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ABSTRACT

An apparatus has been set up which allows the measurement
of transmitted electron spectrum, radiative decay lifetimes and optical
excitation functions of any gas molecules (atoms) in the region of visible
and vacuum ultraviolet. For lifetime measurement a delayed coincidence
photon counting technique has been used.

Transmitted electron current spectrum for He and N3 have been
measured without modulating the electron gun and without using a phase
sensitive detector.With this technique an instrumental resolution of 30 meV
FWHM has been obtained.

Optical spectra of CO were mearsured in the region of interest at
many different electron energies to determine the extent of possible spectra

overlap and to aid in the indentification of week band.
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The radiative decay lifetimes for the a' 35+ (v=9,12-16) states
of CO have been measured. The lifetimes, extrapolated to zero pressure
for the v=12-16 vibrational levels have been found to be in the range
of 4-5 usec and these results are consistent with a v® extrapolation of
previous lifetime measurements of the lower vibrational levels. The colli-
sional quenching cross sections were calculated from the pressure depen-
dence of the measured lifetimes.

The optical excitation functions for these vibrational levels have
also been measured. Multiple thresholds have been observed which appear
to be due to overlapped vibrational levels of the d®A and e®L — states. The
thresholds obtained from emission functions agree with spectroscepically
determined thresholds.

The optical emission function for Vacuum Ultra-Violet photons
of Ho has been measured. A MgF»> window which allows the passage of

VUV photon has been usead. Several new series has been observed.The
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DETERMINATION OF LIFETIMES, OPTICAL EXCITATION FUNCTIONS
TRANSMITTED ELECTRON SPECTRA, OPTICAL SPECTRA
AND QUENCHING CROSS SECTION

CHAPTERI
INTRODUCTION

Recent studies!? of the radiative decay of the d®A and ¢*%—
states of CO have indicated that several of the higher vibrational levels
of the Asundi bands(a’3E+ — a®II) overlap some of the vibrational levels
of the d and e states. While measured lifetimes for the lower (v = 3 —
9) vibrational levels of the a’ states are reasonably well known,* the
lifetimes for these upper vibrational levels (v = 10 — 16) have not been
previously measured. Previous estimations? of the radiative lifetimes of
the a/3X+(v = 10— 16) levels have been made based on a v projection of
the lower level lifetimes determined by Van Sprang et al.® These estimates
give a’ lifetimes which are only 20-30% longer than those observed for the
d and e states. However neither the measured d and e state lifetimes nor
the longer lived components found in the d and e state decay curves agree
with the estimated lifetimes predicted for the upper vibrational levels for

the a’3% state.2 The energy diagram of CO is shown in Figure 1-1.

The first lifetime measurements for the a’2S+ state were reported
by Wentink et al. who used a pulsed 7 discharge of 10 us duration with a
1



40 ns cutoff in a glowing gas. The vibrational levels v = 3— 9 were studied
over a pressure range from 10 to 70 mTorr. The decay curves for all of the
transitions were reported as single exponentials. The measurement to
check reproducibility on a relatively weak band, the (3-0) at (9630 A),
yielded values within 7 percent. The lifetimes for v = 4,9 vibrational
levels were reported to be compromised due to possible overlap with other
transitions. Measurement for v = 5 level was reported to be perturbed
in some unknown way, although it occurs at the expected (calculated)

wavelength.

Another lifetime measurement of Asundi bands were made by
Hartfuss and Schmiller® using a high frequency modulated r; discharge.
These authors reported much shorter lifetimes for the v = 5— 8 vibrational
levels of the a/3L+ state. They used an excitation power of 10 w at 80
MHz (about 130 eV) and studied the pressure dependence of the lifetimes
over the pressure range from 150 to 800 mTorr. However, there arc claims®
that Hartfuss and Schmillen® have used comet tail emission instead of
Asundi emission for their measurement. Their experimental conditions are
very unfavourable for populating triplet states (too high incident electron
energy). For an electron energy of 100 €V mainly comet tail radiation (COT
AZI) is present. From comparison with Mohlman and deHeer® results, it
appears that Hartfuss and Schmillen® have used comet tail emission instead
of Asundi emission for their lifetime measurements. Although they have
used other transitions than those mentioned in reference (6) it is remarkable
that their values for the lifetimes of the CO a/3%+ o' = 5 — 8 levels agree

2



very well with the COT A2[I; v/ = 0 — 3 vibrational lifetimes of reference
(6).

