’,v’).z [ki - (2m/h2)(En,v, -Env)]

In the defivation of (hj, the vibrational wave functions apd the wave
number of the scattered electron were assumed inéependent of J and J’.
This assumption is consistent with presént experimental energy resolutioh
capabilities. |

'The'éxcited (bazz) state is unbound and hence there is a continuum
of v’-vibrational states. The differential cross section fér excitation to
all final vibrational states is formed from (4) by "summing" over v’.
'.Application of the delta-function approximation®® to (4) leads to a rota-

tionally averaged differential cross section for excitation from the
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ground vibrational state to all excited vibrational states which is given

by
B
) e,0) = 3 / “)<E ) (280 20)w) 13y, ()
O DO | . )
where
- )1z 16(0) 3 ) (g 72
1 RY (B g IR (E)] |
P (g ) = a',, %o T B )
‘ _/g 12 (g, )gg")[R(‘)(El)le ar, ‘

In the above, D0 is the dissociation energy of the ground electronic state;

()

EO is the energy of the incident eiectrbn, is the lowest vibrational
wave function of the ground electronic state; and the angular brackets rep-
resent.an:aVerage over all orientations of the internuclear axis with
respect to the incident electron beam. The integfation o&er the internuclear
distance R has been transformed to an integration over the corresponding
potential energy Ea.' E1 (R) is the expression for the potential enerpgy of
the bazz state as a function of'internuclear distance and ROJ(EI) is the
inverse of this function.

The aazg state is bound (dissociation energy 2.91 er and has
about 16 vibrational states éndvno éontinuum whose left classical.turning
points fall within thé Ffank-Cbndon vertical band froﬁ the ground electronic-
vibfational stafe. The calculétion of the differential cross section for this
state is performéd similarly to that of the bszi state.

In the calculations reported here, the clectronic wave functions

used were those of Weinbaum?® for the ground s tate, Phll]Lp on-Mulliken®?

: . 4 .
for the bazu state, and a two parameter lartree-Fock wave function for the
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aSZE state. The numerical methods used were similar to those discussed
previouslyll and the results reported here are believed to have computa-

tion errors of less than 10%.

3. MEASUREMENT OF THE CROSS SECTIONS

3.1 Apparatus

The low-energy electron-impact spectrometer used in these eXperif
ments is Basically the same type as the one described by Simpson®2 and
Kuyatt and Simpson.23 It consists of a low-energy electron gun, a scat-
ering chamber, two hemiépherical electrostatic analyzers (for generating
a monochromatic elgctron beam and energy-analyzing the scattered olectrons),
and a detector. The resolution of each of the two electrostatic analyzers
is variable in the 0.030 to 0.300 energy range by appropriaéely adjusting
the sphere potentials. 'The scattering chamber is a welded-bellows cylinder
which alléws a variation in scattering angle from -30° to‘+90°. The convolu-
tions of the bellows have an "s" shape and form an electron trap.which
reduces the effect of wall scattering which could seriously interfere wifh
the measurements at higher éngles. The scattering chamber sample pressure
is normally in.the 10™® to 1072 torr region. The pressure is measured wiih
miniaturé ion and thermocouple gauges and is kept constant during an experi-
ment 5y a variable leak and.a pressure controlling system. Temperature
control Qf the target gas is possible by introducing cooling or heating
media into the area betﬁeen the scattering chamber and a seéond bellows which
surrounds‘it. The second electrostatic energy analyzer is_tnned'to pass
electrons'with the same cnerpy as the‘first energy seleetors A sweep vollage

v

is applied Letween scaltering chamber and center of the sccond analyzor.
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When this'voltage is zero, electrons that did not lose any energy during
the scaftering will pass this analyzer and reach the detectbr, a twentyA
stage electron multiplier. The multiplier output can be coupled fo a
count-réte-meter or a.1024 channel scaler,' As the sweep voltage is grad-
ually iﬂcfeased, electrons that have lost the corresponding energy in
excitingsthe molecdlar target will reach the detector. Tﬁe number of
electroné'counted per unit time versus the sweep voltage furnishes an
energy-lOsg spectrum. The energy-loss sweep voltage is coﬁtrolled either
b& a sweep generétor or by the multichannel scéler whose memory channel
number (into which counting'occurs) is‘converted to an analog voltége.
External field effects are eliminated with appropriate radio frequency
and magnétic shielding. The entire apparatus is bakable to 400°C. A

more detailed description of the system is given elsewhere.®4

3.2 Expefimental

In these experiments the electron current scatfcfcd ifto a ﬁiven
solid angle of approximately 10™® steradian was measured as a function of
energy loss at a fixed electron impact énergy. A typical engrgy-loss
spectrum is shown in Fig. 1. Tt is an X-Y recording of thé count-rate-
meter output. The X-axis represents the energy-loss of the electrons ana
thé’Y-axis corresponds to the number of electrons per minuﬁg reaching}the
detector‘with each particular eneréy loss.. This épectrum was obtaipeé
with an electron impaét eﬁergy of 50 eV and a scattering angle of LQ°.
The elastic peak shown on th¢ left-hand side determines the'zero energy

loss point.
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The apparatus for the b32: excitation was tunedifb about 0.2 eV
resolution (full width at half-maximum FWHM of the elastié peak). . This
was a reésonable choice to insure high signal level and partial resolution
of the vibrational structure of the X12; - C?Wu transition. Most of the
measurements were made with a count-rate-meter with a time constant that
varied from 0.5 sec for the elaétic peak to 10 sec for the triplet transi-
tion at ﬁigh angleé. The energy-loss swéep-rate was adjusted accordingly

to give an undistorted reprdduction of the features. The energy-loss scale

- is absolute, being measured with a digital voltmetgr with respect to the

center of the elastic peak. Its accuracy (about 10 meV) is verified by
the optical values of the portions of the vibrational bands of thc C?Nu
excitation.

