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Abstract 

3 +The lifetime of the b E (v'=0) level of CO has been measured using

a delayed coincidence technique. Lifetime components of 51.86+0.24,

358±20 and 1500+900 ns at the 95% confidence level have been unfolded

by computer fitting and extrapolating to zero pressure. In addition,

the collisional quenching cross sections for the prompt decay and the

first cascade component were determined to be (7.7±3.8)xl0 and

(7.113.5)xlO ^^cm^ at the 95% confidence level. These results agree

with spectroscopic evidence that the a'^Z^(v"=32-41) levels strongly 
3 +perturb the b Z (v'=0,l) levels. Discrepancies with previous lifetime 

results are explained.
3 + 3 +An estimate of the a' Z to b Z collisional transfer of exci

tation coefficient and dipole transition probability is presented 

along with a comparison with other recent quenching experiments.
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ELECTRON IMPACT EXCITATION OF CO

CHAPTER I 
INTRODUCTION

The lifetime of the (v'=0) state of CO has been
studied by a number of authors with widely varying 
results. While some have reported pressure dependent life
time components 4,5,8,9 others have not. l"3/6,7

The most recent measurement of b^Z+ (v'=0) lifetime 
was made by Carlson et al.9 They used an electron gun 
employing the high frequency deflection t e c h n i q u e . 11 
An intense beam of electrons is used to excite the gas 
molecules to reduce the blow-up of the beam by space 
charge. The energy of the electrons produced from the 
electron gun is about 7 keV. The beam had dimensions of 
about 0.2 cm2 in the target gas and a net current of 15 
milliamps. They used a 2 meter Jarrell-Ash vacuum scan
ning monochromator to record emission functions at high 
optical resolution. The lifetime measurements were made 
utilizing short excitation pulses. The intensities with 
the electron beam not pulsed and the lifetimes using a 
pulsed electron beam were studied as a function of



pressure of the target gas and also as a function of added 
foreign gas. The pressure functions were examined for 
each excited state and for the different initial vibra
tional levels.

Another lifetime measurement of the v'=0 level of 
the b*Z+ state was made by Van Sprang et al.^ by studying 
the b ^ Z ' ^ C v ' ( v " )  transition using a delayed coinci
dence technique with a pulsed electron gun and a mono
chromator of 5-20 % resolution. The decay constants were 
determined by fitting the data to either one or two expo
nentials for the lifetimes studied as a function of 
pressure in a scattering cell which was differentially 
pumped. In this work, the excitation pulse was varied 
between 100 ns and 10 ys and a short pulse was used in 
the case of the b state decay. The maximum for the b-a 
emission function was found to be at 13 eV and the life
time data were obtained at that energy.

The lifetimes of the v'=0,l levels of the b^Z+ 
state have been measured by Smith et al.2 These authors 
reported coincidence measurements between energy analyzed 
(50 meV resolution) irelastically scattered electrons 
and emitted photons which were filtered by a 2400-4200 % 
bandpass filter. The lifetimes were studied as a function 
of the pressure in their molecular beam target using a 
time window of 400 ns. They expected multiple exponentials



in the decay of the v ’--l level sinoe spectroseopie measure
ments have shown this state to he strongly perturbed,
However, their experimental sensitivity to multiple ex
ponentials was low. They only observed one exponential 
decay, although a 3% background slope correction was made 
to the higher pressure data before analysis.

The lifetime of the b state was measured by Rogers 
and Anderson,3 by studying the b*%* (v'=0)^a*n (v"s=l,2,3,4) 
transition for a pressure range from 10 to 125 mtorr.
These measurements used a hot cathode invertronl^ and a 
delayed coincidence detection scheme. Their lifetime data 
were fitted to a single exponential by graphical techniques 
using a record length of 0,5 us,-^ h discussion of the 
older work, has been given by Van iprang et al,l and 
will not be given here.

The subject of resonances in CO has been reviewed by 
ighuls,-^ More recently resonances in CO have been observed 
in the b^r^ state optical emission function by Fukui et al,^^ 
and iose,^^ Both observations were made by viewing photons 
from gas sells perpendicular to the electron beam direction. 
The work of Bose used an energy resolution of 60 meV 
while that of Fukui et al,^G used 0,3 eV, While the general 
shape of both of their emission functions is the same, there 
are small differences which are mostly due to the different 
energy resolutions. The pronounced threshold peak in the



differential cross section results of Mazeau et al.^®
and Swanson et al.^^ was observed as a shoulder at 10.44
eV on the dominant peak at 10,66 eV in the results of
Bose.17 In addition, a broad low intensity peak appeared» .
at 11.14 eV in the work of Bose.

Some of the higher energy structure reported by 
Swanson et al.19 was seen in the previous transmission 
experiment of Sanche and S c h u l z . T h e  structure at
11.25 eV in the differential cross section results of 
Mazeau et al.18 and Swanson et al.19 was identified by 
Swanson et al, as being due to the presence of an addi
tional unidentified state of CO, The inelastic scattering 
of electrons from CO was previously studied by Comer and 
Read^l in the energy range of 9.5 to 11.5 eV using the v”=0,l 
vibrational levels of the ground state as exit channels.
They observed a Feshbach resonance at 10.02 eV with an energy 
resolution of 0.045 eV FWHM. The probable parent of this 
resonance has been identified by Schulzl^ as the lowest 
energy Rydberg state in CO i.e., the b^Z+ state.

The 10.04 eV resonance was studied by Mazeau et al.18 
in the differential cross section in various exit channels. 
The resonant contribution to the a'^Z* (v"=26)cexit channel 
was of particular interest since the direct scattering com
ponent was found to be low in this channel. This allowed 
the symmetry of the 10.04 eV resonance to be determined as 
2Z+.15,19



The recent differential cross section measurement 
of Swanson et al.19 has shown that the 10,04 eV resonance 
decays into the a*H(v"=0 to 6), A^ll(v”=0 to 9) and a'*Z+ 
(v”=12 to 27). They found the a'^Z(v”=26) exit channel 
to give a small direct scattering contribution in agreement 
with the results of Mazeau et al.18

The production of metastables in CO has been studied 
by several groups with some disagreement in the results.
A peak near 8.3 eV was observed by Newton and T h o m a s , 23 in 
their UV photon production curve, which was not observed 
by Wells and Zipf.24 Both Borst and Zipf,25 and Wells et 
a l . observed a metastable state in CO near 10 eV with a 
lifetime of 0.1 msec and found evidence for at least one 
other metastable state. The photon and metastable production 
has also been studied by Brunt et al.2? by electron impact 
in the energy region of 6-16 eV with an energy resolution 
of 25 meV. At excitation energies above 10 eV, they observed 
a smooth increase in the rate of production of metastables. 
This implies that there are higher lying metastables than 
the lowest triplet (a*n) at 6.0 eV. These results agree 
with those of Borst and Zipf,25 and Wells et a l . 26 in 
addition. Brunt et al.2? have also observed a resonance at 
10.044 eV in their metastable production curves, but they 
did not observe the broad peak at 8.3 eV which was seen by 
Newton and Thomas.23



In an effort to understand the rather large differ
ences between some of the previous results we have re
measured the lifetimes and the quenching cross sections of 
the state and the cascade components in a delayed
coincidence experiment between a rapid electron gun shut- 
off and photons from the b^Z+ (v'=0)->a^n(v"=0,1,2) 
transitions. In addition,, we have also determined the 
optical excitation function using the time resolved 
technique of Golden et al.28



CHAPTER II 
VACUUM SYSTEM APPARATUS

A. Vacuum System and Pumping System
The ultra high vacuum system consists of a 304 SS

cylinder 6" O.D. and approximately 15" long and contains 
the experiment. Various flanges, tubes and electrical con
nectors are mounted on this vacuum envelope. All welds are 
TIG (tungsten inert gas ) welded and thoroughly leak checked
using a mass spectrometer. The top and bottom flanges are
9" O.D, and about 1/4" thick 300 series stainless steel (SS) . 
The top flange of the system contains all of the gas inlet 
and pressure measuring tubes and a capacitance manometer 
head. Most of the electrical connections to the electron 
gun, scattering cell and Faraday cup are mounted on the 
top flange. Two types of electrical connectors are uti
lized: a multipin connector which is welded onto the flange
and weldable MHV type high vacuum fittings made by Cerama- 
seal. The MHV fittings are used where necessary for their 
shielding characteristics. The electron gun and associated 
mechanical mounting hardware and the magnetic shield are 
also attached to the top flange. Four side arms mounted 
midway on the main vacuum envelope allow mounting of a



scattered electron detector at 90 degrees to the electron 
beam. One other side arm has an ultraviolet grade quartz 
window mounted in a graded glass seal and non-magnetic 
mounting welded to the 5" flange. The third side arm in 
use at the present time has a high vacuum triode ionization 
gauge connected to it. The ion gauge allows pressure mea
surement of the background gas while the experiment is run
ning. The ionization gauge is on a 90 degree 1" O.D. elbow 
with light baffles to keep stray light out of the optical 
detection channel. The last side arm is not currently in 
use.

Several different types of seals are in use on the 
vacuum system. All seals are metal to metal, but vary in 
detail described below. Varian Confiât flanges use knife 
edge seals which seal on soft copper gaskets. Cajon com
pression fittings are used on some of the small tubing. 
These use a ring of semicircular cross section to bite into 
soft aluminum gaskets. The most widely used gasket is a 
soft aluminum wire held between flat SS flanges. The alu
minum wire is dead soft 0,030" O.D. and is supplied on 100' 
rolls. An amount sufficient to reach around the flange 
with about 8" extra is cut off the roll. The ends are 
twisted together and the wire is carefully laid onto the 
sealing surface. The seal formed is metal to metal and 
very reliable as long as the flange bolts are torqued 
evenly. All flange seals, welds and fittings are leak



checked after they are installed and are leak checked at
any time that the background pressure in the vacuum system
shows an increase above the normal base pressure.

Connected on the bottom flange is an optically opaque
trap of approximately 3 liters volume. The trap is filled
to approximately half of its volume with Linde molecular
sieve type 13X. This sieve is contained in baskets around
the inside wall of the trap and in a basket in the middle
of the trap. This molecular sieve has an alumina-silica

obase with a pore size of lOA, The purpose of the sieve 
is to stop the pump oil in the diffusion pump from migra
ting into the high vacuum region and thereby contaminating 
the surface of the electron gun and scattering cell. The 
trap is so configured that a molecule must make multiple 
bounces to go thru the trap. In addition, oil is prevented 
from creeping up the sides. In this way the trap efficiency 
for the absorption of the contaminants is increased. One 
disadvantage of this type trap as compared to a liquid ni
trogen trap is the amount of water absorbed into the alu
mina in the trap when the system is exposed to air. For 
this reason it is important to keep the trap evacuated 
after the electron gun has been removed from the vacuum 
system. This precaution will decrease initial pump down 
time of the system, as will back filling the system with 
.N2» The cost of operating with this type trap however, is 
a significant advantage over a liquid nitrogen trap, A
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Varian VHS-4 oil diffusion pump Is used to evacuate the 
vacuum chamber; it is rated at 1200 liters/sec of air below 
10"3 torr. The diffusion pump uses Convoil 20 pump oil 
and the boiler requires 300 cc of oil to fill it. The 
Varian VHS-4 is backed by a Sargent-Welch 1397 fore pump. 
The pump has a speed of 300 liters/minute from 10”  ̂to 
10“  ̂Torr, The free air displacement is 500 L/min, It is 
an oil sealed mechanical pump. The forepump uses a lubri
cating type highly refined mineral oil. Since this oil 
has a relatively high vapor pressure at high temperatures, 
it must be kept out of the diffusion pump boiler. To ac
complish this, an activated alumina trap is placed between 
the fore pump and the diffusion pump, A valve in the fore
line closes when power is turned off to the fore pump.
This maintains the diffusion pump at low pressure until the 
quick cool on the diffusion pump has time to cool the oil, 
thus avoiding oxidation of the oil and backstreaming of 
pump oil into the high vacuum region.

All exhaust from vacuum systems is vented into a 
continuously pumped vent to an area not normally occupied 
by personnel. This venting keeps oil vapor and any toxic 
gases out of the laboratory. Fig, 2,1 shows a schematic of 
the vacuum system.

In order to protect the vacuum system and associated 
experimental apparatus from interruptions of power, water 
or the failure of equipment, an electrical interlock system
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is wired to turn off the D.C. rack which powers the elec
tron gun, to turn off the power to the diffusion pump 
heater and to cool the oil in the diffusion pump. The 
interlock wiring diagram is shown in Figs. 2-2 through 2-4.

Exposing the diffusion pump oil to atmospheric pres
sure while it is hot may cause the oil to break down or to 
ignite.29 Prolonged operation of the pump at pressures 
above 10“  ̂Torr may cause excessive backstreaming of the 
oil into the high vacuum region. In order to avoid the 
above problems, the interlock system turns the diffusion 
pump heater power off and turns on the water into the quick 
cool lines whenever foreline pressure or vacuum system 
pressure rises above a certain level. This cools the hot 
oil in about 10 minutes. Operation of the interlock is 
described in detail in Table 2-1.

A pump down and bake out cycle is listed below. For 
proper operation and precautions in using the vacuum pumps, 
refer to the manufacturers' literature, A brief list of 
operating procedures follows.

Oil diffusion pumps must be protected from exposure 
to high pressure (greater than 1x10”  ̂Torr) for extended 
periods while the oil is hot. Heating up and cooling down 
times for a VHS-4 oil diffusion pump are 10 minutes. The 
quick cool line must be connected to the cold water supply 
during operation in order to have rapid cool down of the 
pump boiler in case of equipment failure.
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TABLE 2-1. Vacuum System Interlock Operation.

Sensor Indication
Description 
of condition Response

Triode ion gauge 
pressure reading

Triode ion gauge 
pressure reading

Foreline pressure 
gauge readout
Foreline Pressure 
gauge readout

Diff. pump overheat 
switch

Diff. pump overheat 
switch

Diff. pump water 
flow switch
Diff. pump water 
flow switch

Reading less than 5 
on chosen scale - 
set point variable 
1 - 9
Press, reading above 
5 - any scale

Foreline pressure 
less than 100 mTorr
Foreline pressure 
greater than 100 mT 
(adjustable)
Diff. pump boiler 
temp, less than 
approx. 300 C
Diff. pump boiler 
temp, greater than 
approx. 300 C 
(adjustable)
Diff. pump cooling 
water flowing
Diff. pump cooling 
water not flowing

Normal condition #1. None

Abnormal #2. Turn off electron
gun power rack.
Turn off diff. pump. 
Turn on quick cool 
water.

Normal condition Response #1 above

Abnormal

Normal

Abnormal

Normal

Abnormal

Response #2 above

Response #1

Response #2 
♦consult factory 
before adjusting

Response #1

Response #2



Table 2—1 (['CoatimeedD

Sensor Indication
Description 
of condition Response

D.C. rack lim-e 
power latch relay

il® VAC mains power 
interruption I'O'O ms 
or longer

Abnormal D .C . rack 
turned off 
vacuum system

D.C. rack line 
power latch 
relay

Continuous 110 VAC 
mains power

Normal Response #1

Interlock Power pilot light 
off mains power 
interruption

Abnormal Vacuum system 
will turn off—  
when power returns 
only foreline pump 
will run
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The oil sealed mechanical fore pump is designed to 
operate at higher pressures than the oil diffusion pump. 
Extended operation at 100-200 mTorr is acceptable with this 
type of pump. At higher pressure the pumps tend to lose 
oil from their crankcase. This lost oil must be replenished 
to avoid running too low on oil for proper lubrication.
When pumping substances (mainly water) that can dissolve in 
the oil, the ballast valve must be opened during initial 
pump down for short periods to purge the oil of these con
densable substances. Otherwise the pump oil may become 
permanently contaminated and must be replaced.