More recently the lifetimes of the v = 4 — 9 vibrational levels
of a/3%T state of CO have been measured by Van Sprang et al.® over a
pressure range from 0.5 to 10 mTorr. In their work a delay coincidence
technique was used with an electron gun pulse duration of 10 usec. Their
results agree within experimental uncertainty with the results of YWentink
et al.* and they attributed the shorter lifetimes observed by Harfuss and

Schmillen® to the presence of excited A2II.

Recent lifetime measurement of the d*A and e3X— states of
CO by W. C. Paske et al.l*? have indicated the presence of a long lived
(10-16 usec) decay component overlapping the shorter lived d and e state
lifetimes which could possibly be due to the a/3%+ state. Threshold for
many vibrational levels of the a/3%+ state of CO have been reported
by several authors,”—1% but discrepancies still exist between thresholds
given by different groups. The present work was undertaken in order to
precisely determine the lifetimes of the a/3%t+ (v = 12 — 16) levels as
well as optical excitation function (v = 9 — 16) so as to be able to avoid
confusion between the a' lifetimes and possibly nearly similar lifetimes of

the spectrally overlapping d®A and e2L— states.

The resonance structure in Ho has been studied by a number
of authors!®—2! with varying results. Already an extensive literature kas
been generated on the resonance structure in the vicinity of the threshold
of the BT state of Ho.



More recently, resonance strucutre in the total optical excitation
function of B!Xt state of Hy has been studied by Bose et al.!® The
observations were made by viewing the vacuum ultra-violet photons from
the gas cell at 90° with respect to electron beam through a MgF, window.
They used a highly monoenergetic electron beam (20 meV resolution) and
a delay coincidence technique. The excitation function of B'T] state was
used for energy calibration. They set the first resonance peak at 11.30 eV.
The change in the slope of excitation function of 312;}' at about 14.7 eV
was interpreted as the onset of a new process intensively producing VUV
photons which coincides with dissociation limit H(1s)+H(2p). Since triplet
states in hydrogen are found to exhibit large excitation cross secticns, they
stated that the production of H(2p) could take place via predissociation of
triplet states.

Another measurement of resonance structure in optical excitation
function of B'Et state has been done by Elston et al.'* who used low
energy pulsed electron gun. The pressure in the interaction region was
10—* Torr and the incident electron current was 102 A with an energy
resolution FWHM 40 meV. Their photon detector was covered by an MgFs
window. The energy scale was calibrated by setting the first resonance
peak at 11.30 eV. They also used a mixture of CO and H; for calibration
of energy. The peak at 10.04 eV in the AT cross section fo CO was used
to calibrate the position of the resonances in band “a” of Hy starting at
11.30 eV. They found the vibrational component of band “a” appears as
the principal feature in B'L] excitation near threshold and the relative

4



intensity of band “c” being about a factor of 10 smaller. Their energy
position of the resonant peaks for the band “a” and “c” agree with results
obtained by other experimental technique within experimental errors (0.02
eV).

A high resolution (60meV) electron impact excitation on H; ex-
periment has been done by McGowan et al.!® for measurement of structure
in Lyman band. They used a methane filled gas cell as a filter for VUV
photons and also their channeltron was covered by an MgF, window. There
are claims that their energy scale was not calibrated in proper way and with
corrected energy scale their energy position of resonance structurss agree
well with Elston et al.l* results.