For the experiments in the 11-1k4 eV energy loss region the
instrument was retuned to oBtain an overall resolution -of about 0.04O eV
(FWHM). Typical spectra at this resolution are shown on Figs. 2 and 3
and discuéséd below.

in order to monitor the conditions at different angles during the
experiment, and check the overall instrument stability, the pressurce and
the beam current in the scattering chamﬁer were measured and the elastic
peak wasAscanned before and after each energy loss épectrum was téken."
The pressure of H, was kept constant (to within about 5%) at a value

between lAand 2 millitorr during each experiment and the linearity of the

- scattered current with pressure was establiched from 0.1y up to 2.

3.3 Scattering Volume Correction and Error Estimation.
-Measurements taken at different scattering angles éorrespond tec

different scattering geometry. If one wants to compare rrass sections

- at different angles, a normalization of all measurements to the same
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scattering‘geometry is necessary. It is customaryzs to caffy out this
normalization bj multiplying the scattered current by sin g where g is
is the scattering angle. This procedure yields proper normalization
only if the electron beams entering the scattering chamber and the electron
optics of the detector system have small diameter and angular divergence.

In our instrument circular apertures are used for collimating
and focusing the electron beam. The scattering geometry is shown on Fig. k.
Both the electron beam entering the scattering chamber and tho dircctjun§
viewed by the electron optics at the exit of this chamber arc representoed

s
by cones. Typical values for the incident beam and exit viewing cone

‘half angles are 3° and.h.so respectively.® The intersection of these two

cones defines the volume from which scattered particles can reach the
detector.. The solid angle extended by the detector wvaries from point to
point within this volume in faét it drops to zero at the extremes. One
has to average therefore, the solid angle over this volume to get an
effective value ofA(scattering length) x (solid angle) = (L&Q\cff. This
problem has been discussed by G. Breit, H. M. Thaxton and L. Bisenhud?®?
and by C. L. Critchfield and D. C. Dodder.zsb Livery differential volume
element wifhin this volume hgs to be properly weighted for elcctron den-
sity and solid angle subtended at the entrance of the detector opticsi

For normalizing our measurements, the incoming beam was congidered as a
cone with a truncated Gaussian electron density distributipn having its
maximum along the cone axis. The density weighted volume elements of

fhe beamAcone were integrafed within the limits defined by the surface of
the view-cone. Each elément was also weighted by the inverse square of the
distance from the entrance aperture of the detector to allow for the solid

angle of the deteclor at the volume element..  ‘The value ot (Edu)vff at
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each angle was normalized to' the value at 9C°. The differential scattering

cross section for a particular excitation is proportional to the peak
height (after correction for scattering geometry) provided that

the cross section is independent of angle within the range defined by

the view cone and that the line shape is independent of angle. At 6 = 10°,

the difference between these-célculations and the approximate sin 8 correc-
tion is about 10%. |

_The errors inherent in the reduced measurements are of three
types:

1. Random fluctuations and backgfoundhnoise. If the number of

. counts per second reaching the detector is N, then from the statistical nature

of the coﬁnting process,_the uncertainty in N (one standard‘deviation) is
i/N7?'wh¢re 7 is the time constant (in sec) of the rate metér.27 This
fluctuation was always less than 5% for the Xlzg - h32: peak. 1In addition,
there is a background noise due to stray electrons, clectronic noise, und_ 
cosmic rays. This noise is relatively indepehdent of scaltering angle and

amounts to about 2 counts per sec.

2. Effective scattering volume correction. Another source of error

arising from the effective volume correction is due to thg £1° uncertalnty
in the scattering angle and the uncertainties in the beam and view cone

angles. These latter angles cannot.be detérmined directly Qith the present
expefimental setup. The latter, however, can be estimated from the electron k
optics with satisfactofy accuracy. The beam cone angle is then obtained

from the direct beam intensity profile as measured on the first dynode of

‘the multiplier as a function of scattering angle. (The peak position of

this curve defines the zero scattering angle.)
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3. ‘Instrumental error. This includes all effects associated with

the variation of pressure, beam intensity, and overall instrument detection
efficiency during the measurements. The constancy of these quantities is
monitored. during each energy—loés sweep but a significant change of instru-
ment detection efficiency with scattering angle could go undetected. The
fact ﬁhat the optimum tuning conditions are found to be theAsame at any.
angle and %hat the scattering intensity is symmetric around zero angle,
indicates that this effect is negligible.

~The error bars assigned to the measurements include estimated

contributions from these three sources of error.

4. RESULTS AND DISCUSSION
As seen in Fig. 1, the inelastic feature cdrresponding to‘thc‘
X?Z; ~.baz: transiﬁion'has a maximum at about 10 eV energy loss. Since
the'bazz‘state of H is unstable with respect to dissociation into two
hydrogen.atoms, the transition is represented by a broad feature whoge
shape seems to be determined!? by the Frénk—Céndon overlapAin‘cegrals."‘Ba
In the 11 to 1k eV ehergy loss region several singlet and triplet transi-

28b The optical vibrational band progression for the

tions overlap.
1 1 ) < .
X Zg - Cr transition is shown.

To determine the angular dependence of the diffcerential crosa
section for this transition, the corresponding maximun ordihatclwas
read off .the energy loss spectrum at each angle and normalized to the
same scattering volume with the calculated effective scattering volume

described above. Using this peak height .instead of the area under the

band does not introduce any error if the line shape is the same at all
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angles. We found that this was indeed the case for both the elastic and

inelastic features of the energy loss spectra. In order to compare the
absolute theoretical and relative experimental cross sections, the latter
are multiplied at each energy, by.a factor which is the average of the

ratios of the calculated absolute and experimental relative cross sections

_at each angle. The possibility of appreciable contribution from the

strong Clﬂu tail was eliminated by plotting the cross sections obtained
not only from the maximum ordinate measurements, but from measurcmonls
at 0.5 and 1.0 eV away from that maximum. No change in the shape of the
curves of relative cross section versus scattering angie was obscrved.
Figure 5 compares the theoretical énd experimental differentiai
cross sections at 25, 35, 4O, 56, and 60 eV impact energies. The solid
curves are the célculated ones. Each experimental point was obtained
from a spectrum similar to the one shown in Fig. 1.