Initial pump down of the vacuum system may be done 
while leak checking is performed. After two days of pump
ing, the vacuum system pressure should reach 2x10“  ̂Torr 
if no large leaks are present. To find small leaks, two 
methods are utilized. The first method is to spray the 
suspected area with acetone or ethanol and watch for an in
crease in pressure on the ionization gauge. Note that only 
reagent grade chemicals are to be used for this step. The 
second and most sensitive method, although somewhat slower, 
involves tuning to the He peak on the mass spectrometer 
which has been previously pumped down to low pressure (<10“  ̂

Torr). Two techniques are then followed. A large plastic 
bag is placed around a section of the apparatus and filled 
with helium. An increase in output of the mass spectrometer
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indicates that helium is entering the vacuum system through 
a leak and being detected in the mass spectrometer tube.
The leak may then be located by probing the surface of the 
vacuum system with a small tube connected to a helium bottle 
with a regulator set for 10-30 cc/min flow. An indication 
on the mass spectrometer of He will indicate the location 
of the leak.30f31 Another technique is utilized to find 
large leaks. They may be detected by the sound of hissing 
air entering the leak or with soap bubbles in the case of a 
pressurized system. The vessel with the leak may be pressur
ized with freon and a halogen flame detector used to probe 
the surface and locate the leak. 'Alternatively the vessel 
is evacuated with the halogen detector hooked to the exhaust 
of the fore pump. Freon is used to probe the suspected areas 
of the leak. A green color in the flame of the halogen de
tector indicates freon has entered a leak, been pumped from 
the vacuum system, exhausted from the fore pump and then
detected.32

After leak checking and testing of all vacuum inter
lock circuits, the vacuum system may be baked out. High 
temperature bakeout is the process of pumping the system 
to low pressure at elevated temperature in order to remove 
surface contaminants from the vacuum system. A typical 
bakeout cycle is presented in Table 2-2.

Cleaning of the component parts is performed each time 
the vacuum system is opened and new parts installed or when



TABLE 2-2. Baking the Vacuum System
Main Vacuum System Main Trap Foreline Trap

Elapsed
Time
hr

Power
watts

Outer
skin
temp
°C

Pressure
torr

Power
watts

Temp
°C

Power
watts

Foreline
pressure
mTorr Notes

0 0 20 2.5x10-7 0 20 0 25 Initial pump down and 
leak check complete. 
Begin bakeout.

1 100 20 2.5x10"7 0 20 0 25 Heat main vacuum system 
first. Keep traps cool 
until main vacuum up to 
full bakeout temp.

8 200 30 3x10"7 * Only changed items en
tered below

15 300 70 4x10-7 .

22 400 110 2x10"®
29 200 Main vacuum system up 

to full bakeout temp.
32
34
36
38
40

6x10"®

1x10"®

50
100
150
200
250

20
50
80

110
150

25
30
40
60
90

Heat main trap first. 
Keep temp below main 
vacuum system.
Water being pumped off 
main trap.
Highest press, reached.

N)o



Table 2-2 (continued)
Main Vacuum System Main Trap Foreline Trap

Elapsed
Time
hr

Power
watts

Outer
skin
temp
°C

Pressure
torr

Power
watts

Temp
°C

Foreline 
Power pressure 
watts mTorr Notes

44

45 
47 
49 
51 
53 
59

83

89
113
119
167

1x10 - 7 20

15
30
45

60
60

60

40

25
100
150

130
60

50

50
40
25

Drop in pressure indi
cates main trap now 
free of water
Main trap now to full 
bakeout temp.
Start heating foreline 
trap.
Foreline trap losing 
water.
Foreline trap at full 
bakeout temp.
Bakeout of both traps 
complete when foreline 
pressure stops increasing.
Initial pressure.
Cool foreline trap.
Cool main trap.
Bake main system only.
Start cooling main system.

ro



Table 2-2 (continued)
Main Vacuum System Main Trap Foreline Trap

Elapsed
Time
hr

Power
watts

Outer
skin
temp
°C

Pressure
torr

Power
watts

Temp
°C

Foreline 
Power pressure 
watts mTorr Notes

175 0 5x10“® Slowly over 8 hrs in 
8 steps of power.

179 20 5x10-9-1x10— 8 System cool.

*A blank space : 
item unchanged 
entry above.

indicates 
from last

•
to
to
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eurfaee discoloration indicates the need. Most cleaning 
techniques used are adapted from Rosebury.32 Perhaps the 
most important cleaning technique is the copper etching 
process which will be covered in the section on the elec
tron gun.

B. Pulsed Electron Gun
1. Introduction

The electron gun hook-up is schematically shown in 
Fig. 2-5 and a drawing of the gun (not to scale) is shown 
in Fig. 2-6. The basic construction and operating princi
ples are described in Golden and Zecca.33 It consists of a 
heated cathode in the Pierce configuration followed by a 
Pierce element^* and an anode with a 0,040" aperture. The 
RPD monochromator, consisting of the system elements 2000, 
3000, and 4000, is an electrically and geometrically sym
metric arrangement. The outer apertured lenses are at 10- 
100 V, The lens 5000, 6000, and 7000 form a set of extrac
tion optics which focus the image from the last Einzel lens 
(element 4000) aperture into the scattering cell or the Far
aday cup. The energy of the electrons in the scattering 
region can be varied from about 0 to 110 eV. A Faraday cup 
with an inner collector and outer shield at the scattering 
cell potential collects that portion of the beam transmitted 
through the scattering cell.

The gun is constructed of OFHC copper tubes 1.5" O.D. 
with a 0,326" I.D, bore. The scattering region has three
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0.040" I.D. apertures, two for the electron beam and one at 
a right angle to the beam for scattered electrons.

2, Cathode, Pierce, Anode System
The cathode and two following elements consist of a 

heated cathode, a Pierce element and an anode all in the 
Pierce geometry. First discussed by Pierce, the arrangement 
consists of a plane cathode, an equipotential surface (the 
Pierce element) at an angle of 67.5° to the axis of the 
electron beam, and an anode with an aperture the diameter 
of which is small compared to the cathode to anode spacing.
The Pierce element ideally is at potential zero with respect 
to the cathode, but actually provision is made to adjust this 
potential to account for differences in geometry due to 
construction tolerances and assembly. By changing the volt
age of the Pierce element and using the focusing properties 
of the anode which is set at approximately 110 volts with 
respect to the cathode, the electron beam emerging from the 
anode aperture may be made parallel by the proper choice of 
electrode shapes and applied voltages. What is done in prin
ciple is to use the analytical solution for parallel flow 
of a beam of electrons between two planes to establish the 
potential distribution required to produce a parallel beam 
with no charge in the region outside the limits of the b e a m . 34,35 
The Pierce element is placed between the cathode and anode.
The shape of the element is that of the 0 volt potential
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which makes an angle of 67.5° to the direction of the 
parallel electron beam.

In practice the angle on the Pierce element is usually 
made smaller than 67.5° to compensate for the diverging 
lens effect of the anode aperture as the beam emerges from 
the cathode-anode region. Thus it is possible to make a 
beam that is parallel and remains nearly so after leaving 
the anode aperture. The beam impinges on the aperture of 
the first element of the Einzel lens RPD monochromator.33

The cathode is an oxide coated nickel cup which is 
bonded to a ceramic disk about 1/2" O.D. The cathode is 
manufactured by RCA for operation in television picture 
tubes. The part number of the assembly is FKS623B-801F.
The heater filaments are also made by RCA and have parts # 
MCH8004D and' NEB261. The ceramic disk is clamped in a 
copper holder. The three electrical leads for the cathode 
and the insulated cathode heater are inside a 3/8" O.D. 
ceramic cylinder with four small holes running the entire 
length. The Pierce element is spaced as closely as possible 
to the cathode without electrically shorting to it. Usually 
this spacing is set at 0.020".

The cathode is capable of delivering 1.0 mA of current, 
but is generally set to deliver at from 200 pA to 450 yA of 
total cathode current. This current is monitored continuously 
by a Fluke 8000A digital meter placed in the cathode circuit.
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The heater is operated at 7 to 8 watts of power which 
can be increased slightly as the cathode ages or to increase 
the beam current so that a particularly weak transition may 
be studied. The heater is a double coiled and insulated 
tungsten wire of about 1 ohm resistance at room temperature. 
One side of the heater is connected to the cathode to reduce 
back emission from the cathode.

The present electron gun is capable of delivering one 
to 2 v>A of beam current inside the scattering cell at elec
tron energies of 10 to 100 eV. At 15 eV the beam current 
is 2 yA in the scattering cell and about 25 nanoamp in the 
Faraday cup with no gas in the scattering cell.

3. RPD Monochromator
The principle of the RPD (Retarding Potential Differ

ence) type monochromator has been discussed by Fox et al.36 
This type of monochromator has been used by several workers 
for the determination of various cross s e c t i o n s . 37 , 38 , 58 
See Figs. 2-7 and 2-8 for the construction details of the 
RPD element and its electrical connection.

The RPD monochromator consists of an electrically and 
geometrically symmetric Einzel lens. The center 3000 ele
ment has a grid mounted in its center. The lens is also 
symmetric about a plane through the retarding grid. The 
parallel beam from the Pierce cathode arrangement impinges
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on the first Einzel lens aperture (element 2000). The 
beam is slowed as it passes into the region of the retard
ing grid and the beam expands. Due to the geometrical sym
metry, only electrons that go through the first aperture 
and cross the retarding plane perpendicular to it will be 
imaged on the second aperture and allowed to pass through 
the monochromator. Since the field of the retarding grid 
is perpendicular to it, the grid will only act on the per
pendicular velocity components of the electrons. This is 
the reason for the choice of geometries. For the best 
energy resolution, the electrostatic retarding field must 
act in the same direction as the total velocity of the 
electron. It is therefore important to have the electrons 
cross the grid perpendicular to it. The Einzel lens is 
configured to take an object at infinity (the parallel beam) 
and image it on the exit aperture. It does this for a wide 
choice of outer element voltages^^ as long as the outer 
Einzel elements are at the same voltage. The retarding 
grid is usually set at 1.5-3.0 volts with respect to the 
cathode. The grid is used to do the following things: A
100 kHz to 1.0 MHz square wave with a 1.0 nsec rise and 
fall time is applied to the grid to turn the electron beam 
off, and a low frequency (100 Hz) signal is applied with an 
amplitude of 0.1 to 0.3 V peak to peak amplitude which 
serves to modulate the electron energy distribution passed
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by the retarding element when high energy resolution spectra 
are collected. The high frequency wave varies from 0 to 3 
volts with respect to the outside of the RPD, The outside 
of the RPD is biased 1,5 to 3,0 volts D,C, with respect to 
the cathode. Thus it is possible by. phase sensitive detec
tion methods to detect a signal due to electrons in only a 
small energy region of the total energy distribution of elec
tron beam.

The pulse applied to the RPD grid is supplied by a 
Tektronix PG502 puiser via a coaxial connector on the top 
flange of the vacuum system through a 50 ohm vacuum coax 
and into the cavity containing the RPD grid. The molybdenum 
grid is insulated from the outside OFHC copper shield of 
the RPD and is held in place inside the cavity by six sap
phire balls which are 0,125" 0,D. Opposite the constant 
impedance connector which attaches the coaxial line to the 
RPD is a coaxial 50 ohm terminator. The terminator is con
nected to the RPD grid by a constant impedance coaxial line 
and fittings. The 50 ohm resistor is a metal film 1% re
sistor with its epoxy coating stripped off, cleaned and 
vacuum baked for 24 hours before installing on the RPD,

The pulse from the PG502 has a rise time of 0.6-0.8 
nsec measured on a Tektronix 555 oscilloscope with a ISI 
sampling unit. The 0 to -3 volt pulse is applied between 
the grid and the RPD shield. When the voltage is zero.
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the RPD operates as described by Golden and Zecca.^® It 
is only when the grid goes 3 volts negative with respect 
to the outside of the RPD that this operation is interrupted 
and the beam shuts off. The PG 502 puiser is operated in 
the back terminated mode (output impedance is 500), and the 
RPD end of the coax is also terminated in 50 ohm. This 
reduces reflections from the ends of the cables to a mini
mum and improves the timing resolution of the apparatus.

4. Pulse Techniques
Proper termination of all coaxial lines is very impor

tant where fast rise time pulses are utilized, especiayly 
when switching an electron beams since they respond very 
rapidly.41 The dimensions of a coaxial line for a given 
characteristic impedance may be calculated from the for- 
mula42,43

Z = (138//Ë) log (D/d)0 10
d - diameter of inner conductor 
D - inside diameter of outer conductor 
e - dielectric constant of dielectric media between two 

conductors.
For lengths of conductor less than 1/10 Xmin where Xmin 
is the shortest wavelength signal on a line, the conductor 
does not exhibit characteristics of a transmission line. 
However, for longer lengths the conductor should be made
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into a transmission line terminated on both ends in its 
characteristic impedance.44 When a transmission line is 
not terminated with its characteristic impedance, the pulses 
sent down the line will reflect off the end where the impro
per termination is connected. This will cause a series of 
reflections to be formed on the line which distorts the 
pulses and changes timing information contained in the pulses. 
If the termination is a complex impedance, the transmission 
line will have a reflection coefficient that is a function 
of frequency. To be specific, if a line is to be designed 
that will pass pulses with 1 nsec rise time with no dis
tortion, the termination impedance should be equal to the 
characteristic impedance of the transmission line and should 
exhibit no reactive or capacitive components up to 1 GHz 
assuming a rise time (10%-90%) given by T^ = 1/fmax. In 
addition, no connecting wires which are not transmission 
lines can have lengths longer than

"TÜ^ " T-&S- = 3 cm
assuming free space velocity where
^min “ c/fmax ^max “ ^/^r 
^min “ shortest wavelength
^max “ maximum frequency used

c - velocity of wave in media 
Tj. - 10% to 90% rise time.
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The effect of a mismatch in terminating a transmission 
line is described in many references43,45 which consider how 
to determine the magnitude of the effects. There are two 
common ways to test a transmission line and termination sys
tem. With a fast rise time puiser and a wide band oscillo
scope, pulses are applied to one end of the terminated line 
and examined on the other terminated end with the fast scope. 
The wave form of the pulses is examined for lengthened rise 
and fall times or any distortion which indicates reflections. 
If the transit time of the pulse down the entire length of 
the line is long compared to the width of the pulse, a series 
of pulses of diminishing amplitude will be observed if a 
mismatch exists. The quality of the impedance match may be 
estimated directly from the amplitude of the reflected pulses 
or the distorted rise and fall times.

Another way of measuring impedance matching is with 
a wideband A.C. noise bridge and a wideband oscilloscope.
A noise bridge directly gives either the magnitude of the 
complex impedance or both its reactive and resistive com
ponents.

When a pure resistance terminates a transmission line, 
the voltage amplitude of the reflected wave as the fraction 
of the incident wave is given by the reflection coefficient, 
p, where
p = (R-Zo)/(R+Zo)
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R - terminating resistance
Zo - characteristic impedance of line.
Note that if R>Zq than 0<p<l thus the voltage of the re
flected pulse has the same phase as the incident pulse.
If R<Z, then -l<p<0 thus the phase of the reflected wave's 
voltage is 180 degrees out of phase from the incident pulse. 
If R = Zq, then the amplitude of the reflected pulse is 
zero there is no reflected signal and all the incident 
pulse is absorbed by the terminator R, In the case where 
R = Zg, the transmission line appears to be infinitely long, 

Two special cases will be considered:
1, R = 0, i.e. a short circuit

p = -1, the reflected wave 180 degrees out of place 
and its voltage is equal to the incident wave. The 
two voltages add at the termination and the sum is 
equal to zero which is just the condition for a short 
circuit. No power is absorbed by R since R = 0.

2. R + e.e. open circuit
p = 1, the reflected wave is in phase and its voltage 
is equal to the incident wave. The sum of the volt
ages of the two pulses gives twice the voltage of the 
incident pulse. No power is absorbed by the load 
since the current is zero.
The quality of an impedance match may be expressed as 

a voltage standing wave ratio (SWR) or simply SWR.
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SWR = R/Zo if R>Zo
SWR = Zo/R if R<Zo

In the case of a complex terminating impedance’Z, SWR is 
given by

SWR = Z/Zo, Z>Zo where Z = R+iX

SWR = Zo/Z, Zo>Z and Z = |z|

R - resistive component of Z 
X - reactive part of Z.
The SWR is normally the quantity measured with electronic 
equipment such as reflectometers. Knowing this quantity, 
the reflection coefficient, p, may easily be calculated, 

p = (SWR~1)/(SWR+1)
Typical SWR encountered in the range 50 to 1000 MHz 

are 1.5 to 2.0. A SWR of less than 1.2 is to be considered 
quite good for most applications, since a SWR of 1.2 cor
responds to a voltage reflection coefficient of only 
p = 9.1%.