There are a number of authors: Kuyatt et al.1®, Heidman et al.17
, Eliezeret al.1%, Wiengartshofer et al.!®, Comer and Read??, Sanche and
Schulz?!, and Golden et al.?2 who have investigated the resonance structure
in Hy using a variety of techniques such as Energy Loss!®, Vibrational
Excitation?®, Transmitted Electron Spectra!®21:22 and Elastic and Izelastic
Scattering!7+1%. No attempt will be made to review the entire literature of

this field but rather we will compare their result with ours.
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CHAPTER I
THEORY

The measurement of the lifetimes of excited level of atoms, ions
and molecules provides information which is directly useful in the field of
spectroscopy, astrophysics and plasma physics. For instance, the ability to
maintain a population inversion in many gas laser system depends on the
total decay rate R, of the lower laser level obeying the inequality R, >
Agngx/dn, where Ay, is the radiative transition probability of the laser
line and g, g, are the statistical weights of the upper and lower levels
respectively. So in many laser systems there is a great need of knowing
lifetime of excited state.

In this chapter, the concept of Einstein transition coefiicient will
be briefly discussed. Consider an atom in the state |a > interactinrg with a
radiation field described by |nk, >. The initial state of the entire system is
|A >=|a;nk, >. If absorption takes place, the atom makes a transition
to the state [b > and there is one photon fewer in the field. Thus the final
state of the system is |B >=|b; n), — 1 >, and

Ep — Es = Ey — Eg — hwy = h(wpe — W) (1)

where E, and E} are the energies of the initial and final atomic states
7



respectively and

hwye = Ey— E, (2)
Then the total probability per unit time for absorpticn of a photon swill be
Wabstract = (4aw’n/3¢?)| < b|R|a > |? (3)

and for emission
Wem = [40w?(n +1)/3¢%]| < b|Rja > |2 (4)

Where a=¢2/hc is fine structure constant,and c is speed of light. Comparison
of equation (3) and (4) reveals that absorption probability is proportional to
n the number of photons of frequency w while the emission probability
is proportional to (n 4 1). The emission probability can he written in

terms of spontaneous emission and induced emission probability

Wem = W; + Ws

where

w; = induced emission probability per unit time

ws = spontaneous emission probability per unit time
Thus if » = 0, there can be no absorption or induced emission; however,
spontaneous emission can occur.

Let W{(kn) represent the transition probability per umit time
from state |a,J, M, > with degeneracy g, to the state |axJp My > with

degeneracy gx, then

1 4w
Waps(kn) = — 3 3 2| < ap i Me|RlanJoMn > 2 (5)
gn M'Mp, c



and

Wom(kn) = —1; 2}% w"giz T ¢ ol MiRlandnM, > 2 (6)
where oy, and a; represent the quantum number required to complete the
specification of the state [n > and |k > respectively.

It is often more convenient to work with quantities that do not
contain the degeneracy factors g, and gx and are therefore symmetric in
the initial and final states. Such a quantity is the /ine strength S defined
by

S(nk)=S(kn)=¢2 > | < axJixMi|R|antn My > |? (7)
My My,

in terms of line strength the absorption probability can be written as
Wass(kn) = (4w®n/3hc3g,)S(nk) (8)

The probability per unit time Ay, that the atom will decay spontaneously

to a lower level (n) is given by

1 Z 43 wkn 2
= — n (9)
9% pian 3hc®

where

Rin = / Uy rilny, dr

If matrix element |R,m|2 of the electric dipole moment are zero
the corresponding spectral line may still appear in absorption or emission
if the matrix element of the magnetic dipole or quadrupole moment are

9



different from zero. Also when |R;m|2 = 0 for an atom it may be diferent
from zero for a molecule.

If we have a system in which we excite Ng(0) atoms into the
level k£ at time = 0 and we suppose that there is no mechanism, other
than electric dipole radiation, which depopulates to level &, then the rate

of change of the depopulation in level & is given by

dN;

— = —N, A

di kzu: kn

where sum is over all levels » with energy less than that of level £, and
Apkn is Einstein transition coefficient. The lifetime of state & is related to

Einstein coefficient [Eq. (9)] by relation
Th =1/ ) Akn (10)
n

then we have
Ni(t) = Ny(0)e=H/™ (11)