. At 50 and 60 eV the calculated and observed curves apgrec quite
well. As one goes to lower impact energies; however, fhe disénrecment
between theory and experiment increases. While -the theory predicls well-
formed maxima at around 40° for low impact energies, the experimenﬁ shows
fairly i?otropic‘scatterlug below 35 eV. Although the measured_différ-

ential cross sections are in arbitrary units, the absolute values obtained

~from them by the proéedure described above should be close to the correct

ones at 50 and 60 eV impact energies, since for them the experiméntal
and calculated differential cross sections agree very well and the total
cross section obtained from the intepgration of the calculated difforcntjal.

cross scclions agrees approximately with Corvigan's measwrement. 13238 4y
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calculating the total cross section, Cartwright and Kuppermann!? neglected
the contribution from the excitation to the caﬂu state. Inélusidn of this
contribution may improve this agreement.

The validity of the Ochkur (0) and (OR) theories of electron
exchange scattering can be tested only in a very few cases due to the lack
of expérimental data and/or more accurate theoretical calculations. The
(0) appréximation may be considered as an (OR) approximation with improper
normalization of the wave function. For the 2°8 excitatidn of He the
shapé of'the experimental differential eross section of Fhrhardt and
Willman’ P agrees with the OR predictions at 24 eV Trom 20’ to 100P .2
The experimental data of Simpson, Menderez, and Mielczarcksn at 6.5 oV
(5°-50°) and Vriens, Simpson, and Mielczarek®® in the 100 to 229 eV cnorey
range (°- 15°) are in complete disagreement with the (OR) and (0) curves
for the same excitation. 1In the case of atomic hydrogen; a comparison 6f
the (OR) differential exchange cross sections for elastic scattering and
the 1s — 2s excitation to the accurate close coupling calculation of .
Bﬁrke, Shéy and Smith®° has been made by Truhlar, Cartwright; and Kuppér—

' 1
manl‘l-a

‘They find that the (OR) angulér distributions are in qualitative
agreemént with the close coupling results at intermediate. energics buﬁ
at low energies the agreement is very poor. |

It ié somewhat surprising, especially in light of:fhe above
discrepancies, that the (CB).approXimation predicts as weli.as it does
the shape of the angular dlslribution for the Xlzg - bazz transition inA
Hé_for energies as low as 40 eV. Since the theory is based on first order

perturbation principles, the above comparison between theory and experi-

ment implics that for the angular regions and impact energies considered
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here the deviation of the interactions from first order are not important
or that the agreement is simply an accident. It is important therefore to
do addifional comparisons between experiment and theory before the useful-
ness of the (OR) approximation can be determined.

Figures 2 and 3 sﬁow the energy loss spectrum of H2 in the 11 tc
14 ev region w;th a resolution (FWHM) of about 0.04O eV at 20° and 80°

respectively. The electron impact energy was 4O eV for these experiments.

Many of the vibrational features of the Blzu and Clﬂ“ excitation are

separated and they account practically for all the intensity at 20°. At

higher angles, however, contribution to the inelaétic scatﬁerﬁnu from the
aaz; and/or ceﬂu state is definitely observable. ihe intensity envciopc

of the B12; vibrational bands is easily fecognized on Fig; 2. The inten-
sity of consecutive vibrational features follows this envelope smoothly.

At 80° however the bands with v/ = L4 and 6 are much more ihtense than they
should be according to this intensity envelope. The extra intensity comés
from the contribution of the v/ = 0 and 1 bands of the 332; and/or f-'a"Q
excitatidns. Dowell and Sharp'® argue that in their clectron-trap

threshold spectra the dominant features in H, are associated with the

Ceﬁu excitation and that all other contributions are negligible. It is

. :
‘not possible to tell from our spectra whether the aazh or csnu scattering

is responsible for the intensity enhancement we observe. At 40 eV electron
energy the singlet bands are stronger than‘the triplet ones even at high
augles ahd tﬁeir interference prohibits a definife conclusion. It would
require.é much better resolution to separate the aszi and C'STTu features

from the overlapping singlet ones.
pping .
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The differential cross sections calculated for the Xlzé - aazg

excitation are shown in Fig. 6. No experimental data are available for

comparison, for the reasons just given.
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FIGURE CAPTIONS

Electron impact energy-loss spectrum of molecular Hydrogen
at 50 eV impact energy and 40° scattering angle. Ion gauge
reading (uncalibrated): 2x 10~° torr. Incident beam

current: 2.8x 10"°A, Elastic peak FWHM:. 0. 22 eV.

Electron impact spectrum of H, in the 11 to 14 eV energy-
loss range at 40 eV impact energy and 20° scattering angle.
Incident beam current: 1.0x 10°® amps. Elastic peak |

FWHM: 0.040 eV.

Electron impact spéctrum of H, in the 11 to 14 eV energy-

loss region at 80° scattering angle. The expérimental

-conditions are the same as for Fig. 2.

See figure 4. 4-10 of thesis.