The 50 ohm terminator and vacuum coax for the RPD 
have been tested as outlined above using pulses from a 
Tektronix PG502 puiser which have 0.6-0.8 ns rise and fall 
times between 10% and 90%. The pulses were observed on a 
Tektronix 555 scope with a ISI sampling unit. The pulse 
fall times are recorded for the pulse on a 50 ohm coaxial 
Textron terminator and then applied to the RPD with the 
probe placed near the 50 ohm terminator. The probe used
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in both cases was a 2' length of RG-58 coax with the outer 
shield folded back over itself exposing about 1/8" of the 
center conductor. By comparing the waveform of the pulses 
before and after being applied to the RPD it was found that 
no noticeable difference in the wave forms existed on a
0.5 nsec/cm scale and that no reflections occurred on longer 
time scales. From this test the impedance match of the 
RPD and coax is determined to be acceptable.

Tests with an Omego-T^G extended bandwidth noise 
bridge confirm the above results. The noise bridge used 
has a frequency response from 1 MHz to 300 MHz and measures 
a 60 ohm impedance which corresponds to a SWR of 1.2 and 
a reflection coefficient of 9.1%. Most of the impedance 
mismatch probable orginates from the capacitive load of 
the RPD grid inside the RPD shield. There is error in the 
vacuum coax geometry, since the wire was .021" O.D., while 
the holes in the fish spine beads which were the dielectric 
media were almost .060". The problem that reflected com
ponents could cause is to turn the electron gun on after 
the time at which the gun is supposed to be cut off. This 
would repopulate the states involved and severely distort 
the photon time spectra. Since the RPD square wave pulse 
amplitude was 0 to -3.0 volts, the reflected component 
would be apprximately 0.3 volts for a total voltage RPD 
grid to shield of -2.7 volts. D.C. measurements made by
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monitoring the Faraday cup current showed that when the 
RPD grid to RPD shield voltage was greater than -2 volts, 
no detectable current reached the Faraday cup. It was 
concluded that the reflected component would not turn the 
beam back on,
5, Extraction Optics

The extraction optics lens elements 5000, 6000, 7000 
focus the image of 4000 lens element aperture into the 
scattering cell. The 7000 element has two other func
tions. It acts as a shield for the scattering cell so 
that electrostatic fields will not penetrate inside the 
scattering cell. The last element, the 7000 element, has 
a .035" aperture mounted 0.10" from the entrance aperture 
of the scattering cell. The purpose of this aperture is 
to collect that part of the beam that would otherwise 
strike the region around the entrance aperture on the out
side of the scattering cell. This reduces the zero pres
sure current collected by the scattering cell and thus 
makes measurements of scattered current more sensitive when 
gas is added to the cell. In either case, it is possible 
to measure the scattered electron current, but with the 
aperture in the 7000 element, the scattered current is a 
much larger fraction of the total scattering cell current. 
The great flexibility in focusing the image into the 
scattering cell is somewhat limited by the addition of the



40

aperture since, it is advantageous to keep the scattering 
cell aperture to 7000 element aperture lens weak by setting 
both elements at the same voltage. This constrains the 
7000 element voltage to be nearly equal to the scattering 
cell voltage. This requires careful tuning of the gun vol
tages in order to keep the beam current nearly constant as 
the electron energy is swept. However, it poses no problem 
for lifetime measurements, since in this case the gun is 
tuned at a constant energy and operated at that point for 
the entire collection time.

A schematic of the electron gun element is shown in 
Fig. 2-5. Not detailed in the diagram are II filters on 
2000, 4000 cathode elements to reduce high frequencies.
The schematic of the II filters is shown in Fig. 2-9.
They reduce all observable noise components to less than 
5 mV peak to peak. The filters are contained in well 
shielded metal boxes to reduce stray noise p i c k - u p . ^2
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C, The Scattering Cell
The scattering cell is designed to contain the sample 

gas at pressures from 1 to 50 mTorr. One aperture on the 
beam line allows the beam to enter the cell and another on 
the axis allows the unscattered portion of the beam to con
tinue on and be collected in a shielded Faraday cup. A 
third aperture allows electrons scattered at 90 degrees and 
photons to leave the scattering cell. The optical axis at 
90 degrees to the electron beam allows study of photons 
produced due to the decay of excited molecules. A quartz 
window on the optical axis allows light out of the scatter
ing cell. A lens is attached to the scattering cell to 
focus the U.V.-visible light towards a fast photon detector 
outside the vacuum system, A quartz window on a 8" side- 
arm flange completes the optical path.

The scattering cell is 1.62" long (inside) and 0.7"
I.D, The three apertures are 0.040" I.D. Two apertures 
are on the beam line, and the third is on the optical axis 
opposite the 1" O.D. U.V. grade quartz window which is 
epoxied into the copper scattering cell with Varian TORR 
SEAL^^. The quartz window is shielded from the scattering 
region by two 95% transmission copper grids spaced 1/16" 
apart by a copper ring and all grounded to the scattering 
cell. Two end caps on the cell which each carry one aper
ture are demountable to allow thorough cleaning of the cell.
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Two 1/8" copper gas lines are attached to the cell. One 
is a static line which runs to a BARATRON capacitance man
ometer outside the vacuum system. The other line runs to 
the top flange and is connected to a 1/2" O.D, SS tube out
side which is connected to a Granville Phillips leak valve. 
Both gas lines have Corning MACOR breaks for electrical in
sulation. The breaks are 3/4" long cylinders 5/16" O.D. 
which have a hole in them for gas flow. The copper lines 
are epoxied with TORR SEAL to the MACOR breaks.

The electrical isolation of the gas cell allows the 
scattered electron current to be measured by connecting 
an electrometer to the scattering cell lead. The other 
side of the electrometer is grounded.

The apertures in the gas cell allow it to run at a 
relatively high pressure (10“  ̂Torr), while the electron gun 
is operated in a lower pressure region (2x10”  ̂Torr), By 
keeping the electron gun at lower pressures, the gun operating 
parameters are much less influenced by the pressure in the 
scattering cell. However, in spite of this pressure differen
tial, each time the scattering cell pressure is changed it 
was found necessary to retune the voltages on the electron 
gun. The interaction of the background gas and the electron 
gun probably occurs mainly in the cathode-anode region. 
Changing the background gas pressure by changing the scat
tering cell pressure affects the cathode temperature and
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therefore the cathode emission. More importantly, the gas 
pressure affects the space charge in the cathode-anode 
region by influencing the amount of ionized gas in this 
region,

D. Faraday Cup 
Electrons that are transmitted through the scattering 

cell are collected in a shielded Faraday cup. The inner 
collector is biased 50-90 V with respect to the Faraday 
cup in order to collect low energy secondary electrons 
emitted from the collector surface. The Faraday cup is 
at the scattering cell potential. Its entrance aperture 
is 0.10" I.D. and is spaced approximately 0.20" from the 
Faraday cup shield. The Faraday cup shield is at the same 
potential as the scattering cell and it has an entrance 
aperture of 0.60" I.D. The outer shield serves as a mount 
for all Faraday cup parts which are insulated from it by 
MACOR^^ spacers. It also serves to shield the scattering 
region from the collector voltage. The front surface of the 
collector is at a 45 degree angle to the beam line which 
causes most of the electrons scattered off the surface to 
travel in directions off the beam line. The secondary 
electrons have a cosine distribution as they are emitted 
from the s u r f a c e . 47 The 45 degree inclination tends to 
reduce the number of secondary electrons emitted along the
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beam line. Those electrons that hit the collector tend to 
stay in the back of the Faraday cup and off the beam axis 
until they are collected. To decrease the probability that 
an electron which is incident on the collector will scatter 
through the entrance of the Faraday cup, the solid angle 
that the entrance aperture subtends at the collector is made 
as small as possible.

Another constraint on the entrance aperture is that 
it admits the total amount of transmitted beam. The effi
ciency of the Faraday cup assembly can be checked as a 
function of beam energy by monitoring currents to the Fara
day cup, shield and collector by increasing the collector 
bias voltage, A point is reached beyond which little im
provement in collector efficiency is gained. Measurements 
indicate that the shield collects very small amounts (1%) 
of current compared to the Faraday cup and collector. This 
indicates that the Faraday cup is getting most of the beam 
and that secondary electrons are being efficiently collected.

The signal from the Farday cup is utilized in two 
operating modes of the electron gun. Then the gun is used 
in the pulsed mode but with no energy selection by the RPD 
lens system, the D,C, current to the Faraday cup is used to 
tune the voltages on the gun lens elements. When the cur
rent in the Faraday cup is maximized by tuning each lens 
voltage at a given electron energy of the scattering cell.
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the focus of the electron beam is in the center of the 
scattering cell and the gun is tuned for maximum trans
mitted beam through the scattering cell averaged over the 
entire electron energy distribution emitted by the hot 
cathode.

If the voltage on each gun element is set to maximize 
the scattering cell current, the focus of the electron beam 
is set at the entrance aperture of the scattering cell.
All the above tuning procedures are done with D.C. current 
measurements. This technique sets the beam geometry for 
an average over the entire electron beam energy distribu
tion. By applying a low frequency signal to the RPD ele
ment and modulating the electron beam, a signal that is due 
to a narrow energy band of electrons in the energy distribu
tion may be detected at the Faraday cup by a phase sensitive 
detector (PAR). By retuning the gun voltages, the focus 
region for a narrow distribution of electron energies may 
be chosen. The location of the energy slice chosen is set 
by the D.C. bias on the RPD element. The photon signal may 
also be used to tune the gun. As might be expected this 
signal is closely related to the scattering cell current.
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E, Assemby and Cleaning of Electron Gun 
After assembly of the electron gun, several checks are 

made to insure proper operation. An electricl diagram is 
drawn for the apparatus, and each element is checked for 
possible shorts to all other elements or to ground. Each 
element lead is checked for continuity from the element to 
the connector on the outside of the vacuum system. Also 
each connector is tested for high resistance leaks to 
ground which can upset sensistive electrometer readings.

As each element is spaced on the preceding element 
(0.020" to 0.030") and bolted in place, care must be taken 
to insure that the ceramic rods do not dig into the soft 
copper and cause the axis of the element to not be colinear 
with the axis of the other elements. A small light shining 
between the copper element and either or both ceramic rods 
will reveal this incorrect assembly. In other words, each 
element should touch both ceramic rods along the entire 
length of the element.

The Pierce element is so constructed that it shorts 
to the anode when the spacing on the O.D. of both elements 
is 0.016". Thus, if an anode to Pierce spacing at the beam 
line of 0.020" is desired, there should be 0.032" between 
the Pierce and anode elements on the outside surface. All 
the elements should be spaced so that there will be no op
tical path from the beam line to any insulators. The
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closest insulator present is usually the ceramic rods upon 
which the gun elements are mounted. A xlO scale drawing 
of the cross section of two adjacent elements was made, and 
it was found that at a spacing of approximately 0.038" an 
optical line of sight just grazes the edge of the elements 
before intercepting the electron beam. Therefore, the ele
ments are always mounted closer than 0.038". The effect 
of decreasing the interelement spacing is to make the elec
tron lens between the elements stronger.35

Due to the heat generated by the cathode heater, the 
end of the gun near the cathode is at a higher temperature 
than the scattering cell and Faraday cup. Thus, the mounting 
bolts for the elements on the end of the gun near the cathode 
must be tightened more than those farther away. The extra 
tightness of the mounting nuts at the cathode end will insure 
that the elements do not slip even during temperature cycling 
caused by turning the power to the cathode heater on and off.

The alignment of the apertures on those elements that 
have them is accomplished by inserting a machined stainless 
steel guide into the bore of the element. The pin of the 
guide is inserted into the aperture and will insure correct 
alignment of the aperture and the axis of each element.

After all elements have been bolted in place but be
fore the cathode assembly is installed on the Pierce ele
ment, the aperture alignment may be inspected by eye or with
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a bore scope mounted on a x-y rotating table.
The cross hairs of the scope are centered on the first 

and last aperture made visible by a light shining on them 
and checking the location of the cross hairs on each aper
ture in turn as the bore scope focus is set on one and 
then on the other. Apertures should have no misalignment 
greater than 1/8 their diameter and much less is desirable. 
Considerable care is required in this step since any misalign
ments of the apertures will result in a drastic reduction 
of the beam intensity. Several apertures will not be directly 
illuminated due to the construction of the gun elements, so 
careful focusing is required to insure that each aperture is 
properly examined. Note that an aperture may be examined by 
either front light or back light. In case of the latter, a 
disk of light surrounded by a sharp black, ring will be ob
served.

The RPD and 7000 element should be tested for proper 
high frequency operation in addition to D.C. checks. The 
element impedance measured from the coaxial fitting on the 
top flange should be 50 ohm when measured with a VOM and 
50 ohm when measured by a wide band A.C. noise bridge.

The cleaning procedure described here has been adopted 
from that of Sutcliffe^® and that of Rosebury.^^ The copper 
cleaning consists basically of an acid etch and several
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rinses to leave the etched surface clear and free of any 
cleaning material. The following are the steps used in 
cleaning:

Clean container each time solutions are renewed with 
detergent. Rinse with tap water five times and then rinse 
using distilled water five more times.
1. Clean with abrasive pad and detergent in tap water

to remove scale, oxide and grease. Rinse and scrub 
at same time to remove detergent.

2. Acetone dip - degrease.
3. Mix formic acid HCOOH 10% by volume, and hydrogen

peroxide HgOg 5% by volume, and 85% distilled water.
Use solution at room temperature. Small bubbles should
form over entire surface of work. Leave in solution
until surface shows a uniformly fine etch. Depending 
on condition of surface, this step takes 5-15 minutes.
Replace solution when it turns dark blue or a dark
residue is formed on work.

4. Distilled water rinse 20 seconds.
5. Methanol rinse and agitate 20 seconds.
6. Distilled water rinse and agitate 20 seconds.
7. Mix HCl 10% by volume and distilled water 90% by vol

ume. Rinse and leave work in solution 5 to 10 minutes 
longer if finished pieces darken and turn red to yellow 
when exposed to air.
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8. Distilled water rinse and agitate vigorously.
9. Acetone (reagent grade) rinse and agitate with ultra

sonic cleaner 10 to 15 minutes. Change every 3 to 4 
hours of use. Keep covered at all times.

10. Repeat step 9 above.
11. Remove piece from last acetone rinse. Rinse entire 

piece with clean acetone from squeeze bottle, especially 
bolt holes, corners and residue from last acetone rinse. 
Immediately blot drops and pools that form in cracks, 
crevices, and holes with a clean KIMWIPE^M towel and 
blow dry.

12. Store clean copper wrapped in KIMWIPE,pĵ  in a lined 
covered metal box.

13. Handle pieces only with chemically clean plastic gloves.

F. Photon Channel 
The photon channel consists of U.V. grade quartz win

dows on the vacuum system and focusing optics, a monochro
mator, a cooled photomultiplier tube (PMT)amplifiers, 
and a fast timing electronics.

A U.V. grade quartz lens is attached to the scattering 
cell; it has a 1" focal length and a diameter of 1". This 
lens takes a f/1.0 cone of light and projects it parallel 
to the optical axis as a 1" O.D. cylinder. The monochro
mator intercepts the light in the front slit of the Bausch
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and Lomb High Intensity monochromator. No condenser lens
was used. The monochromator has a reciprocal dispersion
of 76 A/mm, Its main feature is the large throughput of
light possible with this instrument. At the blaze angle
of 3000 % the efficiency of the monochromator is 40% with
a U.V.-visible grating of 1200 lines/mm designed to operate 

• o ofrom 8000 A to 2000 A. The entrance optics of the monochro
mator are f/2.5 and the exit f/3,5 and uncollimated.

The advantages of the grating monochromator over 
band pass filters in the wavelength region of 2000 A to 
3500 A are high efficiency, freedom from fluorescence 
that many dyes display, and convenient selection of the 
wavelength of light.