Now we consider electric dipole transitions from an exciied level
of a diatomic molecule. The total wavefunction can be written as prodnet
of three different wavefunctions Wi(r), ¥,, W iy, if the electronic part
of wavefunction Wy(r), does not depend appreciably on the internuclear
separation r,'! then

¥ = % Vo Wy ¥ pr (12)

Under this assumption, the probability per unit time Agp y2yn jry» that

molecule with electronic quantum number %, vibration quantum number
10



v’ and rotational quantum number J’ decay spontaneously to a lower level
with quantum numbers n,v", J” for electronic, vibration and rotational
respectively, is
J' "2
462(1.)[‘7; vl, v ! "‘2 M M”‘Rrot l

Akn,v’v",J’J" = W‘Rknﬁ lRVlb 9 J! + 1

(13)

where M’, M" are the magnetic quantum numbers associated with rota-

tional levels J', J and

Ri» = [ 4] Y rpnarn, (140)

§
3:;;" — ‘p;,\pn,,dr {]Rv'lb"l'“’ = (Franck-Condon factors) i (14b)
Rg’;{" = /‘\IJ*J,N[,WJIIA/[II sinfdfde (14-0)

Now, by summing over all transitions from a given vibrational level and

using the sum rule
Y > IR R=21+1 (13)
Jn MINMN

We have the transition probability Azn, oo

4e2wkn,'v','v
3hc3gk

I"

Agn,pton = |Rl°n| Ivab |2 (16)

The lifetime of given vibrational level is determined by the relation

Tk = I/E-Akn,n’n"

ot

11



where it is assumed that n is only electronic level to which transition is
allowed. In general, the relation between lifetime and Einstein cosfficient
is given by

T =1/ Aknvrov » (17)

ny!!

The time rate of change of the population of a given excited level

Ny can be written as

dNg

5 =~ Nk D Akn = —Ne/7 (18)
n

which is simply
Ni(t) = Ni(0)e~ /™ = Ny(0)e™ Ly —— 19)

The actual rate equation is when cascade, collision, diffusion, . .. effects arz

included

%=—Nk2Akn+ZNeAeL—NkZBI"U (nre)

dt
+ E NankU(nnk Ny Z Bkn (nka) + ZNeBeW k)
— Noka E Okn -+ NovNg Zonk — Npv ZokeNe
+ Nov Z o0 Ne+ neNooste 4+ meve > Uann

- Dkv2Nk — 04NNy — o, NNy (20)

where B,,, = Einstein transition probability: induced absorption, m < n;
induced emission, m > n,
Ay, = Einstein spontaneous emission transition probability,

12



U(nkn) = radiation density of photons,

Omn = cross section for radiation less collisional transition from m to n,
Ny = neutral ground state molecules,

nele = excitation electric current density,

ag = attachment coefficient (electron),

v = mean velocity of neutral ground state molecules,

o, = electron recombination coefficient,

D, = diffusion coefficient,

o = electron excitation cross section,

onx = electron excitation due to metastable or other excited states,
and where £ refers to higher energy level, n refers to lower energy levels
with respect to level k.

In words, the rate equation can be stated as

(ra.te of change of the)
population of level K

spontaneous emission from level spontaneous cascade from upper state:
—_ + . )
of interest to lower state to level of interest

induced emission from level +( induced emission from higher level)
of interest to lower level to level of interest

( collisional depopulation from )
level of interest to higher level

(collisiona.l population from higher)
level to level of interest

( production due to electron )
(

__{ collisional depopulation from)
level of interest to lower level

(collisional population from lower)
level to level of interest
(production due to electron)
bombardment of neutrals
(collisional depopulation due to) _
diffusion to walls

depopulation due)
to recombination / *

+ +
+ T +

bombardment of metastables

depopulation by )
electron quenching

In practice, however, the following simplification is usually vsed,
all other terms in Eq. (20) being ignored.

dN;

-ET=—NkZAkn+ZNgAgk—NkN0 <v> Zalm (21)
m 4 n
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where the first term is spontaneous emission from level of interest to lower
level,second term is spontaneous cascade from upper state to level of in-
terest and last term is collisional effect. In case of no cascade present, we
have