Differential cross section of xlzg” ~ bz transition in H,

as a function of scattering angle. Solid curves'are theoreti-
cal and points are experimental. Different stbols jﬁdicate
different experiments, conducted over a peri,éd of seven |
months. Incident energies are: (a) 25 eV: 0, n, A

(b) 35 eV: +. (c) 40 eV: O, O, A. (d) 50 eV: O, EH, A.
(e) 60 eV: X. | |

+ 8.+
- az

Differential cross sections calculated for the XIZ) g g

-excitation. The numbers over the curves represent the

electron impact energy in eV.
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‘.TRIPLET STATES OF ACETYLENE BY ELECTRON IMPACT *

S. TRAJMAR**, J.K.RICE, P.S.P. WEI*** agnd A. KUPPERMANN
Gates and Crellin Laboratories of Chemistry T,
California Institute of Technology, Pasadena, California 91109, USA

Received 18 March 1968

Low-energy electron-impact spectroscopy has revealed two previously unknoWh ‘low-lying triplet states
in acetylene at 5.2 eV and 6.1 eV. The basis for this identification and the dlsparlty in. the electron energy-
loss and optical absorption spectra are discussed.

The triplet states of acetylene have long with an instrument described previously [2] has
eluded detection [1]. A study of the electron-im- now unequivocally revealed at least two low-
pact energy loss spectrum of CgH2 as a function lying triplet states with maximum transition in-
of scattering angle and incident electron energy tensities at 5.2 eV (onset at 4.5 eV) (@) and 6.1

eV (B) (see fig. 1). This identification is based on
* Work supported in part by the U.S. Atomic Energy
Commission, Report Code No. CALT-532-24.

’:'* Jet Propulsion Laboratory; supported by the Na- *** Present address: Bell Telephone Laboratories,
tional Aeronautics and Space Administration, Con- Murray Hill, New Jersey 07971.
tract No. NAS-7-100. Contribution No. 3638.
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Fig.1. Energy loss spectra of acetylene at 10° and 500 scattering angles. Pressure gauge reading 8 millitorr; im-
pact energy 25 eV: incident electron current 1 x 10=8 A, 'I'he x 7 and x 4 are the factors by which mtensities were
multiplied before plotting
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rules derived from our investigation of the ener-
gy and angular dependencies of differential scat-

tering cross sections for 10 singlet — singlet and

9 triplet — singlet known transitions in He [2],

Hg 3], N2 [4], and CO [4].

~ Fig. 2 shows peak intensity ratios as 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 are much steeper functions of angle
than the former. Another distinguishing feature
we observed is that decreasing the impact energy
toward threshold enhances the triplet/singlet
ratio over most of its measured angular range
(0° to 809) significantly more than any singlet/
singlet ratio. The @ or 3/singlet intensity ratios
exhibit both of these characteristic "finger-
prints” and, hence, @ and b are identified as
triplet states.

The UV absorption spectrum begins at 5.23
eV with a weak absorption (f ~ 0.8 X 10-4) [6]
peaking at ~ 6 eV. Ingold and King [7] have shown
that the upper. state has Ay symmetry (trans-
"bent"). Its singlet nature seems certain from

- the absence of Zeeman splitting [8] and several

observations of Hougen and Watson [9]. The
weakness of the absorption is attributed to un-
favorable Franck-Condon overlap.

In this case, optical triplet — singlet transi-
tions are probably much weaker than even the
Alay — X132 transition due to the absence of
appreciable spin-orbit coupling and, as a conse-
quence, excitation to the @ and b states have not
been observed in the optical absorption spectrum.
It has been shown, however, that low-energy
electron-impact is quite effective in causing
triplet — singlet transitions but that relative
Franck-Condon factors are independent of inci-
dent energy and scattering angle [10] even for
impact energies low enough for the Born approx-
imation to fail. Since the optical A — Xtransi-
tion is 103 to 10-4 times as intense as an ordi-
nary electric-dipole transition (e.g., ¢ —X) for
"geometrical” reasons [7], we would expect
this same relative intensity in the electron ener-
gy-loss spectrum at any scattering angle. Thus,
the electron-impact differential scattering
cross sections for excitation of the spin-forbid-
den@ and % states are much larger than that for
excitation of the spin-allowed but "Franck-Con-
don forbidden" A state at scattering angles
greater than 10°, For this reason transitions to
the @ and B states but not to the A one are seen
by low-energy electron scattering, whereas in
optical absorption spectroscopy the reverse is

Intensity ratio

1072

-3
10 ‘J—§ T g T T T 1
o 20 40 60 80
Scattering angle(degrees)

" Fig.2. Peak intensity ratios. C, refers to the v=0

vibrational level of the C ‘state. %1 refers to the v=1
level.

true. This interpretation would predict that a
careful analysis of the optical lines of the Al Ay
state might reveal perturbations due to interac-
tion with the triplet b state. In addition, electron
impact at incident energies above 100 eV should
make transitions to @ and 5 much weaker than
those to A. :

Bowman and Miller [11] have studied the ex-
citation spectrum of acetylene by the trapped-
electron technique. They observed a broad exci-
tation peaking at 6.2 eV which they assigned as
Al gy X1 ZZ. This feature might actually be
due to transitions to the @ and 3 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 instrument was sufficient to have re-
vealed features as small as 1/30 of the @ and b
peaks.
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The transition peaking at 7.15 eV has been
assigned by Herzberg [1] as B — X in analogy to
the quadrupole allowed a 1llg — X1 Z§ transition
in N9. An extension of this analogy suggests a
possible correlation of & and & with the A3,
and B3Ilg states of Ng, respectively. The loca-
tion of these two triplet states should be useful
in the evaluation of theoretical energy level cal-
culations in acetylene [12-15).
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APPENDIX V

LIST OF VENDORS AND/OR
MANUFACTURERS

Allied Electronics
2085 E. Foothill Boulevard

Pasadena, California

Assembly P'roducts, Inc.
5770 N. Rosemead Boulevard

Temple City, California

Beckman Instruments
Helipot Division

2400 Harbor Boulevard
Fullerton, California

Carl Herman Associates Industries

1245 E. Walnut Street

Pasédena, California

Representative of Granville-Phillips, F.J. Cooke,

and Hastings.