A trade off between intensity and spectral resolution
has to be made with any optical instrument. This has li-

omited the spectral resolution to 20 A for all of this work.
Other monochrometers are available for use on the experi-

oment, one a 1/4 meter Jarrell-Ash with 33 A/mm, the other 
a 16 A/mm 1/2 meter Jarrell-Ash. Both are fine instruments, 
but the low current to the scattering cell has so far limi
ted any use of them.

The photomultiplier tube (PMT) is an RCA type C31034A- 
02 with a Galleum Arsenide photocathode. This tube must 
be cooled to -20° C to reduce the noise generated by the
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photocathode when it is at room temperature. The PMT has
o oa wavelength response of 2200 A to 8000 A. The extended 

red response is due entirely to the cathode and the short 
wavelength response to the U.V. grade front window of the 
PMT. The time jitter associated with a PMT is due mainly 
to transit time differences as the group of electrons 
travel down the dynode chain. Also variations in pulse 
height contribute to uncertainties in timing pickoff 
electronics which trip at a certain voltage level. PM 
tubes also exhibit timing changes with wavelength and timing 
distortion when high background light levels are present.^9 

The particular PMT in use presently is rated at 1460 
volts for a gain of 10® and 10 noise counts per second at 
a cathode temperature of -30 C. The noise count rate is 
very important since it sets the signal/noise ratio in a 
counting experiment for a given counting time. The main 
noise' source in a counting experiment is the PMT, since 
electronic noise can be electrically discriminated against. 
It is not possible, however, to discriminate against dark 
counts that originate in the PMT, especially those from the 
photocathode, since they have nearly the same amplitude 
as the ones produced by light signals on the cathode. The 
rise time of pulses from the PMT is 2.5 nsec (10% to 90%).
A device shuch as a PMT must be considered a wide band very
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high gain detector not only wide band in wavelength of 
light but also in the output s i g n a l . T h u s  all signal 
leads from the PMT must be well shielded coaxial transmis
sion lines terminated on both ends. Amplifiers must be 
placed as close as possible to the detector (at least the 
first preamplifier), These amplifiers must be wide band 
impedance matched pulse amplifiers well shielded so as not 
to radiate spurious emissions back into the PMT circuitry. 
Finally the PMT must be well shielded from stray light, 
electrostatic and magnetic fields, and R.F. fields. Cri
teria for RFI/EMI shielding are given by METEX.52

The PMT is installed in a Products for Reserch cooler.
This cooler, in addition to cathode cooling, provides mag
netic shielding, R.F. shielding, shielding from moisture 
(it is hermetically sealed), and stray light. The magnetic 
shielding was checked with a Rawson-Lush^^ rotating, coil 
gauss meter. This instrument utilized a synchronously de
tected signal from a rotating coil, the rotation of which 
is phase locked to the detector. The attenuation of the 
earth's magnetic field provided by the magnetic shield in 
the PMT holder was greater than 100.

Signals from the PMT leave the holder by a BNC con
nector. The signals are terminated at the BNC with a co
axial 50 ohm terminator. These signals at this point have 
a rise time of approximately 2.5 nsec and an amplitude of
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-5 to -10 millivolts,. A 4 "  long piece of RG58 A/U foam 
coax connects the PMT to an Avantek^^ preamp which has a 
3 decibel bandwidth of 1 MHz to 1.5 GHz, This amplifier 
is A,C, coupled and has excellent frequency response with 
a 30 decibel gain. Since it is A.C, coupled, care must be 
taken’that high count rates do not cause D.C, base line 
shifts, since this amplifier is designed for microwave C.W, 
service and has no base line restoration, as do many nuclear 
instrumentation type amplifiers. D.C. base line shifts 
must be avoided, since they will cause an effective change 
in the discriminator level setting. Even constant fraction 
type discriminators will be affected, because the shifts 
are D.C, in nature and cannot be detected by constant frac
tion mode circuitry,

Exposure of the PMT to room lights tends to cause high 
dark count rates when the' tube is returned to the dark and 
turned on. This extra dark noise is due to fluorescence 
of the glass envelope. Sunlight and fluorescent lights 
are expecially efficient in causing this phenomenon.
Exposure of the tube only to a photographer's darklight 
will avoid the fluorescence in the glass due to the low 
levels of U.V. light from this type light. Of course, the 
PMT should never be operated when exposed to room light 
levels (C31034A-02 maximum anode current 100 nanoamp),
The tube will be destroyed rapidly if this maximum anode
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current is exceeded. Extended red response cathodes will, 
in addition, lose some of their red sensitivity after pro
longed exposure to high levels of light in the red. region 
of the spectrum. Some of the sensitivity returns after a 
time when the tube is stored in the dark with no voltage 
applied.

G. Fast Timing Electronics 
Optical Emission Functions;

Refer to Fig. 2-10 for the schematic for recording 
optical emission functions.

The high efficiency U.V. visible monochromator picks 
out a band of wavelengths to be detected by the PMT. Fast 
negative pulses from the PMT are amplified by two amplifiers 
and the polarity of the pulses is reversed by a Vari-L wide 
band pulse transformer.55 The constant fraction discrimin
ator generates a fast negative -0.5 volt timing pulse when 
the input pulse reaches 60% of its full amplitude. This 
pulse is the stop pulse for the ORTEC Time Amplitude Con
verters 467 (TAG) after being delayed a variable amount by 
a gate and delay generator.

The start pulses are generated by the trigger output 
of the Tektronix.PG-502 puiser. The PG-502 is D.C. isola
ted from earth ground by means of a mains isolation trans
former, a wide band pulse transformer, and low pass filters
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on the A.C. mains to the puiser. A timing processing chain 
of timing filter, amplifier, constant fraction discriminator 
similar to the stop channel provides the start pulse to the 
TAG.

The photon signals are time sorted according to the 
upper and lower level discriminator settings on the single 
channel analyzer integral with each TAG. Time regions of 
interest are as follows: the delayed region long after cut
off of the electron gun, the prompt region just as the 
electron gun turns off, and total photon signal which is 
the entire range of the TAG. The delayed region emphasizes 
excitation processes with long lifetimes (>200 nsec), while 
the prompt region emphasizes mainly processes with short 
(<100 nsec) decay constants which consequently build up ex
cited states faster than processes in the delayed region.

Each time the interface generates a channel advance 
pulse the computer locks all scalers and stops the experi
ment by locking the gated master clock out. The computer 
reads each scaler, stores the result in memory, zeroes the 
scalers, advances the digital ramp one channel and restarts 
the experiment by turning on the Gated Master Glosk. The 
data collection is halted at the end of a preselected number 
of channels. Up to six scalers are available for recording 
data with the ultimate capability of the interface to handle 
16 scalers.
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The computer may also be gated by the add/subtract 
signal to alternately add and subtract the signals in the 
scalers. At the same time, a variable amplitude modulation 
is applied to the RPD and thus modulates the electron 
beam. Thus, the RPD monochromator is utilized to generate 
a synchronously detected signal that is stored in a scaler.

Lifetime Spectra:
In order to record time spectra, to measure excited 

state lifetimes, MCA (multichannel analyzers) are connected 
to the time amplitude converter (TAG) or TPHC (time to pulse 
height converter) (see Fig. 2-11). The MCA are set to 
record in the pulse height mode. The energy of the elec
trons in the scattering cell is fixed at some appropriate 
energy and time spectra collected. If two MCA are availa
ble, one is connected to TAG with a time scale xlO of the 
other. The purpose of this step is twofold. The short 
time scale spectra gives a record of the electron gun cut
off, while the longer time scale data allows observation of 
much slower collisional excitation processes that may be 
taking place. Fig. 2-11 shows a schematic of only the TAG 
and MCA, as all other instruments are the same as when 
emission functions are collected except that the digital 
ramp, computer and its interface are not in the circuit.
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H. Magnetic Shielding
The entire electron gun, gas cell and Faraday cup are 

surrounded by a magnetic shield. The attenuation of the 
earth's magnetic field provided by this shield is a factor 
of 150 measured by a Rawson-Lush rotating coil gauss meter. 
The shield is made of 0.10 thick molypermalloy and has been 
commercially hydrogen fired to give the shield its excellent 
magnet properties. The shield is a cylinder 18" long by 6” 
in outside diameter. It has two tightly fitting end caps 
by which it is mounted to the electron gun mounts. Holes 
are punched in one end cap to permit wires, cables and gas 
plumbing to exit. Holes along the O.D. of the cylinder per
mit light to exit along the optical axis. Provision has 
been made to look through the scattering cell along the 
optical axis through another hole in the side opposite the 
photon exit hole. The entire shield is degaussed with a 
degaussing coil each time the experiment is reassembled.
The magnetic shield may be cleaned by mild detergent solution 
followed by several distilled water rinses and acetone rinses.

The shield must be protected from sharp blows, drop
ping and rough handling since these will tend to magnetize 
it. During any machining process, steps should be taken 
to keep the shield material cool as heating and work harden
ing will destroy the shielding properties of the material.
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I, Gas Handling System 
The gas handling system is constructed of all stain

less steel, it consists of a high vacuum system and a high 
pressure system. Refer to Fig, 2-12 for a schematic diagram 
of the apparatus. The high vacuum system is bakeable and 
capable of reaching pressures of 10“® Torr upon initial 
pumpdown. The high vacuum system is all stainless steel 
and bakeable to 150 C, The temperature is limited by Viton 
"0" rings in the Varian UHV valves. The high vacuum system 
consists of 2" O.D. stainless steel tubing and tees connected 
by 2-3/4" confiât flanges (Varian). The system is pumped 
by means of a Varian 2" oil diffusion pump which is trapped 
from the main system by a liquid nitrogen cooled trap made 
by Granville Phillips to reduce the backstreaming of diffu
sion pump oil. ■ The oil diffusion pump is backed by a 1397 
Welch foreline pump. The foreline has an activated alumina 
trap to reduce fore pump oil contamination of the diffusion 
pump oil.

A triode ion gauge allows measurement of low pressures 
10”  ̂to 10“7 Torr. The ion gauge is also used for leak de
tection by means of acetone or alcohol sprayed on the out
side of the vacuum system at the location of suspected 
leaks.
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FIGURE 2-12 GAS HANDLING SYSTEM
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A General Electric mass spectrograph is used to pin
point small leaks by tuning it to the He peak and spraying 
He on the surface of the vacuum system by a small tube.
The variable leak (Granville Phillips) allows small amounts 
of He to be leaked into the system in order to allow pre
cise adjustment of the mass spectrograph on the He peak.

The high pressure system is designed to operate from 
5 to 200 psi. The pressure is supplied by a stainless steel 
high purity Matheson regulator (3500-580) with a teflon 
diaphragm which is connected to a supply tank at 1800 psi 
of high purity gas. In the case of CO, the supply tank is 
made of aluminum to avoid the formation of iron carbonyls 
which readily form at pressures above 500 psi.^G All valves 
in the high pressure region are welded bellows valves. Fit
tings are Swagelock type 316 stainless steel. Tubing used 
in the high pressure system is stainless steel type 304 
seamless 1/2" O.D, tubing except for a 10" piece of 1/4"
O.D. copper tubing which is formed into a 5" O.D, coil for 
strain relief.

The cold trap is formed by a 3' long section on 1/2" 
O.D, stainless steel tubing mandrel bent in a "U". shape.
The cold bath is methyl alcohol chilled to -90 C by a freon 
cold finger and held in a 4 liter dewar. The freon cooler 
is capable of cooling to a temperature of -90 C and is a 
cascaded freon compressor machine. The cold trap removes
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condensable materials, including any carbonyls that may be 
present. The cascaded cooler must only be operated with 
the cold finger in the alcohol bath to avoid damage to the 
freon compressors.

The fore line trap can be baked out at a temperature 
up to 120 C, but the temperature is limited by a viton O- 
ring in the body of the trap. After baking for 1-2 days, 
the fore line trap is cooled and ready for service. Initial 
pumpdown to 10“  ̂Torr takes approximately 1-2 hours after 
the system has been open to air. The system is leak checked 
with acetone and the triode ionization gauge or the mass 
spectrograph each time the high pressure system has been 
opened or at more frequent intervals, if deemed appropriate.
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FIGURE 2-13
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CHAPTER III 
THEORY

This section presents the solutions to the rate equa
tions that govern the population densities of the states 
under study. The population of the (v"=0) level (refer
to partial energy level diagram Fig, 3-1) under electron 
impact is determined by the electron impact across section 
for excitation to the b̂ Z"*" state as well as by any cascades 
from higher levels and by perturbations by near lying high 
vibrational levels of the a'3z+ l e v e l . 59-63 theory
will be set up in a general way and later applied to the 
measurement of the lifetime of the b^Z^ (v^=0) level of CO.

If a beam of electrons is directed into a region con
taining ground state molecules, some of the molecules will 
be excited to higher energy levels. The population of the 
Kth level in Fig. 3-2 is monitored optically by observing 
light emitted when the molecule makes the transition K+L. 
Level L can be the ground state or another level of the 
molecule.

The population of the J and K levels is governed by 
the equation

67
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dNj
2^  = (rate of population of J level) - (rate of

depopulation of J level) (3-1)
In expanded form Eq. (3-1) becomes
dNj 
dt “

dNR
dt “ ^ ^JK^K (3-2)
where
n - density of ground state molecules mol/cm^
Qj - cross section for excitation of level J, cm^
Qĵ  - cross section for excitation of level K, crâ
Iq - electron beam particle current, electrons/sec
Aĵ  - total transition probability of level K, sec”^
Aj - total transition probability of level J, sec“^
N|ç - number density of molecules in K level per length of

the scattering region, molecules/cm
Nj - number density of molecules in J level per length of

the scattering region, molecules/cm
Ajjç - Einstien transition probability for dipole transitions

from state J to state K, sec“^
A, = E A„t-; A t reciprocal lifetime of level J.
^ K<J

The effects of collisions can be taken into account by assum
ing that the effect of collisions are described by the Stern- 
Volmer e q u a t i o n ^ w h i c h  gives the effective reciprocal 
lifetime at some pressure P as
Xj(p) = Aj + KjP. (3-3)
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K - the collisional quenching coefficient of the level J J
for the gas at pressure p in units of sec'^/mTorr 

Kj describes the increase in the total effective transition 
probability, Xj, due to collisions. A plot of Xj(p) vs. p 
extrapolated to p=0 gives Aj (which includes any effects 
of diffusion).65 Extending pressure effects to the trans
fer of excitation, we can write

^JK ^JK KjxP (3-4)

where

Ajĵ  - the Einstien transition probability for (J-̂-K) a 
dipole transition, sec”^

Kjjç - collisional excitation transfer coefficient, sec“^/ 
mTorr 

p “ pressure, mTorr
Incorporating this pressure dependence Eq. (3-2) can be
written65
dN
ar= nOjiQ -

dNR
dt ~ ” ^R(P)N% + ^jj^(P)Nj(t) « (3-5)

At equilibrium for times long compared to any life
time involved, has saturated so that the rate of gain 
and loss are equal.
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dN dN_
3 5 - = °  d t " = °  f o r t H . »

N° = ^Qr ^o + Aj%Nj jjO =  ̂ (3_6)
TjJ J

The solution to Eq. (3-5) during the time when the electron 
beam is "on" is given by the following:

N„(t) =   (1 - + {Nr - ^JK^J } (1 - e“^K^)

Nj(t) = Nj(l - e-Ajt) . (3-7)

The above equation assumes that the electron beam is 
turned "on" at time zero and instantly reaches its full cur
rent Iq . This equation describes the build up of the popu
lation in the J and K state and finally the reaching of
equilibrium values for the t>>X”  ̂and t>>X”  ̂when the values 
of Nr and Nj become the following:

Nj(t) = Nj for t >> 1/Xj 
and
t >> 1/^R

N%(t) = N^ for t >> 1/Xj
and
t >> 1/Xr •
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If the electron beam is turned off at some time and 
instantly goes to I(t) = 0/ the rate equation for the
process is

The solution for these equations after the beam is turned 
off at time t=0 are

Nj(t) = Nj

N (t) = e + {N° -   } e . (3-9)K • (Xĵ -Xj) K (AK-Aj)

The number of. molecules in level K which make a transition 
to level L per second with the emission of a photon is;

Thus, if light of wavelength corresponding to the 
transition K -»■ L is monitored, the fluorescence decay will 
be the sum of two exponentials. If Xj and Xĵ are suffi
ciently different (say, a factor of two), then the fluores
cence decay curve can be analyzed and the two exponentials 
can be deconvoluted from the data. The analysis will give 
the amplitude and decay constants of each exponential.
Thus, the lifetimes and quenching coefficients of the level 
being monitored and the cascade components can be determined,
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And if sufficient information is at hand concerning the 
states from which the cascades originate, i.e. the cross 
section, then the excitation transfer and the collisional 
excitation transfer coefficients Ajĵ  and Kjĵ  can be deter
mined.