Ni(t) = Ny(0)e~A" (22)

where A’ now includes the pressure depopulation term. The initial efect of
collision is to increase the decay rate from the spontaneous emission rate
A= T A, to
A=Y A+ Ny<v>) 0k (23)
n n

This increase in apparent decay rate due to atomic collision is a very com-
mon phenomenon although the importance of the effect varies from level
to level due to the wide variation of the inelastic collision cross cections.
The numerical value for the collision induced relaxation rate is

1/2
No < 0v >=1.404P0 ﬂ"'—"ﬂ) x 1023 sec™? (24)
m1m2T

where P is the pressure in Torr, cross section ¢ in cm?2, m;, mo are the
atomic mass numbers of the two atoms involved in collision,and T is tem-
perature in Kelvin.

This type of system will give a pressure dependent lifetime such
that 1/7; plotted vs the pressure will yield a slope which is proportional to
the collisional depopulation cross section and the intercept will be the zero

pressure lifetime of the excited state.
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CHAPTER II
APPARATUS

A. The Vacuum System

The experimental apparatus, shown schematically in Fig. 3-1,
consists of an electron gun, a scattering cell, and a channel electron multi-
plier, all located in an ultra high vacuum system. This vacuum system is
capable of a base pressure of < 1 X 1078 torr. These components, as well
as the gas handling system, the construction materials, power distributicn,
cleaning and alignment of the gun and bake-out procedures, are ¢izcuvzced
in the sections 2-5. The associated electronics will be discussed in Chapter
IV. The apparatus is basically that described by Twist,'2 although some
components have been modified for the present experiment. In some ex-

tent, a complete description of the experimental apparatus is given in the

|-

2

Pl
.

present work even though there is some duplication of the work of Twis

The vacuum chamber and associated pumps are shown in Fig.
3-2. The ultra-high vacuum chamber is constructed entirely of 334 series
stainless steel and is bakable to 250° C. All demountable membars are
tungsten-inert-gas (TIG) welded. All welds are inside where physically
possible. The electrical vacuum feed throughs are ceramaseal MHV type
connectors which are TIG welded into demountable flanges. The top and
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bottom flanges are 9-in. outside diameter and about 1/4-in. thick 300 series
stainless steel (SS). Most of the electrical connections to the electron gun,
scattering cell, channel delectron multiplier, gas inlet, pressure measuring
tubes and capacitance manometer are mounted on the top flange. The
electron gun and magnetic shield are also attached to the top flange.

The main chamber is a 38 ¢cm high cylinder with a 15.2 cm ontside
diameter. The chamber has four access ports positioned 90°apart. One side
arm has an ultraviolet grade quartz window mounted in a graded glass seal
and non-magnetic mounting welded to the 5-in. flange. The second port
has a high vacuum triode ionization gauge connected to it. This gauge is
on a 90° 2-in. O.D. elbow with light baffles to keep stray light out of the
optical detection channel. The third side arm in use at the present time has
a magnesium fluoride window, which allows the passage of the photons of
interested wavelength (Lyman-«). The window is held between two o-rings
by an aluminum flange inside of 5-in. flange. This part of the system is
pumped separately. The last side arm is not currently in use.

Three types of metal gaskets are used to seal the demountable
flanges. Varian conflat flanges use knife edge seals which seal on soft copper
gaskets. Cajun fittings are used on some of the small tubing. These use a
ring of semicircular cross section to bite into soft aluminum gaskets. The
third kind of gasket is a soft aluminum wire held between flat stzinless
stell flanges. These gaskets are made from number 20 gange dead soft
aluminum wire. A wire of sufficient length is cut and cleaned by scrubbing
with acetone and rinsing with clean acetone. The center of the wire is then
twisted in a pigtail fashion to create an “ear” about 3-in. long. The wire is
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then positioned on the sealing surface and the ear taped down, away from
the sealing surface, to hold the wire in place. The wire is then shaped into
circle to conform with the sealing surface and the free ends are twisted to
create another ear which is taped to hold the completed gasket in place. To
complete a successful seal, care must be taken to apply uniform torque to
the bolts holding the mating flanges; and a strict order of rotation hetween
bolts must be used. This ensures that torque is applied uniformly about the
entire circumference of the flanges. The top flange seals have to be replaced
every time the system is opened to the air; the method for sealing is given
here in detail. The eight bolts are numbered sequentially and torque is
applied in the rotation order, 1 - 2 - 3 - ... etc. The torque is applied in
four steps: 20, 30, 40 and 50 ft-lbs. The order of rotation is then reversad
and 53 ft-lbs is applied. When this procedure was followed, a good seal was