C.. E. Howard Corporation
9001 Rayo Avenue

- South Gate, California
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Centralab
6446 Telegraph Road

Los Angeles, California

Ceramaseal Incorporated
New Leba.non Center

New . York, New York -

Chester Paul Company
1605 Victory Boulevard
Glendale, California

Representative of Hanson Manufacturing Company.

Dow Radio

1759 E. Colorado Boulevard
Pasaderia, California
Dynamics Associates

2615 South Senta Street |
Los Angeles, California

Edwards High Vacuum Corporation
6151 W, Century Boulevard
| Los Angeles, California

:Ele‘ctrjonic_s Measurement Company

: Eatontown, New Jersey
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Fairchild Instrumentation
5410 West Imperial Boulevard

Los Angeles, California

Fibros Seal
Culver City, California

Representaﬁve of United Aircraft Products, Incorporated.

General Electric Company
Vacﬁum Products Operation

Schenectady, New York

General Radio Corporétion
1000 N. Seward Street
Los Angeles, California

Hasco
831841 W. Third Street
Los Angeles 48, California

| Herett-Packard
Neely Sales Division
3939 Lankershim Boulevard
North Hollywood, California

Hoskins Manufacturing Company
5935 E. Sheila Street

Los Angcles, California



435

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

Miniature Precision Bearings, Incorporated
Precision Park

Keene, New Hampshire

Molycote Corporation
65 Harvard Avenue

Stamford, Connecticut
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Mpycalex Corporation of America
125 Clifton Boulevard

Clifton, New Jersey

Nuclear Chicago
1053 West Colorado Boulevard

Los Angeles, California

Nuclear Data, Incorporated
‘P. O. 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 Nurches Company
2396 Foothill Boulevard
| Pasadena, California

Representative of Pamona Electronics and Bell.
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Photocon Research
421 North Altadena Drive

Pasadena, California

PIC Design Corporation
East Rockaway, New York

' Picker-Nuclear

Los Angeles, California

Princeton Applied Research Corporation
Box 565

Princeton, New Jersey

Ratron
P. O. Box 282

~ Northridge, California

Radio Corporation of America
Electronic Components and Devices

Lancaster, Pennsylvania

Scientific Atlanta, Incorporated
Box 13654
Atlanta, Georgia

The Carborundum Company -
Electroni¢s Division |
2240 South Yates Avenue
Los Angeles, California
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The Wilkinson Company
P. O. 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. O. Box 134

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

Veeco
86 Denton Avenue

New Hyde Park, Long Island, New York
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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 rare gases. The selection rules
for such transitions are derived assuming isotropic harmonic
oscillator wave functions and a quadrupole-induced dipole interaction
potential.

The induced infrared absorption spectra of H, in the liquid
and solid state(l), foreign gas mixtures(z), and solutions(3'5) have
exhibited broad absorption features (V% ~ 100 cm™) on the high and
low energy side of the fundamental vibrational absorption line, QQ
These absorptions, QR and QP, had been attributed to. summation
and difference tones, Vo Vys
of the hydrogen molecule and th is the continuum of kinetic energies

where v is the vibration frequency

of the relative motion of the absorbing molecule and its nearest
neighbors(l).

Recently Ewing and Trajmar(4) have assigned the QR and QP:
features in the induced infrared absorption spectra of’ H, and D, in
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 are
v and n, respectively; QP arises from the transitionv’'=1, n'=0 -
v'=0, n"=1; QQ fromv'=1,n"=0+ v'=0, n"= 0; and QR from
v'=1, n"=1+ v”"=0, n"= 0 (there is no change in the rotational

quantum number). Assuming a cell model of the liquid state and .
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that the potential interaction of the solute (H, or D,) with its solvent
cageis 'V = %kr2 (isotropic harmonic oscillator) where r is the
displacement of H, from the center of the cage and k is the inter-

action force constant, they predict
VN - VA ] (1)

Their experimental 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 = 50 crh'l), 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(G’ 7). |

The selection rules for translational transitions are

determined by the dipole matrix elements

() = <¢§/ g Lo > ) (2)

4 is the component of the induced dipole moment function y along
the ith coordinate axis (x,y, or z) and the Yy are assumed to be

isotropic harmonic oscillator wave functions(g).
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Y = Bl Y, 6,9) | (3)
where
. a2 4 -p2/2
@ni = Nnng' (p)p~e ’

Im is-the spherical

harmonic, an is a normalization constant, and M is the mass of

Lg(pz) is the associated Laguerre polynomial, Y

H,. If we assume that the dipole moment induced in the rare gas
system is due tb the effect on the rare gas of the permanent quadrupolé

moment of H,, then

(9) A
uR) = X . (4)
R

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-
solvAent 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 molecules are assumcd to be uniformly distributed
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\l
g

Figure 1. Coor‘dinate system used for the calculation of the

selection rules.



462,

over the cavity wall. The dipole induced along R due to the fraction

e 2 . .
of molecules in the ring of area 27 a sinwdw is

\ v

SK ¢27a sinwdw :
dyy, = [ | (5)
"R dra o R’

The moment induced along r by these molecules is
dp, = coS&duR L R (6)

Then, the to,fal dipole moment induced along r by all of the surrounding

molecules is

_ SK
e =

b

_Cos§ sinw dw - . - 7

0 R

Changing variables and performing the integxh'ati'o‘n over R yields

2 SK r
PR . 8
3 (-1 ] , (8)

Ly =

The compunent of y  along a space fixed coordinate axis (u; of

equation (2)) is |

RPN I | (®)

where a, is the i® dircction cosine of the coordinate system.