•For the more general case of two cascades components 
feeding the Kth state, the rate equations for the energy 
levels in Fig. 3-3 are given below. This type of analysis 
has been extensively covered by C o p e l a n d , 66 paske^^ and
Fowler.

This is the case for the b^Z^ (v=0) level where two 
long lived cascade components feed the b^Z+ state. The 
rate equations for the population of levels I, J and K are 
given below.

dN,
at" +

dN,
dt" + ^jNj = nOjlQ + %IjNj(t) (3-10)

dNj,
dt"

For an excitation pulse width long compared to the charac
teristic times of the processes involved, the levels I, J,
K assume their equilibrium values as follows:
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N« = 2 V o  
I  A j

N® = nOjIp+AijNi 
J  A-r

^0 ^ nQ^Ip+Xj^Ng+Aj^N;
K  Ajç

The solutions to the set of coupled differential 
equations (3-10) is given below following the work of Cope
land.

N^ft) = N°

and finally for level K which is the population that will 
be monitored,

N„(t) = N° { /iK - ^JK^IJ } e ^
(Ak“ Aj ) ( ^ R - A j ) ( A j - A j )

• ' w  - 

. I.! - "Ŝ JV • >! - >!
W W "
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It can be seen that the analysis of the amplitudes 
for N is very complicated. Some of the difficulty is 
handled by considering ratios of the amplitudes of the ex
ponentials. In that case, the pressure, electron gun 
current, time of data run and detector efficiencies cancel 
out as well as other experimental parameters (see Methods 
section). In most cases, in order to make the expression 
for N (t) tractable, it is necessary to find regions where 
one amplitude is nearly zero and thus negligible compared 
to the other decay components. This is the route taken in 
later chapters where one of the exponential amplitudes is 
negligible when the electron gun energy is chosen near the 
threshold for electron impact excitation of b^Z^ (v‘*=0) .



CHAPTER IV 
EXPERIMENTAL PROCEDURE

A. Tuning of the Electron Gun 
The tuning of the electron gun proceeds in two parts. 

First, the tuning of the electron monochromator (including 
the cathode. Pierce and anode elements, elements 2,3 and 4) 
and second, the adjustment of the output optics, elements 
5, 6 and 7, to focus the beam into the desired region either 
the scattering cell or the Faraday Cup. A phase sensitive 
detector (PAR) is connected to the Faraday cup and set to 
detect the 50 Hz modulation of the electron beam produced 
when a 0.1 V peak to peak square wave modulation is applied 
to the 3000 or RPD element. (See RPD principle section C). 
The choice of anode voltage is within limits arbitrary, A 
voltage between 50 and 110 V works well. If more beam cur
rent is needed then the anode voltage can be increased up 
to 200 V. It has been found that the higher anode voltages 
require larger negative voltages on the Pierce element to 
maximize the Faraday cup or scattering cell current. Along 
with the higher anode voltages, there was an apparent de
crease in the energy resolution noted in those optical 
emission functions (those taken without the RPD operating,

78
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i.e. the low energy resolution mode) taken with the gun 
tuned with high (200 V) anode voltage compared to the low 
anode voltage mode (50V). Although no exhaustive study of 
this effect has been made, it has been estimated that the 
resolution changes from 240 meV to 400 meV when the anode 
voltage is increased from 50 to 200 V. The cause of this 
may be the need of increasing the Pierce element voltage 
as the anode voltage is increased in order to maximize the 
current in the interaction region. This effect has been 
discussed by Sutcliffe.48 The Pierce element voltage is 
adjusted to produce a D.C. current at the scattering cell 
which is set between 10 and 20 V (all voltages are measured 
with respect to the cathode unless otherwise specified).
The cathode current should not rise above 200-300 microamps 
in this last adjustment.

Next, the D.C. voltage on the RPD is set between 1.7 
and 3.9 V, while VgQQQ and V^qqq are both set to the same 
voltage between 20 and 100 V. The elements 5, 6, 7 are set 
to 50 V, 100 V and 15 V respectively, and is set as
discussed above. A D.C. current should now be detected at 
the scattering cell. The voltages on all the elements ex
cept the RPD are set to maximize the current on the scat
tering cell, IgQ* The PAR is set on its most sensitive 
scale while V ^ ^  is adjusted until the PAR detects a signal 
(PAR adjusted according to manufacturer's instructions).
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Since the time constant of the PAR is about 1 sec, this 
adjustment must be made slowly to avoid missing the peak 
PAR signal.

Once the signal is detected on the PAR by any combina
tion of lens voltages similar to those above, tuning of the 
gun proceeds routinely. The Pierce and RPD voltages are set 
to maximize the PAR signal and the voltages on the 5, 6, 7 
elements are adjusted to maximize the PAR signals. A modifi
cation of the gun including connecting a 50 ohm terminating 
resistor and coax to the 7 element effectively connected the 
scattering cell to the 7 element and fixed the 7 element 
voltage. Various combinations voltages on the 2 and 4 ele
ments may now be sudied to determine the voltage that gives 
the best resolution and lens transmission function as the 
beam energy is varied. This is judged by examining electron 
transmission spectra with'and without gas in the scattering 
cell. By scanning the scattering cell voltage through re
gions containing resonances of known energy and width, the 
performance of the gun may be determined. The measured 
width of known resonances may be compared to the width 
determined by high resolution differential cross section 
measurements. The desired result of the tuning procedure 
is a large throughput of the electron optics in the energy 
interval of interest along with a resolution sufficient to 
resolve any structure to be studied. The 5, 6, 7 elements
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may be adjusted to focus the beam in the scattering cell or 
into the Faraday Cup after the above adjustments have been 
made without upsetting the operation of the RPD monochromator, 
The location of the focus is determined by the type of experi
ment performed, e.g. either optical emission function or 
transmitted electron measurements.

B. Adjustment of the Optical Detection System 
and the Timing Electronics.

Optical Alignment;'
Initial optical alignment was accomplished before 

assembling the vacuum system by shining a small beam of 
light through the scattering cell aperture. The monochro
mator slits were opened to 1 mm and the optics adjusted 
until the light fell on the axis of the PMT holder. Fine 
adjustment is performed after the vacuum system is assembled 
and the electron beam turned on. The fine adjustment in
cludes the focusing of the optical system aligning the axis 
of the optical system to go through the center of the scat
tering cell, setting the slit of the monochromator so that 
it is parallel to the electron beam and focusing of the 
light from the quartz condensing lens so it falls onto the 
monochromator entrance slit. After the above adjustments 
have been made, the PMT is rotated in its holder to maximize 
the photon rate. Finally, the slits are closed down to the 
desired resolution, and a final check of the alignment is 
made.
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The optical system design for this light scattering 
system follows the suggestions of Gilbert.
Monochromator Adjustment:

After wavelength calibration and sine bar adjustments 
are made using a Hg source, the monochromator is mounted onto 
the optical bench (following manufacturer's directions). The 
optical monochromator is adjusted by the following procedure. 
With the electron beam set to an appropriate energy, a scan 
of the wavelength interval of interest is made. By comparing 
the position of known lines with the wavelength reading at 
which they appear, the calibration of the monochromator wave
length dial may be checked. The proper slit size is determined 
by the optical resolution desired. The reciprocal dispersion 
of the monochromator times the exit slit width gives the wave
length spacing at which two lines will just be resolved. The 
front slit is chosen for optimum intensity for a given mono
chromator, This assumes that the light source is properly 
focused on the monochromator with the condensing lens matching 
the f-number of the monochromator and the entrance slit filled 
with light.

All lifetime measurements of the b̂ £'*'(v'=0) state were 
made with a 0,25 mm exit slit and a 0,75 mm entrance slit on 
the Bausch and Lomb high intensity monochromator, A 0,50 mm 
entrance is the optimum slit for a 0,25 mm exit slit, but it 
did not give a high enough signal intensity.
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Photomultiplier Tube (PMT) Installation and Cooling:
The PMT housing and tube base is placed in an evacuated 

bell jar and held at 100 microns for 24 hours before instal
ling the PMT to remove any trace of water. All surfaces of 
the tube base are cleaned with reagent grade acetone and 
blown dry before installing the tube. The RCA C31034A02 PMT, 
which is to be handled in total darkness at all times, is 
wrapped with black insulation tape at the factory. The tape 
is not to be removed nor should any device which exerts 
pressure on the tube except for the tube base be utilized to 
hold the tube in place in the PMT cooler housing. The PMT 
is pushed straight into the tube base (in total darkness) 
with gloved hands and installed in the cooler after the air 
is purged from the interior for at least 10 seconds by dry 
nitrogen. The quartz window and lens set that matches the 
monochromator to be used is installed in the cooler, and the 
cooler is turned on. After about two hours of cooling the 
PMT cathode is cooled to the selected temperature.

Initial Powering of PMT:
After the housing is securely attached to the mono

chromator and any possible sources of light leaks are co
vered by Apiezon Q, an electrometer set on the 100 nanoamp 
scale is connected to the anode of the PMT and voltage is 
applied to the PMT in 100 volt steps. Each time the voltage
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is increased/ the electrometer is checked to insure that 
the maximum 100 nanoamp, averaged over any 30 second time 
period, is not exceeded.^0 If the current is low enough, 
the voltage to the PMT may be incremented by the next 100 V, 
In the case of excessive anode current, the voltage must be 
immediately decreased until the anode current is less than 
100 nanoamp or until the voltage is turned off. Initially, 
the PMT voltage is increased up to that voltage specified 
on the tube specification sheet supplied by the manufacturer 
when the tube is purchased. By choosing the rated voltage, 
the dark current and PMT gain will be known and any excess 
counts may be attributed to amplifier noise, light leaks, 
or electrical discharge on the tube base. The PMT anode 
pulses are next examined by connecting the PMT to a fast 
(300 MHz band width) oscilloscope using a terminated 50 ohm 
coax. The light level can be increased slightly by un
covering the monochromator front slit to make viewing on 
the scope trace easier as long as the maximum anode current 
of 100 nanoamps is not exceeded. The anode pulses will be 
negative, going with rise and fall times of approximately
2.5 nanosec and an amplitude of -5 to -10 millivolts. The 
presence of larger amplitude signals with widths much larger 
than 5 nsec will indicate the presence of discharges around 
the resistor chain or tube base. Continued cooling of the 
PMT with voltage applied for 10-30 hours will sometimes re
move water from the base. The water is pumped to the colder
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surfaces of the PMT cooler from warm region around the dynode 
resistor chain and the tube base. Extremely large discharges 
around the PMT must be eliminated right away, since the light 
from these discharges may easily overcurrent the last dynode 
stages and anode of the PMT, resulting in serious if not per
manent damage.

Light leaks are detected by covering the front slit and 
noting any decrease in dark count rate as the room lights 
are turned off. Light leaks are eliminated by taping, cover
ing with Apiezon Q, installing baffles, covers or sheet metal 
housings. When the dark count rate reaches the rate speci
fied by the manufacturer at the operating temperature of the 
PMT cathode, adjustment of the amplifiers and discriminators 
is performed. After exposure to room light during installa
tion, the dark counts of the PMT will slowly decrease while 
the tube is in operation for the next 1 to 3 days. The tube 
should never be exposed to room level lights while power is 
applied to the dynode resistor chain.

A constant light signal-from the scattering cell is 
used for checking the signal to noise ratio of the photon 
channel. By varying the PMT voltage, amplifier gain, and 
discriminator setting, the signal/dark count rate is maxi
mized. Generally, the best operating point is found by 
using a higher than normal voltage on the PMT to increase 
its gain within the maximum allowable PMT cathode to anode 
voltage and installing a low noise wide band preamp on the
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output of the PMT, It was found that the C31034A02 per
formed best with 1660 V into a low noise preamp^^ with the 
discriminator set as low as possible. The coax used in 
this channel is RG-58 with polyethylene foam dielectric for 
low loss. A PMT anode pulse height spectrum was used to 
adjust the discriminator levels. This spectrum shows that 
the electronic noise occurs at low pulse height level and 
may be easily discriminated against. The total number of 
counts in the spectrum minus the noise will indicate the 
signal rate that should be observed on a rate meter con
nected to the photon channel. Adjustment of the Constant 
Fraction Discriminator is made until the proper signal rate 
is reached, that is, the rate where the noise is excluded.

For pulses with constant amplitude, leading edge timing 
may be used and will give good results. However, PMT anode 
pulses have various pulse heights, and constant fraction 
timing will give less timing jitter than leading edge 
timing.70 In the case where pulses with slow rise times 
are present with the anode pulses, slow rise time reject 
will discriminate against these pulses. Pulses with slow 
rise time leading edges may be caused by electrical dis
charges on and around the dynode chain

The TAC time range is selected along with the repeti
tion rate and waveform to observe the desired time region.
The single channel analyzers in each TAC select counts that
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occur in a selected time region and inhibit the counting 
of others outside this selected time interval,

C. RPD Principle 
The RPD is a high resolution electron energy analyzing 

device that operates by applying a low frequency modulation 
to a retarding e l e m e n t . 58 The retarding element is a 
grid which is perpendicular to the electron beam and is in
stalled in the center element (the RPD element) of an Einzel 
lens which makes up the RPD monochromator. The RPD mono
chromator selects a small slice of the thermal electron dis
tribution that is emitted by the cathode. This slice of the 
energy distribution selected by the RPD allows detection of 
signals that are due to electrons whose energy falls in the 
selected energy interval. However, those electrons with 
energies higher than the selected interval are still allowed 
to pass the RPD monochromator and enter the scattering cell. 
The RPD technique only allows one to electronically select 
the high resolution signal.

To aid in tuning this important element of the gun, a 
brief analytical description of the RPD is given below.

Referring to Fig. 4-1, assume that the low frequency is 
applied such that the RPD is at retarding voltage, Vj, then 
all electrons with energy less than = eV^ are stopped and 
those with energy greater than E^ are transmitted through the 
RPD grid. Now let the applied modulating signal change so 
that a voltage, V2/ is applied to the RPD.
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Electrons whose energy is lower than Eg = evg are repelled 
by the RPD, and those with energy greater than E2 are trans
mitted by the RPD, If the detection electronics are set up 
to alternately add and subtract synchronously with the low 
frequency modulation, the difference signal thus detected 
is due only to electrons in the selected energy interval 
from E^ to Eg. This subtraction is done by analog and di
gital circuits.

In the present experiment, the subtraction for the 
Faraday Cup signal is by analog circuits in a phase sensi
tive amplifier. The subtraction process for the photon 
channel is done by synchronously gating up/down counters in 
the digital scalers to alternately add and then subtract 
the photon signal.

The fraction, p(e)de, of molecules in an ideal gas that 
have an energy e to e+de is given by a Maxwell-Boltzmann dis-
tributionl3'14

p(e)de = g-c/KT ^  (4-1)
Boltzmann's constant k = 8,6529x10'"^ electron volt/K 
absolute temperature T, Kelvin 

It was shown by Richardson that electrons that are emitted 
from a hot metal surface also have a Maxwellian velocity 
d i s t r i b u t i o n . 72 Assuming the reflection at the surface 
of the metal of the electrons to be negligible p(e) for emit
ted electrons, it takes the form
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p(e)d = A(T) exp(-e/KT) /T de (4-2)

where A(T) is a function of the condition of the metal sur
face and work function of the metal, and

p ( e ) d e  =  1 ,

An example of this function is shown in Fig, 4-2 for T =
1700, K. If a retarding voltage is applied to the RPD ele
ment, the fraction of electrons that will overcome the re
tarding voltage is given by (Fig. 4-lA)

R(V, ) = A(T) r *  /Ë e%p(-e/KT) de (4-3)

where the energy e^ at v^ is e^ = +eV and the potentials 
are measured with respect to the surface of the cathode 
from which the electron was emitted.