always achieved.

Sorbent trap is located between the chamber and diffusion pump
to eliminate both backstreaming and creep of oil from the pump into the
chamber. The trap interior consists of a center basket and a wail liner
constructed of stainless steel mesh. This mesh holds the sorbent material.
The volume of trap is approximately 3 liters and is filled to half its volume
with sorbent meterial. The sorbent material (ZEOLITE) is a molecular
sieve with a pore diameter of ~ 10 A. The center basket forms an optically

dense baffle which provides the major protection against backstreaming oil.

The Varian VHS-4 oil diffusion pump is used to evacuate the main
chamber. The oil used in diffusion pump is convoil 20 pump oil and the
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boiler takes 300 cc of oil to be filled. The exhausts of the diffusion pump is
pumped by a Sargent-Welch 1397 mechanical rotary pump. A foreline vaive
is located between the mechanical pump and the diffusion pump, which is
electrically operated in parallel with the mechanical pump. When power to
the mechanical pump is shut off, the valve seals the diffusion pump exhausts
and open the mechanical pump to the atmosphere. The foreline pressure is
measured with a thermocouple gauge. The gauge is connected to a Varian
ionization gauge controller number 840. The controller contained several

adjustable set point and optically activated meter relay.

In order to protect the vacuum system and associated experimen-
tal apparatus from interruptions of power, water or the failure of equip-
ment, an electrical interlock system has been wired to turn off the D.C. rack
which powers the electron gun and to turn off the power to the diffusicn
pump heater and to cool the oil in the diffusion pump. The interlock wiring

diagrams are shown in Figures 3-3 and 3-4.

Exposing the diffusion pump oil to atmospheric pressure while
it is hot may cause oil to break down or to ignite.®® Operation of the
diffusion pump at pressure above 10~2 Torr for enough long time may
cause backstreaming of the oil into the ultra-high vacuum system. In crder
to avoid the above problems, an interlock system, which is shown in Fig.
3-3, is wired to turn the diffusion pump heater power off and turn on the
water into the quick cool lines, whenever foreline pressure rises above an

adjustable certain level (100 mT).

The power to the D.C. rack is controlled by an interlock system
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which is shown in Fig. 3-4. Whenever triode ion gauge pressure reads above

a certain point (6) (adjustable) on any scale the interlock turns off the power
to D.C. rack.

If a power outage occurs, the quick cool lines to the diffusion
pump heater will be opened and this automatically turns off the diffusion
pump. The relay in the power line to the D.C. rack will be opened too.
When the power is returned, the fore linepump will be on, however, the

relay in the D.C. rack and diffusion pump must be reset manually.

B. The Eleciron Gun
1. Introduction

The drawing of the electron gun (not to scale) is shown in Fig.
3-5. It is constructed of OFHC copper tubes 1.5-in. outside diameter with a
0.326-in. I.D. bore. It is capable of delivering one to 2 xA of beam currant
inside the scattering cell at electron energies of i0 to 100 eV. At 15 &V
the beam current is 2 pA into scattering cell and about 25 nanoamp at
the collector (FC or CEM) in the absence of target gas in the interacting

region. The resolution of the present gun is as high as 0.008 eV 42#3

The basic construction and operating principles of the gun are
described by Golden and Zecca.?® The gun consists of a cathode which is
heated by a filament, followed by a Pierce element®* and an ancde with
a 0.04-in. aperture. The RPD monochromator system consists of 2000,
3000, 4000 elements which are geometrically symmetric. The last Einzel
lens (4000) is followed by elements 5000, 6000, and 7000, which form a set
of extraction lens. This set of extraction optics focus the image from the
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element 4000 aperture into the scattering cell. The transmitted current is

collected by channel electron multiplier [or Faraday Cup (FC)].