The induced dipole matrix elements for transitions from the

ground translational state n”= nf’ = ¢” = 0 are
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<p,1> = <¢:’ﬂ’lurq)oo>'<Y’Q’m’ 0[1(9,([)) YOO> . (10)

The "r'"" integral is in general non-zero, but the "6,¢" one is zero
unless ¢’ = 1. This can only occur for n’ = 1,3,5, etc(g).
Traﬁslatibnal tranéitions of n’f= 0~ n'=2,4, 6, etc. are forbidden.
It is suggested that the initial experimenté be done with H,
dissolved in liquid argon to compare with experimental work already
‘done(4). If would then be of interest to examine heavier (Kr, Xe) and
lighter solvents (Ne, He). In the argon systems the experimentally |

observed (VQ - v~ ) which have been assigned to then”=1 - n'=0

transition are on the order of 100 cm™ . To cover the desired
spectral region (50 cm™ to 1000 cm™) there are commercial

(10). A block diagram of a possible arrange-

instruments available
ment is shown in Figure 2. The entire optical path, except for the
sample itself, should be kept under high vacﬁum to eliminate water
vapor, which absorbs strongly in the far-infrared. Diamond is a
good transparent window material in thie region and, if 1 to 2 mm
thick, has the required mechanical strength to hold a vacuum. All
windows, mirrors, and gratings should be coated w1th 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



464

Glowbar u Sample u

-———b _———b
source cell ,

Grating

/ Spectrometer

Golay

Recorder ' cell

detector J

Vacuum Seals———-/

To vacuum pump

Coolant ,Sample

AT T

77 7 77

Diamond -\To vacuum pump

window
Sample Cell

Figure 2. Experimental arrangement.
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estiinate the required cell length. Assuming an intensity 1/10 of that
in the vibration-tran.slation combination ba.nds, a cell of approximatély
5 meters is required. The cell dimensions cduld be reduced with
no decrease in optical path length by using gold mirrors at each end
of the cell for multiple reflections. o }'

Since this propoéition was 'first advanced, H, vibration-
translation combi:nation bands have been obéerved in liquid neon(ll)‘
and rotatioh-»tr_anslation combir#eition bands have been seenv in liquid

(12). Because of the complications introduced by the attendent

(11, 12)

argon
vibrational or rotational transitions, these further studies
point out the desirability of direct observation of the translational

transitions.
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PROPOSITION II

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 at incident energies near
threshold. One possible experimental arrangement is suggested and
the expected signal 1eve1 is calculated.

In 1926 Ski_nner(l) 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 Appleyard(z) investigated the variation
of this polarization with electron velocity in mercury. In this study
and later ones on helium(3’ 4) the observed percent polarization at

90° (P) with respect to thé electron beam had a value close to zero

_at or just above the threshold energy for the exc1tat1on and rose to

a maximum value at higher energy( )
p = 100 (1" - thy/a" + 1) (1)

1" and I* are the emitted 11ghf intensities at 90° polari.zed parallel
and perpendicula.r to the beam axis, reepectively. In the case of D
states of helium, the rise to maximum takes place within the energy
spread of the electron beams used, about 1 eV. Theoretical
investigations, however, predicted that polarizations 'in many cases
should be as high as 100% at threshold'®. Recently, McFarland(”

has attributed the failure of experimental verification of theory to
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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
apprOachéd the theoretically expected magnitudes.
" It is proposed that the techniques of low-energy, variable

angle, high-resolution_ electron impact spectrometry be applied
to the measurementsvof pdlarization effects near threshold in helium.
High resolution (AE = £ 0.03 eV) is quite impartant near threshold
asAevidenced by the calculated variation in polarization with enérgy of
Lynian-a_lpha due to collisional 1s — 2p transitions in_H(s). 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
rises to about 45% at threshold. In other cases, the percent

polarization is theoretically predicted to be a maximum at threshold
and a sharply dec.reasing function of beam energy a little above
threshold (for example He 31D4 - 1P)(G). These low enérgy dips
‘'were not observed in the earlier work of McFarland and Solty'sik(4)
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 simple three energy level system; an initial level "a'"
(usually the ground state), an upper level ''b'"' populated by electron
collision, and a final level ""C'" reached after photon emission. If
Q.. is the total cross-section for electron-impact excitation of

-vab
level b; N, and N are the number densities of the electron beam and
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the particles in state a,‘ respectively; and Ve is the velocity of the
electron beam, the transition rate from a to b equals v N N.Q -
Assuming that the only method of deexcitation of state b is through
sponta.neous photon emission (note fhét this assumption ignores
stimulated emission, cascade effects, and collisional energy transfer
| in the gas) and equatihg the rate of excitation to the rate of emission
imply that the total number of photoﬁs emitted per cc per sec (IT)
equals veNeNaQab' If i and A are the electron beam current (eléctrons/
sec) and cross-sectional area, respectively, the 'number of photons

originating in a volume V emitted into a given solid angle S(6,¢) per

second is

. iN_VQ 2
_ a’' *ab o 3(100 - Pcos™ §)
6,9 = —x—— S =300 - p) ’ (2)

and
IT = J'Ip(_o,cp)dQ.

With the following estimates of the various parameters in a typical

experiment:

Z
I

3.2X 10° particles/cc (10-3 torr at 300°K)

-16 2

Qab = 10 " cm

V/A = 1072 ¢cm
P = 20 percent
S = 107 steradians

9 :' 900
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10 .
i = 6X 10 electrons/sec

equation (2) implies that I (6) = 1.6X 10° photons/sec. If the

photons pass through a filter of 50% transmission and are detected

by a photomultiplier of 20% efficiency there would be about 160

counts/ sec. This is a practical level for standard coiinting techniques.