The form of this curve (Fig. 4-lb) is easy to determine 
at V = 0 (i.e., R(vĵ ) = 1), the slope is zero. All the 
electrons pass the RPD. At large retarding potentials, no 
electrons pass the RPD and R(v^) = 0. At the peak of p(e) 
(Fig. 4-la) the integrated curve has an inflection point.
See Golden and Bandel?^ for an experimentally determined set 
of these curves for momentum selected electron distributions.

If the voltage is now modulated (i.e., alternately 
set at Vĵ  and Vg) with a square wave voltage (Fig. 4-lc) of
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amplitude V = - Vg, and its D.C. value with respect to
the cathode surface is set at V, the RPD element may be 
tuned by varying V and noting the difference current de
tected (Fig. 4-1).

When the RPD voltage is set at the fraction of the 
current that crosses the RPD is RCV̂ )̂ and at the frac
tion is RfVg). If the difference current in the Faraday 
cup is detected by a phase sensitive amplifier, it will 
detect a signal that is proportional to the difference 
R(V^) - RfVg) which is represented in Fig. 4-lb by the 
crosshatched area. The tuning of the RPD is accomplished 
by changing the voltage V until the detected signal reaches 
a maximum. By referring to the graph of RfV^), it is seen
that the shaded area will be the largest when = 0. When
the RPD is tuned as described above, the electrons cross 
the RPD with the same energy distribution as they had when 
they were emitted from the hot cathode surface. Thus, the 
RPD grid operates as a virtual cathode. This above argu
ment neglects lens effects, loss of electrons from the beam 
due to collection on the electron gun surfaces and electro
static field penetration into the region of the RPD.
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D. Decay of Electron Beam
The electron gun must be tuned such that the electron 

beam will turn off as rapidly as possible. The decay of the 
electron beam is an important parameter in lifetime measure
ments, since it can bias lifetime results if not properly 
accounted for. When attempting to measure lifetimes whose 
decay constants are nearly equal to the decay constant of 
the electron gun, multiexponential deconvolution of the de
tected signal becomes very difficult. To stress this point, 
the contribution to the detected signal of the electron gun 
after cutoff is discussed below.

Let the decay of the electron beam after the electronics 
start turning the beam off be described by I = where
T = decay constant of beam, Iq = steady state current of 
beam (electron/sec) and cutoff of the beam begins at time 
t = 0 sec.GB Consider some excited state J which decays to 
K and lower states. The rate equation describing the popu
lation of the Jth state is given by

dNj/dt = (rate of molecules into level J) - (rate
of molecules out of level J) (4-4)

dNj/dt = I(t)Qjn - (4-5)

I(t) - electron beam current, electrons/sec
Q_ - cross section for excitation of the Jth level, cm^

V



95

n - density of ground state molecules, molecules/cm^
Aj - Einstein A coefficient for spontaneous emission from

the J level to all lower allowed levels, (sec“ )̂ (also 
called the reciprocal lifetime)

Nj - number of molecules in Jth level per cm of beam length.

Substitute I = IgeT^/? into Eq. (4-5) (4-6)

dN
ar- + AjNj = AjnlQe-tA , (4-7)

The solution to (4-7) is given by

rt/T + Ce-AjtN,(t) = (Aj-i) e •+Ce"j^ (4-8)

at t = 0 just before the beam is cut off assume N (t) hasU
reached its equilibrium population or

dN
3 ^ =  " ' "J r - 1= 0 : n 2 = (4-9)

T

where N® is the equilibrium population of the Jth level.U
Evaluate C in Eq. (4-8)

J T

Substitute (4-10) into (4-8) and write in a more compact 
form
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A

'J ^ x' '"J T
N (t) = + N°  e . (4-11)

^  (At - è) ^  (A^ - i)

In the case of a three level system (see Chapter 3), the
number of molecules in the Jth level is given by one Cas
cade Three Level System

1 rt -X t n X n “A t
N_(t) = IJ N e I + {N, - IJ N_}e ^ (4-12)
J fÂ^xp- I J :

where
—  1 EA__ - excitation transfer coefficient (sec" ) A, = A__

U  'J ± < J  J I

transition.probability of level J,
Kjj - collisional excitation transfer coefficient 

(sec"l mTorr"^)
P - pressure (mTorr)
A _ E X Xj - j<i IJ.

and are the equilibrium populations of the I and JI J
levels. Comparing (4-12) to (4-11), it is seen that in the 
case that a transition is free of cascades, the effect of a 
finite decay of the electron beam is to add a feed mechanism 
after cutoff (t=0) that resembles a cascade from a higher 
energy level. If the beam decay time is shorter than the 
lifetime of the J level Xj = 1/Aj then the feed exponential 
has a negative amplitude. This negative amplitude feed ex
ponential has the effect of causing the first few channels 
after cutoff to have a rounded shape rather than a sharp
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corner. See Fig. 4-4 and Fig, 4-5, In Fig, 4-4 a single 
level decay is shown with no feed from the electron gun.
Fig, 4-5 shows rounding at cutoff due to feed from the gun 
of the observed state.

There are several ways to properly account for the 
finite decay of the electron beam. One method is to start 
the analysis several electron beam decay constants (life
times) after the cutoff. Another method used was to add 
another exponential in the fitting function. In the case 
of the b̂ E'*'(v'=0) state, this meant fitting to four expon
entials, There was not any significant difference in the 
decay constants extracted for the b^E'^(v=0) state using the 
two methods.

An attempt was made to directly view the decay of the 
electron beam by placing a ,035" ID aperture on the 7 ele
ment just in front of the scattering cell entrance aperture, 
A 50 ohm vacuum coax was connected to the 7 element and the 
coax terminated at the element by a 50 ohm metal film resis
tor, The terminating resistor had been previously cleaned 
and vacuum baked as described elsewhere. The other end of 
the vacuum coax was connected to a MHV connector on the top 
flange. Observation of the pulse signal from the 7 element 
on a ISl sampling oscilloscope which had a rise time of 350 
psec, showed two things about the signal. The signal was 
swamped with switching noise primarily because the 7 element
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with aperture is not shielded. By a rough estimate, it was 
determined that the fall time of the signal on the 7 element 
(90% to 10% of full amplitude) was 15-25 nsec. This was 3-5 
times longer than the shortest exponential found by computor 
fits to typical data. The probable cause of this lengthened 
fall time of the 7 element signal is the large capacitance 
of the element to nearby elements. The solution for this 
problem would be to hollow out the 7 element in a similar 
manner to the RPD and set the aperture inside but insulated 
from the body of the 7 element. This has not been pursued 
to date, but may be a possible future solution to direct 
viewing of the electron beam cutoff.

Another approach would be to place a moveable silver 
target in the scattering cell inclined 45® to the beam and 
the.optical axis and oriented so that the region of the 
target that the electron beam strikes could be viewed by the 
optical detector. The production of transition radiation?^ 
as the electrons penetrate the metal surface could be used 
to determine the,apparatus response function. This response 
function could be put in the multiexponential fitting function 
in place of the fastest exponential. This would offer the 
advantage of fitting the electron beam decay to the actual 
response function of the apparatus rather than some assumed 
idealized function.
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E. Lifetime Measurements 
Delayed coincidence experiments can suffer from sev

eral kinds of systematic errors in addition to random ex
perimental errors. For an extensive discussion of these 
errors see Corney,^® Imhof and Read,^^ and Kharallah and 
Smith.49

The following sources of error were determined to 
apply to the present experiment, time calibration of the MCA 
time spectra, count rate distortion in the time spectra, 
effect of finite time width of TAG channels, spectral overlap 
in the optical spectra, cascades, finite electron beam decay 
and data analysis.
Time Scale Calibration:

Fluorescence decay curves were accumulated in a multi
channel analyzer (MCA). The channel of the recorded count 
is proportional to time, and the height of the histogram is 
the number of counts detected at that time. The time per 
channel was calibrated before each lifetime measurement by 
an ORTEC 462 time calibrator. The TAG and MCA did not show 
more than one channel drift in 1024 channels during the time 
that the data was collected (60 days) for a full scale of 
5.0 microsec.
Count Rate Distortion:

The probability p(I) of registering an event in channel 
I of the MCA in one on-and-off cycle of the electron gun as
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given by Read and Imhof?? and Egbert?^ p(I) = q{l+(I-l)}p(I), 
since only one photon can be counted per cycle where 
q{l->(I-l)}, is the probability of not registering an event 
in channel 1 to channel (I-l). p(I) is the probability of 
registering an event in the Ith channel, and q and p(I) de
pend on the specific decay curve being measured. Assume that 
q and p are random in nature and not correlated to the start 
pulses. In this case, we can use Poisson statistics to recal
culate the probability, p^, of observing n counts in a time 
At when the average number of counts during t is y where p(n)= 
lî e“^/n! M = RAt, R - average count rate. At - time duration 
of measurement, the probability of zero counts is p(0) = e~^ 
and for one count p(l) = ye the probability of zero counts 
in channels 1 to (I-l)

q(l -> (I-l)} = . (4-12)

Thus, the probability of a count in the Ith channel is

p(I) = ye"U

or, since y = RAt,

p(I) = RAt e'IBAt
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expanding Eq. (4-13) in a Taylors series gives

p(I) = RAt - IR^ (At)2 + ...
( 4 - 1 4 )

Equation (4-14) shows that if RAt >> IR^At^ (4-14) becomes 
p(I) = RAt and the probability of registering a count in 
any channel I is the same and equal to RAt. However, if 
IRAt % 1, then higher order terms in the expansion must be 
included and the probability of registering a count becomes 
a function of the channel. This probability decreases as 
the channel number is larger. In other words, the data is 
biased to shorter times which has the effect of decreasing 
the measured lifetimes.

The distortion of the probability is typical of high 
count rates and large total time periods, T

N
T = Z lAt 

1=1

N number of channels utilized. To insure that this distor
tion is not an important consideration, the inequality

NjRAt «  1 (4-15)
must be satisfied. What is done in practice is to make 
the stop pulse rate two orders of magnitude smaller than the 
start pulse rate.?? These are not severe restrictions in 
the present experiment giving allowable stop rates of 1 kHz 
and 100 Hz for start rates of 100 kHz and 1 kHz respectively.
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The distortion of the time spectra described above is 
due to the use of a measurement technique that only measures 
one event per operating cycle and ignores all those following 
events. The MCA spectra were checked at selected count 
rates for distortion at typical full scale times (NAt) of the 
TAG using random pulses in the stop channel supplied by the 
PMT with the electron gun in the unpulsed mode and start 
pulses at 100 kHz supplied by the puiser. The time spectra 
are free of any obvious distortions from a straight line 
with zero slope on the 5 microsec scale at a stop count rate 
of IkHz (see Fig. 4-6, Dark Count Spectra and a Start Count 
Rate at 100 kHz), and on to 10 microsec scale at a count 
rate of 1.0 kHz (see Fig. 4-7, Dark Count Spectra and a 
Start Count Rate of 100 kHz).
Spectral Overlap:

Spectral overlap due to the finite resolving power of 
the optical monochromator is an important factor in any 
optical measurement. Blended lines can sometimes mis
takenly be interpreted as cascades and spectral overlaps 
can be an important consideration in the study of molecular 
systems where vibrational band systems may overlap each 
other.

Wavelength scans were made in the region of interest 
o2000 to 3500 A to determine if the transitions monitored 

were free of spectral overlap. In addition, a survey of
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the spectroscopic literature Suchard,61 Rosen,Pearse
and Gaydon,G2 Krupenie^^ was undertaken to check for line
blending that the optical monochromator would not resolve,

oThe wavelength spectra were obtained with 20 A resolution 
and electron beam energies of 10-20 eV. See Fig, 4-10 
(wavelength-spectra). For the optical resolution used in 
this work, no spectral overlap was found for the third 
positive system for electron energies up to a few tenths 
of an electron volt above the b^Z* (v"=0) threshold (10,39 
eV) , The b^Z^ ( v ^ = 0 ) ( v " = l )  transition at 2977 A is
nearly overlapped by the b^ ^ (v"=0)-»-â II(v''=l) transition

o oat 2930 A. However, the 2930 A line is expected to be
weak due to the small excitation cross section of the b^Z* 
(v^=l) level. The b^Z^ (v"=0) -»• a^II(v"=0) transition at 
2833 A has an adjacent line at 2799 A, due to the A^II(v^=0)-’ 
X^Z^(v"=22), The lines were resolved in the present case. 
The 3134 A line b̂ Z"*"(v'’=0) -> a^II(v"=2) is overlapped by a 
line at 3138 A Ĉ .Z”*"(v̂ =0) -»■ a^II(v"=2)T However, by keeping 
the electron energy set at the peak of the b̂ Z'*'(v'*=0) exci
tation cross section, the C^Z'^(v'’=0) state will not be 
populated, since its threshold is 0.7 eV above the energy 
at the peak (10,7 eV), In addition, since this is an inter
combination line, it is expected to be weak.

The relative optical excitation function, as well as 
the lifetime of the b^Z'^(v‘'=0) level, were measured by
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studying the 2833 8 (0,0), 3134 ^ (0,2) and 2977 S (0,1) 
lines with electron energy resolution of 0.3 eV, These 
lines suffer from spectral overlap above the 16,5 eV 
threshold of the Â II from the Comet tail bands (A?H -»■ X^Z*) 
of CO'*’ and above the 19.7 eV threshold of the -»• X^Z*).

The Bausch and Lomb high intensity optical monochromator 
used for all b^Z* lifetime measurements had a 0.25 mm exit 
slit. The optimum entrance slit was approximately 0,50 mm, 
but a 0.75 mm slit was used to increase the detected light 
intensity. The optical resolution in this configuration 
is approximately 20 A. Cascades have been avoided as much 
as possible by keeping the electron gun energy near the peak 
of the b^Z’*’(v'=0) cross section at 10.7 eV. It should be 
noted that this is just above its threshold of 10.39 eV,

Analysis of data sets collected on a 0.5 p sec full 
range time scales indicated the existence of weak long lived 
components in the decay of the b"̂ Z (v=0) state, even when 
near threshold excitation was used. This necessitated leng
thening the TAC time range to 5.0 psec in order to provide 
accurate analysis of these long lived components. It also 
required a computer fit to the well known sum of exponen
tials,

n(t) = Djexp(-Xjt) + Djexp(-Xjt) + D%exp(-X%t) + D (4-I6)
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where Xj = + KjP

Aj - transition probability for the Ith level (sec“ )̂
extrapolated to zero and including any diffusion 
effects

Kj - pressure quenching coefficient (sec“^/mTorr)
p - pressure (mTorr)
D - a constant background due to detector and electronic 

noise.
Dj, Dj, are the amplitudes of each exponential and con
tain cross sections and transfer coefficients, as well as 
probabilities of the various levels. The specific form 
depends on the specific decay scheme chosen with which to 
model the system.

No dipole allowed transitions ending on the b^S‘̂(v*=0) 
level have been found in the literature,^2,59-62 although 
at least two cascade components have been observed. In 
addition to fitting cascade components, it is possible to 
find the electron gun cutoff by multiple exponential de- 
convolution if the TAC range is sufficiently short. (See 
Chapter 3 for one level with a feed mechanism.) In this 
way, the cutoff of the electron gun was found to be approx
imately 3 nsec with the 0.040 apertures in the 2 and 4 ele
ments and 5-8 nsec without the apertures. See Figs. 4-8 
and 4-9 for typical data from which the gun cutoff was 
obtained.
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The data in Fig. 4-8 is the b̂ Z'*'(v'=0) a^II(v"=l) 
transition at 2977 R. The best fit to this data was

N(t) = -1429exp(-t/3.55) + 28133 exp(-t/53.78) + 389 (4-17)

where N(t) is the total counts at time t in nanoseconds.
The above fit was made to a record length of 445 channels 
for a channel width of 0.21786 nsec/chan at an energy of 
11.8 eV, The first exponential in Eq, (4-17) corresponds 
to the a gun cutoff with a 3.55 nsec lifetime and the second 
is the prompt decay of the b̂ E'*‘(v=0) level. The lifetime 
here is 53.78 nsec, significantly longer than the lifetimes 
determined on longer time records in this work. The reasons 
for this discrepancy are discussed later in Chapter 5, but 
are related to ignoring long lived components which add to 
the background and distort the shorter lifetimes. This 
effect has been discussed by Carlson et al.9 for the case 
of CO.