2. Cathode, Pierce, Anode System

The cathode is an oxide coated nickel cup which is bonded to
a ceramic disk about 1/2-in. O.D. The cathode is manufactured by RCA
and the part number is FKS 623B-801R. The filament is also made by
RCA and has part number MCH 8004D and NEB 261. The pierce 2lement
which first discuss by Pierce,* is an equipotential surface, held at angle of
67.5° to the axis of the electron beam, which is followed by anode with an
aperture. The diameter of aperture is small in comparison with the spacing
of cathode and anode. Ideally the potential on pierce element should be
zero with respect to cathode, however due to the comnstruction tolerances
and assembly, a small potential is applied to the pierce ( ~ — 2).

The heated cathode release electrons, and the electrons are made
to a parallel beam by pierce element at the anode aperture. The anode
is held at high potential ( ~ 120V) in order to accelerate electron toward
next element. So the working philosophy of the cathode, pierce and anode
system is the following: The pierce electrode can be used to make clzctrons
leave the anode hole in a paralle]l beam, so that the first lens makes 3 point

image.

3. RPD Monochromator and Einzel Lens

The retarding potential difference (RPD) monochromator system
is a2 high resolution electron energy analyzing device that operates by
applying a low frequency modulation to a retarding element.*%:50,58
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Starting in 1951, Fox and co-workers2® described in several papers
a retarding potential difference technique (referred to as the RPD method)
of measuring ionization cross sections with electron beams of well defined
energy (about 0.1 eV FWHM independent of the energy).2® The same kind
of technique has been used by several researchers for the determirnztion of

various cross sections.26—29

The RPD monochromator consists of an electrically and geometri-
cally symmetric Einzel lens (2000, 3000 and 4000 elements). Fig. 2-6
shows the construction details of the elements and Fig. 3-7 indicates its
electrical connection. All elements bave cylindrical symmetry and the
dimensions were calculated using Spangenberg curves for tube-tube and
tube-aperture cylindrical electron lenses.?* The agreement between calcu-
lated voltages and experimental values needed to get the beam threuzgh

is fairly good, giving a confirmation of the reliability of Spangenberg curves.

At the center of the element 3000, a 1 in. D. molybdenum mesh
of 90% transmission is mounted. The lens is also symmetric about a plane
through the retarding 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 small sapphire balls which are 0.125-in.0.D. Opposite the
constant impedance connector which attaches the coaxial line to the 2PD is
a coaxial 501} terminator. The terminator is connected to the molyhdennm
screen by a constant impedance coaxial line and fitting. The 50( resistor
used in RPD monochromator is a metal film resistor with its epoxy coating
stripped off.
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The pulse applied to the retarding element is supplied by a Tek-
tronix PGS502 pulser via a coaxial connector on the top flange of the main
chamber through a 50 ohm vacuum coax and into the cavity containing
the RPD grid. The pulser is placed inside a well-shielded metal box to
reduce stray noise pick-up.®® The parallel beam from the pierce cathode
and anode arrangement impinges on the first Einzel lens aperture {element,
2000). Selected voltage on 2000 element, slow down the beam as it goes
into the region of the retarding grid. The symmetry constraints imposed by
first and second Einzel lens (elements 2000 and 4000, respectively) insures
the electrons cross the retarding plane perpendicularly. The importance of
crossing the grid perpendicularly will be discussed in detail in Chepter V,
Section B. The Einzel lens is designed to take an object at infinity (parallel

beam) and image it on the exit aperture.

A brief analytical description of the RPD monochromator will be
given here, however for details refer to previous publications.!22%2%,31 The
electrons leaving cathode are formed into a parallel beam, and accelerated
toward retarding plane. These charged particles travel toward electrode (R)
with some axial energy distribution N(v).The electrons that are smitted
from a hot metal surface have Maxwellian velocity distribution as was

32,33

shown by Richardson, . A typical energy distribution at T=1T00°K is

shown in Fig. 3-8.