A schematic representatiori of a possible experimental
arrangement is shown in figure 1. Although Smit(g) has verified the
angular distribution law (equation 2) in helium, Fite and Brackman(g)
havé.noted some discrepancies in atomic hydrogen. Thus, itis
imperative to check this angular distribution at higher resolﬁtion.
This woulld require the direct measurement of P at a given energy
and the measurement of the variation in 1p(9) with angie at this same
energy. A polaroid filter could be used to determine I' and I*. Then
subsequent measurements of P (at different impact energies) could
be made by determining Ip(e) at two different angles and applying
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: fequir ed.

Since this proposition was first suggested, Mc.Farland(lo) has
reiﬁvestigated the polarization of the helium 4922 A 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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Althdugh 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. waever,
these experiments(lo) 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.
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PROPOSITION III

An experiment is proposed to measure the vibration-rotation

 infrared absorption of the 2326 cm-! asymmetric stretching funda-

mental in H,* produced in a microwave discharge of H,. 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 Ellison(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 Blea.kney(z) in 1930, there is very little

experimental data available(®" 5).

Thus, an experiment is proposed
to meéasure the vibration-rotation infrared absorption of the 2326 cm~
asymmetric stretching fundamental in H3+ produced in a microwave
discharge of H, to provide some experimental results to compare
with recent theory(l’ 6).

Foilowing the notation of Huff and Ellison, the integrated

molar absorption coefficient, A", can be expressed as;
A" = (1/20)[ en[I /1) dv ' (1)

where £ is the cell path length in centimeters; C is the number of
moles per liter of H3+; I, and I(v) are the incident and transmitted
intensities, respectively;v is the frequency in wavenumbers; and
A" is calculated(l) to be 7069 darks. The integration is over all

frequencies of the vibration-rotation band.
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From these calculations we can estimate the feasibility of an
absorption experiment. To get an approximate idea of the H3+ ion
density needed (N), assume I() has an average value of Ly and a
band width of 50 cm™ and that I__/I_ = .95 results in a detectable

av' o
absorption. Performing the integral in equation (1), one finds that;

ON' = 2.1x 10" ions/cm’ - (2)

A microwave discharge in H, at pressures greater than a few
mm Hg initially produces H™ and H,". After a millisecond the
predominating ionic species are H2+ and H3+ with most of the H'
gone (p. 577)(7). Typical ion densities in moderate pdwer micro-
wave discharges range from 1.09 to 10 ions/cc (p. 560)(7). The

average power (P that must be supplied by the oscillating electric

av)
field per unit volume to sustain a given total ion density (Ni) is

given as(s);

1oN, (X e)
¢ 1( Oe) (3)

P =
av m (c2 + wz)

where e and m are the electronic charge and mass, respectively,
¢ 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 collisions
with the gas molecules for each oscillation of the electric field.
Thié condition will prevail in the proposed experiment since

pressures on the order of 100 mm Hg and microwave frequencies
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of about 1000 Mc/sec are suggested. Goodyear and von Engel(g)

report ¢ = 2.3 X 10° sec™ at 30 microns pressure and 400°K in H,.

At 100 mm Hg and 400°K, ¢ would be approximately 7 X 10 sec™.

" With w/27 equal to 1000 Mc/sec (109 sec'l), c is greater than w

andvthe.for'mula (3) applies. Using Gpodyear and von Engel's value
of Xo = 1.8 volts/cm as représentative of microwave sources, and’
substitﬁting the values of the various parameters into equation (3)
implies that the powef necessary to sustain a discharge of 1014 ions/cc
is approximately 0. 075 watts/cc. If much higher éleétron (ion)
densities are attempted by increased power input, the pr_obaible result
is more H' formation as observed in high electron density spark
discharges (1017 electrons/cc) rather than an increased H," density
(pp.. 501—502)(7). Varney(lo) indicates that at pressures above 1 mm
Hg the preponderant ionic species measured by mass spectrographic
tests"A is H;. Assuming N of relation (2) is on the order of 10" ions/ce,
the required path length ¢ is 21 meters.

- At this stage we can make an estimate of the apparatus
réquired. The. reflectivity of silver for radiation of 2300 em™ can
be 98%(11). If 55 reflections are made there will be about 33% of the
incident IR source radiation transmitted, which should be sufficient.
The;:physical cell length needed is then about . 4 meters. If the cell
cross-section is circular with a radius of 1.8 cm (cross-sectional
area of102 cmz) the volume would be 4,000 cc and the required ‘
poWer would be 300 watts. Suitable microwave sources are
commercially available to supply this power but a cavity to contain the

sample cell would have to be designed.
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Figﬁre 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 IJR. To discriminate between
this IR signal and the source signal, a phase sensitive..'detection
system should be used. The outpuf 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 are many commercial IR spectro-
meters and phése sensitive detection circuits available for this |

application.
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- PROPOSITION IV

It is proposed that an ion cyclotron resonance mass spectro-
meter be utilized to investigate the photoionization of gaseous alkali
metals (particularly cesium) by light at wavelengths longer than
those corresponding to the ionization potential with and without added
gases (particularly NH,).

It has been known 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(l’ 2) . “This early

work indicated that the ionization mechanism is as follows:

Cs (6S) + hw — Cs (nP) (1)
Cs' +Cs—~[Cs Cs]* ~ Cs; + € . (2)

Lee and Mahan(3) have shown that an additional ionization process

probably should be considered when n =12,
% . + -
Cs (nP) + Cs =~ Cs” + Cs . . (3)

Recently, it has been observed(fl) thaf the addition of a_.mmonié vapor
altefs the photoionization spectrum of cesium by decAreasing the |
ion 'current for wavelengths'longel" than 3400 A and increasing it for
shorter ones. This has led Williams and Naiditch(4) to propose an

ionization mechanism analogous to that of (2), i.e.,

~ Cs*(nP) + NH, - [CsNH,]" ~ CsNH," + ¢ (4)
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It should be pointed out that in none of these experiments have
é.ny of the ions produced been positively identified. In most
casés(l’ 2,4) the total ion current was measured, while in one case(3)
ions of different mobilities (presumably Cs2+ and Cs+A) were detected.
Thus, it is proposed that the photoionization of gaseous cesium (and

other alkali metals) with and without added gases be studied usmg

an ion cyclotron resonance mass spectrometer( ) to detect and

identify the ionic species. This method of detection enables one to
unambiguously identify all df the ions formed and to monitor their

currents independently. Such studies can be used td 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.
*
Cs - Cs + hv (5)
* ' * .