The data shown in Fig 4-9 is the c^II(v'=0) -> a^II(v”=0) 
transition at 2295 A. The best fit to the data for a record 
length of 550 channels is represented by the formula 
N9t) = -366 exp(-t/3.25) + 6109 exp(-t/11.57)

(4 -1 8 )
+ 609 exp(-t/93.8) + 1848 

giving a reduced chi square of 1.0295,
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As in Fig 4-8, the 3.25 nsec component is the electron 
gun cutoff. The 11.57 nanosec component is the prompt decay 
of the c^n(v'=0) level and the weak component at 93.8 nano
sec is due to spectral overlap from the Â II -+ bands at
2332, 2311, 2286, 2273 A. The lifetime of the c3n(v=0) 
state has been determined to be 16±2 nsec by Van Sprang et 
al.l By fitting to only one exponential we obtain 13.46 
nsec, which for a single measurement is in reasonable agree
ment with Van Sprang et al. The remainder of the discrepancy 
is probably due to fitting procedures used by Van Sprang 
et al.l and discussed in another section. The gun cutoff 
parameter seems to be well determined by these two measure
ments using different wavelengths and states.

The apertures were removed to provide more beam current 
to study weaker systems. The amplitude of the gun cutoff 
exponential also increased with the apertures removed, as 
expected for the larger beam current.

A computer program, RTLASL, was used to extract life
times and amplitudes from the data.^^f^S The program fit 
the data by the technique of non-linear least squares. The 
usual analysis procedure called for fitting one, two and, if 
needed, three exponentials to improve the fit to the data.
In those cases where the gun cutoff was desired to be examined, 
a fourth exponential was added to the fitting function.
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In all data analysis, the first and last channels included 
in the analysis were varied to ascertain if another compon
ent which has not been identified or accounted for in the 
fitting function was distorting the lifetimes,

F. Quenching Coefficients 
The pressure in the collision region was varied from 

1 to 20 mTorr in order to measure the quenching coefficients. 
The lifetimes were measured at each pressure, while the 
electron energy was set at 10,7 eV, Using the relation 
Xj = Aj+Kjp, a plot of Xj(p) vs. p was made and extrapolated 
to zero pressure. The- slope of the line yields a value for 
Kj, and the intercept is the zero pressure transition proba
bility, which can indlude the effect of d i f f u s i o n ,

The pressure data were fit by the technique of weighted 
linear least squares.®® Cascade components, which have life
times comparable to the diffusion time of the excited molecules 
out of the viewed portion of the collision region, will have 
a substantial distortion to Aj. No correction for long life-

Q ptimes was made for diffusion, but Curtiss et al, have worked 
out the details and established that it is theoretically pos
sible in a number of cases to make this correction with 
excellent results. Another possible approach to the problem 
of diffusion of metastables from the viewed region is to vary 
the extent of this region for the longer lifetimes by suitable



116

arrangement of the optical system. The calculation of the 
geometry of the viewed region is an involved function of 
the light gatering optics and the specific optical mono
chromator geometry which all may vary as a function of the 
wavelength of the light detected. The approach taken has 
been to include all the above effects in the zero pressure 
transition probability. This will have the effect of de
creasing the zero pressure lifetime of the state under study 
and could affect excitation transfer coefficients as well. 
The estimated diffusion time for this apparatus is 5 ysec. 
This was estimated by using thermal velocities of the CO 
molecule and estimating the field of view of the optical 
system to be on the order of 2 mm.

G. Excitation Transfer Rate Coefficients 
Assume a system that has one cascade component (level 

J) feeding another level K. The level K decays via a prompt 
transition K-L and corresponds to the wavelength that is 
monitored. Such a system is shown schematically in Fig. 3-2, 
The transition K-L is monitored with the appropriate wave
length and resolution selected by the monochromatpr and 
associated detectors. The expression for N (t) , the number 
of molecules in the Kth level as a function of time after 
the beam turnoff is given by
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- p ' - V '  , 3 . , ,

where it has been assumed that we can neglect the reverse
transition K+J, since if these reactions were large it is
doubtful that the effect of J-»-K would be seen at all. N®

6 Kand N are defined as follows.U

n O = ^JK^J
K  r  •K

N° =J Aj . (3-6)

The ratio of the amplitudes of the exponentials will 
now be calculated along with the finite channel width cor
rection.
Effect of Finite Channel Width:

Consider a fluorescence decay that consists of one 
cascade of reciprocal lifetime Aj and amplitude Cj with a 
prompt component of reciprocal lifetime A^ and amplitude 
Cĵ . The number of molecules in the K level, as a function
of time after the electron beam is turned off, is

, , -A,t -AytN%(t) = Cje J + Cĵ e K ,
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The photon flux due to molecules that decay from level K 
to L by a dipole allowed transition, emitting a photon of 
wavelength X is

iKL(t) = (4-17)

where is the transition probability for the K,L transi
tion and the signal detected by the optical detector is

S%L(t) = G(X)Aj^j^Nj^(t) (4-18)

where G(X) is the geometric factors and detection efficiency
of the detection system which may be a function of X. If
the time histogram is recorded by a TAG in a MCA with time
channels of width At and the experiment is run for a total
time T, the number of counts recorded in the Ith channel 
is49,67

fiAt+^At
C_(I) = TG(X)Ay, {Cj, exp(-Axt) + C-r exp(-A,t)}dt

JiAt-%At
(4-19)

carrying out the integration
Ck -IAtA% %AtA% -îsAtAjç C _i tA_

C„(I) = TG(MAĵ j_(Ak ®

X _ g-%6tAj,)
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by expanding the exponentials in the parenthesis and keep
ing only terms up to (AAj)^

-A lAt -A„IAt
Cjjd) = TG(l)A%L{At(l+%AtAj)Cje ^ + At (l+̂ jAtAĵ ) ^ }.

If we assume that %AtA <<1 then the expression becomes

C^(I) = TG{X)Aj^j^{AtCj exp(-AjAt) + AtC% exp(-A%IAt)}. (4-20)

In the case where %AtAj<<l, the number of counts in the Ith 
channel is just the count rate at the center of the channel 
multiplied by the channel width and the run time and other 
constants. If AtAj^l, then the amplitudes of the cascades 
are distorted depending on their lifetimes.

Eq. (4-20) represents the data that will be collected 
ignoring the constant background counts for now. Once the . 
time spectra is analyzed, the lifetimes and amplitudes of 
the spectra stored in the MCA and represented by Eq. (4-20) 
will be obtained.

Let
Dk =

D„ - the amplitude of the prompt component and 
K

Dj = TG(X)A^i,itCj.
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If we make several runs at various pressures and calculate 
the ratio of D^(p)/Dj(p) at each pressure, we will obtain 
an experimental curve describing the form of unknowns in 
the equation

Dk (p ) c _̂ (p )
V P )

where C (p) has been written to explicitly show the pres- 
sure dependence of the original amplitudes C%(p) and Cj(p), 
It is useful to note that in taking the ratio, the run time, 
detection efficiency and geometric terms, time width of the 
channels and the transition probability cancels out.
In effect, this ratio is not dependent on the run time or 
detection efficiencies or even the lower transition, L, 
used to monitor the fluorescence

T(p) = C%(p)/Cj(p).
The ratio of the prompt amplitude divided by the delayed is 
given by the following using Eq. (3-9)

T(p) = {Nj; - ■} = - 1
JK J

substituting for the equilibrium population densities N^,

«3'

T ( p )  =  _  3̂
A j k  ( n Q j i Q / A j )
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T ( p , . h  - 1AjKK Qj

(4 -2 1 )

rearranging terms, we are left with

T(p) =
AjK^K °J (4-22)

In the case of the b^E*^(v'=0) state, we can make the approxi
mation > Xj

which can be simplified to give

TCP) = ^  .^JK Qj (4-23)

This formula shows that the ratio of the experimentally de
termined amplitudes T(p) = Dj,(p)/Dj(p) as a function of 
pressure is independent of the electron gun current as well 
as the previously mentioned parameters. T(p) only contains 
cross sections, quenching and excitation transfer coefficients, 
If sufficient data concerning the Jth state and the Kth state 
is available, then the other unknown parameters can be de
termined by a curve fitting procedure to the experimental 
data.
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Even in the present case of two cascades, if an elec
tron energy can be found where one cascade is sufficiently 
weak, the data can be analyzed ignoring the weakest compo
nent. This was done by setting the electron energy at 10,7 
eV and measuring lifetime spectra at several pressures.
The long lived cascade is not zero even at this low electron 
energy, but it is sufficiently weak so as to introduce only 
about 10% error in the amplitude of the medium component 
error by ignoring it.

H. Time Resolved Optical Emission Function
Time resolved emission functions are useful when the 

cascade components on a particular state have lifetimes 
very much different from the state studied. By pulsing the 
electron beam, the various components (having different 
decay constants) may be studied. A time interval is selec
ted in which all components but one have decayed away. By 
counting photons which occur only in the selected region 
and sweeping the beam energy, an emission function for one 
excitation process is measured.^8 The time regions are 
referred to as the prompt, delayed and total. The prompt 
region is that time region just after cutoff or turn-on 
of the electron gun and is due to molecules that have 
been excited into the K state and decay with its decay 
constant of (see Figs, 3-1 and 3-2). The delayed region
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starts at 8Tĵ  or 10%% after cutoff of the beam and stops 
just before the next turn-on of the beam. The delay region 
corresponds to long lived processes from the J level with 
decay constant Xj. These remarks assume a three level 
system. Similar remarks apply in the case of a two cascade 
component system (Fig. 3-3) except that the separation into 
prompt and delay now gives a delayed region that includes 
two long lived components.
Example:

Lifetime spectra at some energy is analyzed and shows 
a fluorescence to be of the form

N(t) = Dj exp(-t/xj) + D% exp(-t/x%) + D

a typical set of decay parameters similar to those found 
for the b3&+ state (ignoring the weak second cascade)
D% = 10000 counts Dj = 300 counts
T% = 50 nsec tj = 400 nsec
D =200, background counts
where D% and x% are prompt amplitude and lifetime and Dj 
and Tj are delayed amplitude and lifetime.

N(t) = D% exp(-t/50) + Dj exp(-t/400) + 200

Calculate the ratio

R(t) = D% exp(-t/50)/Dj exp(-t/400)
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at various times after cutoff of the beam. This ratio is 
the number of molecules in the K level due to direct exci
tation to that level divided by the number due to cascade 
processes as a function of time after the electron beam 
cuts off. The ratio R(t) is the ratio of intensities mea
sured at a time t due to prompt process versus the delayed 
process. The value of R(t) at t=0, 8%^ and 10?^ are given 
below,
R(0) = 33.3
R(8T%) = 0.03
R(10T%) = 0.005
The preceding example demonstrates that a delayed to 
prompt lifetime ratio of Tj/Tj, = 8/1 is very favorable 
for separating the two decay components since ten prompt 
lifetimes x„ after the beam cutoff, 99.5% of the remaining 
radiation present is due to the process with the 400 nsec 
lifetime. At time t=0, most of the fluorescence from the 
J level is due to the short lifetime component and only 
about 3% is due to the long lived decay. Thus, by first 
analyzing lifetime spectra, it is possible to choose time 
regions that will emphasize long lived processes over 
shorter lived ones. By collecting a series of lifetime 
spectra at different electron energies, the variation of 
the amplitudes of the prompt and cascade components will 
be obtained. By studying the functional dependence of the
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amplitudes on energy, it is possible to select one ampli
tude to be negligibly small with respect to the others.
Thus, one cascade component can be almost entirely elimina
ted from the optical emission functions and time spectra.
All delayed emission functions have been taken with the 
lower level discriminator (LLD) of the TAG set at 8%^ or 
10T% as noted. That is, the LLD is set to discriminate 
against pulses that do not occur after the selected time 
from the beam cutoff.

When studying long lived states, the electron gun 
must remain on for a time that is long enough to allow the 
excitation processes of the states to saturate before the 
electron gun is cut off, and the gun must remain off long 
enough to allow significant numbers of these excited long 
lived molecules to decay and be detected. To satisfy these 
requirements, the beam is pulsed with a square wave of period 
lOXj where Tj is the longest lifetime present. In the case 
of the b^Z‘*'(v'=0) state, the delayed photons were counted 
from 400 nsec or 500 nsec after beam cutoff until the end 
of the record length or approximately 5 ysec.

The beam energy is determined by a Kepco 100 volt D.C. 
power supply which floats on the output voltage of a digital 
to analog ramp generator. The ramp will scan from 0 volts 
to 10 volts in 1024 steps. The scan interval is fixed at 
0 to 10 volts, but it may be offset with the D.C. supply.
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The usual procedure followed is to set the voltage between 
the scattering cell and RPD to about one volt below the 
threshold of the state being investigated. This arrangement 
will allow energies of 9.0 volts above threshold which in
cludes regions of interesting structure. If larger voltage 
sweeps of the beam energy are desired, the KEPCO supplies 
may be voltage programmed using the ramp generator as a 
programming voltage. By this method the accelerating volt
age may be swept from 0 to 100 volts.

Energy Scale Calibration:
The energy scale is calibrated by comparison of struc

ture on measured optical emission functions to those taken 
on high resolution e x p e r i m e n t s ^ ^ , ! ?  g^d by comparison to 
differential scattering m e a s u r e m e n t s . 19 Spectroscopic 
data^2 gives accurate positions of thresholds and thus, 
provides a low energy calibration point on all optical 
emission functions.

Transmitted electron spectra, especially those done 
at 0.100 meV resolution, provides accurate positions of 
thresholds, resonances and other structure in the decay 
channels studied.

Energy scales were calibrated using as a minimum the 
spectroscopic threshold and three structures in each exci
tation function that had been independently observed in
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several other experiments. In the case of the b^Z^(v*=0) 
state, the threshold at 10.39 eV, a sharp peak at 10.7 eV 
and a broad peak at 11.2 and structure at 12,2 were used 
to determine the absolute calibration and linearity of the 
energy scale (±0.3 eV at low resolution).

This energy scale calibration is necessary, due to 
the difficulty in determining the potential difference be
tween the cathode surface from which the electrons are 
emitted and the scattering cell. The potential between the 
metal base of the cathode and the scattering cell is measured 
by a digital panel meter (Digitek model 2780) and is deter
mined within ±1%. However, the electrons are emitted from 
oxide layers that have been deposited on the cathode in the 
form of carbonates or hydroxides of the alkaline-earths bar
ium, strontium and calcium.35'83 These deposits are further 
reduced to oxides by a heating process, and it is the free 
metals that coat the oxide layers on the cathode that provide 
the high electron current density over that of the uncoated 
metal. There is a potential drop across the oxide layers 
that can amount to several v o l t s a n d  which is dependent 
on past history of the cathode and its present condition.
It is this cathode potential drop that makes direct measure
ment of the beam energy difficult and results in the use of 
energy calibration by comparing thresholds and structure 
positions. • When the RPD is tuned to maximize the low
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frequency signal detected by a phase sensitive amplifier 
(PAR) connected to the Faraday cup, the voltages are set 
so that the electrons cross the screen with almost zero 
enrgy (refer to RPD principle section). Thus, the poten
tial difference between the RPD screen and the scattering 
cell is an accurate determination of the energy scale (±
100 meV with 100 meV peak to peak modulation)•

Data Analysis and Tests of Computer Program RTLASL:
A computer program which is more fully described else

w here,67/79 was used to extract the lifetime components by 
fitting the data to Eq. (4-16) using a non-linear method 
of least squares. The program can fit up to four exponen
tials plus a constant background and was tested using syn
thesized data containing chosen exponentials plus varying 
amounts of Gaussian distributed noise.^4 it was found that 
the program could extract decay constants as long as the 
noise was less than one standard deviation. The effect of 
varying the numbers of parameters used in fitting synthe
sized data and the resulting reduced is shown in Table
4-1. The parameters chosen for this test are shown in the 
first row of the table. It should be noted that the values 
determined by the analysis slowly converge to the chosen 
values as more exponentials are added. In this case, when 
few exponentials are present is too large. It can also
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rirat line aelected decay parameter# of ayntheaixed data.
Other lines computer fits for various record lengths (time lengths), number of ejtponentisls fit (see text).