Cs + NH; - Cs + NH; (6)
where (5) and (6) represent spontaneocus 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) fhrough (6) is
A o |
des 1 - pBlcs] - Alcs'] - (k + k)[Cs™] [Cs]

- (5 + ) [Cs™] VK]
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wheré A‘and B are the Einstein transition probabiliﬁés(e) 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*] = pB[Cs] y
A+ (k, + k)[Cs] + (k, + ky) [NH,]

Thus, the Cs,*, Cs* (Cs”), and CsNH," ion currents will be given

by
1(Cs,") = k[Cs"][Cs]
_ pBR[cs]” |
A+ (k; + k) [Cs](k, + k) [NH,]
1(cs*) = % I(Cs,”) , and

I(CsNH,") = -kkiz [NH,] [Cs]™ I(Cs;’)f

ko/k, and k,/k, can then be determined from measurements of these
ion currents. Further, if the Cs,” ion current when [NH,] = 0 is

denoted 'Io(Cs;) , then

1.(Cs,") L, Ua v k) (NES]

1(Cs,") A+ (k +Kk)[Cs]




Ay,

483

(ky/k; + kg/k,) [NH,]
A/k, + (1 * ks/ka)[CS]

+

The measurement of I 0/I as a function of [Cs] and [NH,] can then

be used to determine A/k, and ks/ k,. (Note that in reality A includes:

the deexcitation of ‘Cs* by wall collisions as well as spbnta.neous
emission.) The k's are exbected to be slowly va.rying:functions of
terﬁperature but to depend strongly on the particular VCs‘* excited
state.” In particular, the investigations already mentioned indicate
that k, has an apparent energy threshold at 34007 while k, has one
at 3888A. o |

The apparatus required to perform these experiments is for ‘
the most part commercially available. The usual ion cyclotron
resoné.nce spec_tfometer cell( %) must be modified to allow its
operation at elevated terhperatures (~200°C). Also, the electron
beafn 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 are 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 free electron

theory of metals(l), the current distribution is expected to be(za)

47 me ~W¥/KT o-E/KT

I(E)dE = e E dE . (1)

IdE is the current carried by electrons in the energy range E — E +
dE, h is Planck's constant, e and m ére 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 (1) over all energies E gives the Richardson-

Dushman equation for the total temperature limited current

—Wf/kT

4 2
Ip = %2 (&T) e (2)

Equation (2) has been found to be a valid description of thermionic

emission when written in the form

2 ‘Wf/kT
Ip. = KT e (3)
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where K is an experimentally determined parameter for a given
metél(lb).

H.owever, experimental attempts to verify even the shape of
the di_stribu'a‘on given by equation (1) have not been successful.
Hutson(B) observed an apparent "'reflection coefficient' at the surfa.ce
of sihgle 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 increése thé relative
number of low energy electrons. Although the exﬁerimental arrange-
ments of these two investigations are basically similar (i.e., a
thermionic cathode followed by an enefgy analyzer), there are 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 are a number of restrictions on the experimental
arrangement which are necessary in order to eliminate as many of
the complicating factors as possible from the previous investiga-

3, 4). These requirements and the methods proposed for

tions
obtaining them are outlined below. Figure 1 shows thc proposed
experimental set up.

Planar, indrectly heated, single crystals of tungsten will be

used as the thermionic emitter. Robinson'® has described a simple



Tungsten crystal

Heater

\

Anode —/

To
electrometer

Pyrometer

N

Far adayx

cup

Figure 1. Experimental arrangement

Electrostatic
energy
analyzer

L8%



LR

488

procedure for obtaining such crystals and the particulé.r exposed
crystal face can be determined by X-ray sca.ttering(e). The use of
indii-ect 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
are available with an accuracy of 3% (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 6perated
under space-charge or temperature limited conditions depending
on the value of this potential.

The electron gun is followed by two apertures, equi-potential
with the anode, and a hemispherical electrostatic energy analyzer(zb)
The apertures are needed to collimate the beam before its entrance
into the analyzer. The region between the anode and analyzer is
kép_t free of electric fields to eliminate the possibility that lens
effects may distort the electron energy distribution. Likewise,
magnetic shielding can be provided by Helmholtz coils(zc).

| 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
Faréday 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

o
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a serious handicap since that function is known(zd).

Finally, the electron source and analyzer are enclosed in a
high vacuum chamber (residual pressure less than 10 torr) to
eliminate any interference from ionization or gas scattering

phenomena.

1

(E)

Let the experimentally determined energy profile be Lexp

and the ""real" one be Ireal(E)' Then

LoxplE + U) = CI . (E)

(provided the resolution of the analyzer is adequate) where C is an
energy 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 I.oq (i-e., equation (1)) simply

by normalizing them to the same peak position (and height). These
expérimenta.l 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.

There is an additional experimental complication that has beén
ignored in all previous investigations--the productioh of low energy
secondary electrons by electron collisions with the apertures. Since
the importance of this effect is not known, it is suggested that
several sets of apertures, with different secondary electron yield

characteristics(7), be used in the apparatus. In this way, -

distortions in the measured electron energy distribution due to
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aperture scattering might be identified.
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