130

be seen that doubling the Gaussian distributed noise 
greatly increases the error associated with each decay 
constant. The errors listed in Table 4-1 are one standard 
deviation. The lifetime components are obtained with less 
systematic error when a 5,0 ysec record length is used, as 
opposed to that obtained when a 0.5 ysec record length is 
used. Finally, moving the first channel of the analysis 
to longer times affects the short lived exponentials, and 
similarly, moving the last channel of the analysis to 
shorter times affects the long lived exponentials.



CHAPTER V 
RESULTS AND DISCUSSION

The total optical excitation function shown in Fig.
5-1 was obtained using the total electron gun cycle. It 
should be noted that the prominent resonance peaks and 
general structure are in good agreement with the results 
given by Fukui et al.^^ and Bose.^? These structures were 
used to calibrate the electron energy scale. A comparison 
of the structures in the optical emission functions of 
Fukui et a l . 16 and Bose^^ shows good agreement with the 
locations on the energy scale of these same structures in 
the differential scattering measurements of Mazeau et al.18 
and Swanson et al.19 and the electron transmission measure
ments on CO of Schulz.15

A delayed excitation function obtained using the time 
region marked C in Fig, 5-2 is shown in Fig, 5-3. Note 
that even though the excitation pulse has been off for 
eight prompt lifetimes, or 400 nsec, an excitation function 
with a threshold near that of the total function still per
sists, It is clear from this curve that measurement of the 
prompt lifetime using threshold excitation does not elimi
nate long lived cascades,
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The delayed excitation function in Fig, 5-5 corre
sponds to photons that occur in the delay region approximately 
10 prompt lifetimes (545 nsec) after the gun cutoff up to the 
start of the next excitation pulse. The two delayed curves 
(Fig. 5-3 and 5-5) show no substantial differences in struc
ture and show that all but a very small fraction of the prompt 
emission has decayed away before either of these delayed 
emission functions were recorded. Fig. 5-6 shows a.delayed 
emission function that runs from 1330 nsec to 5000 nsec 
after beam cutoff.

Fig. 5-4 is another total emission function that was 
collected simultaneously with the delayed curves shown.

The total and two delayed emission functions in Figs, 
5-4, 5-5 and 5-6 were collected simultaneously so that com
parisons of shape in the curves could be made without cor
rection for electron optics.

A semilog decay curve for the b->-a (0,0) transition in 
CO is shown in Fig. 5-7. The best fit to the data, using 
the method previously described, is shown as the solid line. 
The two dashed lines on the expanded scale represent the 
envelope of the extreme fits to the data as determined by 
the statistical error limits of the data at the 95% confi
dence level. Three lifetime components were extracted from 
data similar to that shown in Fig. 5-7. By taking data such 
as that shown at various pressures in the range from
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Figure 5-7." Fluorescence Decay with Best Fit and Error Limits.
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(1-20)xlO"^ torr, we studied the pressure dependence of the 
various decay components.

The reciprocal prompt lifetime versus pressure is 
shown in Fig, 5-8. The zero pressure extrapolated lifetime 
for this decay is 51.86±0.24 ns at the 95% confidence level. 
The slope of the plot yields the collisional quenching cross 
section which is (7.7±3.8)xl0“^^cm^.

The pressure dependence of the first cascade component 
feeding the b-a transition is shown in the reciprocal life
time versus pressure curve in Fig. 5-9. The zero pressure 
extrapolated lifetime for this cascade component is 358+20 
ns at the 95% confidence level and the slope of this plot 
yields a collisional quenching cross section which is (7.1+
3.5)xlO“^^cm^ at the 95% confidence level.

The second cascade component feeding the b-a transi
tion was very weak and we measured its lifetime to be 
(1.5±0.9) ysec at the 95% confidence level. The poor sta
tistics associated with this cascade did not allow its pres
sure dependence to be extracted.

We have summarized the present results in Table 5-1.
We have also included the previous results of Carlson et 
al.,9 Van Sprang et al.,1 Smith et al.,2 and Rogers and 
Anderson,3 as well as our reanalysis of the data of Rogers 
and Anderson.14 has been discussed above, if either
too short an excitation pulse or too short a record length



Table 5-1. Lifetimes and Collisional Quenching Cross Sections 

b'l+(v'-0) State of CO.

Investigator

First
Prompt Cascade

Prompt First Cascade Second Cascade Quenching Quenching
Lifetime (ns) Lifetime (ns) Lifetime (ns) Cross Section Cross Section(Tr) (Tj) (cm*) (cm*)

This worlt

Carlson et alfRef. 9)

Van Sprang et al.(Ref. 1) 

Smith et al.(Ref. 2)

Rogers and Anderson (Ref. 3)

Rogers and Anderson (pre
sent analysis, see Ref. 14)

51.8610.24 

53.711.5 

56 1 1 

53.610.3

57.611.24 

54.615.8

358 1 20 1500 1 900 (7.7l3.B)xl0"'‘(7.1l3.5)xlO"‘’

not mentioned not mentioned not mentioned not mentioned

not mentioned not mentioned not mentioned not mentioned

not mentioned not mentioned <2xlo"*' not mentioned

not mentioned not mentioned pressure inde- not mentioned
pendent

340 1 200 indeterminate (1.2810.51)xlO indeterminate

A.
I-*



Figure 5-8. Prompt Reciprocal Lifetime versus Pressure.
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Figure 5-9. First Cascade Reciprocal Lifetime versus Pressure.
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is used, too long a prompt lifetime will be extracted from 
the data. Computer fits to our data consistently gave a 
prompt decay lifetime of 56 ns when a data record of 0.5 ys 
or less was used. This lifetime was also obtained when 
computer fits were made to data sets collected on 0,5 ys 
and 5ys time scales when an 87 ns excitation pulse was used. 
In all cases a 350 nsec component was detected. It should 
be noted that our experiment with a 0.5 ys time scale and 
an 87 ns excitation pulse is similar to the arrangement 
used in two of the previous s t u d i e s . T h i s  kind of ar
rangement has been commonly used for measuring lifetimes 
in the 30-100 ns range, since a short excitation pulse and 
a short record length will allow a higher repetition rate 
and a shorter collection time. In addition to the system
atic errors seen in the prompt decay lifetimes if cascades 
are present, fitting to short data record lengths makes 
finding long lived exponentials difficult, since usually 
not even one e-folding is present, and the use of short 
excitation pulses will not allow the long lived processes 
to saturate. In both cases, the long lived processes are 
not eliminated but are decreased to the point that they can
not be accurately determined although they may still effect 
the prompt lifetime of interest. In this work excitation 
pulses several times longer than the longest lifetime de
tected have been used.so that the long lived components 
could be fitted with precision.



145

The difference between the prompt lifetime determined 
by Smith, Imhoff and Read,^ and that determined in the pre
sent work is about 1 ns larger than that given by the com
bined error limits of the two experiments. Smith et al.^ 
made a 3% slope correction to their data before analysis.
The 3% slope could correspond to an exponential with a life
time of about 450 ns. It is possible, therefore, that the 
cascade process was misinterpreted as the photon count rate 
error commonly encountered in coincidence work. Since in 
the present work the data rate is less than 0.1% of the 
pulse repetition rate, we should have an insignificant pho
ton count rate error. In addition, we found that three ex
ponentials were necessary to analyze our data. In our ana
lysis of real data and synthesized data containing three 
exponentials, we found that when two exponentials were used 
for data anlysis, a prompt lifetime which was 1 ns too long 
was recovered. It is likely that the explanation of the 
discrepancy is that too few exponentials were used to fit 
the data of Smith et al.2 it is also possible that the 
electron monochromator in the experiment of Smith et al.2 
did not exclude electrons that had scattered from the nearby 
perturbing vibrational levels of the a'^Z*. In this case, 
feeding from the long lived a* levels could have been counted 
as coincidences, causing a systematic lengthening of the 
measured decay constant due to the long lived background.
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Our computer analysis of the data of Rogers and Ander-
son^* yields at best two exponential decay curves. Our

.attempts to fit three exponentials to the data of Rogers 
and Anderson^ have not been successful. We attribute this 
failure to their short data record length (600 ns) and their 
poor statistics (typically 3000 counts in the initial chan
nels) . Our reanalysis of their data yields a pressure de
pendent lifetime of 54.6±5.8 ns with a quenching cross sec
tion of (1.28+0.51)xlO“^^ cm in agreement (within error 
bars) with the present results. We believe that their result 
is systematically high due to the short record length used 
(see Table 5-1). This explanation is also applicable to 
the difference between the prompt lifetime result of Van 
Sprang et al.^ and that given by the present work. In ad
dition, Van Sprang et al. used an electron energy of 13 eV 
which is only 1 eV below the ionization potential of CO.
This introduces a number of problems which have been discussed 
above. Furthermore, our reanalysis of the data of Rogers 
and Anderson,3 supports the conclusion based on our own data 
that multiple exponentials are present in this decay. The 
first cascade component found by us in our reanalysis of the 
data of Rogers and Anderson has a lifetime of (340±200) ns. 
However, the statistics for this cascade component are so 
poor that it is difficult to determine if any pressure de
pendence exists. The lifetime given in Table 5-1 for the
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first cascade from our analysis of the data of Rogers and 
Anderson is the mean of all of their data. The error given 
in the table is the square root of the variance of the mean.

Long lived (1 ms) metastable thresholds have been ob
served in the region of 10-11 eV by Wells et al.26 in order 
to insure that the cascades observed in the present work were 
not due to such metastable states, we used an electron gun 
repetition rate of 12 kHz square wave and a TAG record length 
of 40 ys. In this way, an extremely weak exponential was 
detected with a lifetime of (5±10) ys. Its amplitude was 
only 25% of the background, and no other long components 
were detected. We do not consider this conclusive evidence 
for attributing the cascades to such a long lived metastable.

It is likely that the origin of the first cascade into 
the b^Z* state is due to the v"=31-36 levels of the a' state, 
since the high vibrational levels of the a' state are known 
to strongly perturb the v'=0 and 1 level of b state.^'12,59,63 
This conclusion is supported by the fact that the quenching 
cross sections of both the prompt and first cascade compon
ents of the decay are equal. The origin of the long lived 
cascade is not clear at this time. It may be another perturb
ation occurring with the a' state which couples to the b 
state.

Fig. 5-5 shows the delayed optical emission functions 
when photons were collected from 545 % lOr^ (where Tjj is
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the prompt lifetime) to 5000 nsec after cutoff of the elec
tron gun. While Fig, 5-6 shows the delayed optical emission 
function when photons were collected from 1300 to 5000 nsec 
after cutoff of the electron beam. Although the difference 
between the two curves is not dramatic. Fig, 5-6 does show 
the shoulder at 10,7 eV as less dominant than the shoulder 
in Fig, 5-5, This indicates that the shoulder may be due 
to the medium lifetime cascade component,

A study of the time spectra at 10.7 eV and 11.2 eV 
showed that at 10.7 eV the ratio of the medium cascade 
amplitude/long lived cascade amplitude was approximately 
4 and at 11.2 eV the ratio was 1,

This indicates that the two cascade components have 
different shaped cross sections or that there is a differ
ence in the threshold energy of the cross sections. Pro
bably, both possibilities are true in the present case,

Carlson et al,^ have pointed out the relationship be
tween perturbations of molecular vibrational levels by long 
lived states and the systematic errors introduced in life
time measurements when these long lived feed processes are 
not considered in the data analysis. Gelbart and Freed^^ 
discuss the effect of perturbed molecular states on the 
intensities in the system of CN due to pertur
bation by the A^H level. The collisional transfer of exci
tation between these perturbed levels occurs even at low
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pressures (less than 1 Torr) due to the partial A^H charac
ter of certain of the rotational vibrational levels.
Since the perturbed levels have very nearly the same energy, 
this is a resonant collisional transfer which is highly 
preferred, because very little energy exchange is involved. 
The mixed character of the perturbed levels also enhances 
the probability of a transfer of excitation, since the elec
tronic configuration of one mixed level must only be distor
ted by a small amount during the collision in order to make 
the transition to the other level.

In order to estimate the excitation transfer coeffi
cients, we calculate the ratio of the amplitude of the 
prompt and first cascade from Eq, 3-11.

prompt amplitude/medium cascade:

^ ^ 1 (5-1,

where level K is the b̂ Z"** (v*=0) level; level J is the 400
nsec cascade component; level I is the 1.5 ysec cascade 
component.

This assumes that Xjj = 0. This is physically reason
able for an electron energy of 10.7 eV the medium cascade 
amplitude/long cascade amplitude; Cj/Cj is approximately 
4/1.
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Thus, the transfer directly from level I to level K 
is small compared to the transfer of level J to level K, 
and the transfer I to J to K must be even smaller, since 
it would involve one more branching ratio. Assuming 

Eq. (5-1) simplifies to

h K  ^_nQ  I ^  Qj (5-2)Aj J O

Qr > C (p)
^Jk 'P) = OJ C p p T  ,5_3,

A linear least squares procedure was used to fit a 
straight line to

Qr ^j(p)(Aj(p) Q- -̂pj) versus pressure, p

assuming Qr/Qj = 1 . 0
The data used in the fit is shown in Table 5-2. It 

was found that at 10.7 eV electron energy had the 
form:

Aj k ( p )  -  A j r  + K j r P  .
(5-4)
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Table 5-2. XjyXp) versus1 p.

Pressure
cK . prompt 
Cj * medium

Xj k (p )mTorr, p amplitude ratio
1.88 35.9 77,172.5
4.95 31.1 90,159.3
6.61 24.1 117,097.5
9.08 27.5 103,599.0
14.8 25.1 115,988.8
14.8 21.4 136,043.0
14.8 33.7 86,389.3
20.76 31.9 93,300.4

^JK PKjK
C t Qy

Values used in fit:

Aj = 2.75 X 10^ sec ^

Kj = 1.09 X “4 “1 10 sec /mTorr

Qj^  = 1 Assume a' cross section = b cross section 
K for lack of other better information.

Energy; 10.7 eV.
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where

Aj k = 92060 ± 14483 sec"^

Kjjç = 950 ± 713 sec“^/mTorr,

It should be stressed that this is only a rough estimate. 
More extensive data must be collected and a multiparameter 
fit made before reliable values for and Kjjç will be 
available.

The indicated error is for the 68% confidence limits 
which was obtained from the error of the linear least 
squares fit to the data in Table 5-2.®®

Carlson et al,® have studied the collisional reson
ant transfer of excitation as a function of the catalyst 
gas pressure due to the process shown below where M repre
sents the catalyst gas.

(a*) + (M)— ^ ( b )  + (M)
Argon was found to be the most effective catalyst gas 

in the case of the A^n state of CO. However, they found 
that when argon was used as the catalyst gas for the b^Z^ 
state, they observed no pressure dependence in the colli
sional exchange process. An upper limit was placed on 
Kjk < 3.2x10^ sec"l/mTorr. The collisional energy trans
fer rate determined in the present work for self quenching
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of CO cannot be compared to that found in Carlson et al.9, 
since the two processes used different quencher gases.

The similarity in the upper limit in the two cases 
may indicate that both experiments are observing the 
same phenomenon with different quencher gases. It has been 
assumed that Oj/Q% = 1 where Qjç is the cross section of the 
b^E‘̂(v=0) level and Qj is the cross section of the a'^E‘̂(v) 
level. The value of v is the level from which the major 
cascade originates. The largest source of error in the 
estimate of is probably the value taken for Qj,

Carlson et al,9 using a fitting procedure obtained 
Qj^/Qj =5, Carlson et al,9 also obtained the lifetime of 
the b^Z'^(v=0) state at 53.7±1,5 nsec. Their result prob
ably disagrees with the present work due to the short ex
citation pulses used in the electron gun and the subsequent 
problems in fitting the longer lived cascade components.
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