Assume electrode (R) is at some potential V, , so those charged
particles with energy smaller than |eV;| are repelled and those with energies
greater than |eV;| are transmitted. The fraction of electrons with energy
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to pass a retarding potential V; at T=1700°K is shown in Fig. 3-9. In Fig.
3-10 the particles represented by the area under the hatched part of the
distribution curve would be transmitted and those under unhatched part of
curve repelled. Notice that in Figs. 3-10 and 3-11, Gaussian distribution
are drawn instead of Maxwellian just for simplicity. Now if V, is made
more positive by an amount of AV,, then energy necessary for transmission
will increase by |eAV,|, as it is shown in Fig. 3-11. The difference current
between the two settings V' and (V, + AV,) will be composed of particles
in the energy range eV, and e(V, + AV,).

Now if the voltage on electrode R is varied from V; to V1 + AV, as
a function of time, as is shown in Fig. 3-12, and if a detector sensitive only
to the alternating part of the current is used after the electrode R (Faraday
cup, ...), then the distribution of charged particles seen by the detector
will in principle be that represented by the hatched part of Fig. 3-12. The
description of RPD requires that the electrons cross the retarding plane
with velocities perpendicular to the plane. So in practice, the degree to
which the RPD monochromator works depends upon the degree to which

a parallel beam of electrons can be made at retarding plane.

4. Extraction Lens.

The extraction optic lens elements 5000, 6000, 7000, are used as
focusing elements. They are made of OFHC copper tubes 1.5-in. O.D. and
they are cylindrically symmetric.

The image of the last Einzel lens (4000) aperture is focused into
the scattering cell by the extraction optics lens system. The 7000 element
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has an aperture of 0.035-in. O.D. This aperture is mounted ~ 0.1-in. from
the entrance aperture of the scattering cell. The main purpose of this
aperture is to eliminate those charged particles in beam which make large
angle with main axis and strike on the outer aperture of scattering cell.
Usually the last element of the extraction optic lens sytem (7CG0) is Leld
at the potential very close to the scattering cell voltage in order to avoid

field penetration into the interaction region.

5. The Scattering Cell.

The interaction between electron and gas sample takes place in
the scattering cell. The scattering cell is made of OFHC copper tubing
1.5-in. O.D. The scattering cell is 1.82-in. long (inside) and 0.7-in. LD.
There are two apertures of 0.040-in. I.D. which are on the beam line. One
allows the beam to enter the interaction region and the other one ailows
the unscattered portion of the beam to be collected by channel electron

multiplier (or Faraday CUP).

The UV (visible light) photons from the decay of excited molecules
are observed through a quartz window on the optical axis. The 1-in.
O.D. UV grade quartz window is epoxied into the scattering cell with
Varian torr seal TM. The quartz window is shielded from the interaction
region by two 95% transmission copper mesh, spaced 1/16-in. apart by a
copper ring. A lens is mounted to the scattering cell, in order to focus
the U.V. photon into the photomultiplier tube outside the vacuum sys-

tem. A quartz window on a 8-in. sidearm flange completes the optical path.

The 0.5-in. magnesium fluoride (MgFl) window, mounted op-
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posite the grade quartz window, allows the passage of photon of interested
wave length (Lyman o). The magnesium fluoride window is shielded in the

same fashion as quartz window and is epoxied into the scattering cell.

Two 1/8-in. copper tubes, which are epoxied with Torrseal to the
scattering cell are used for gas handling and pressure measurement in the
scattering cell. One is connected to the MKS’ Baratron type 227 pressure
gauge outside of the vacuum system and the other one is attached to a
1/2-in. O.D. SS tube outside which is connected to a Granville Phillips
leak valve. The change in pressure in scattering has been done by the leak

valve.

6. Channel Electron Multiplier (and Faraday Cup).

Channel electron multiplier have undergone a rapid increase in
use in modern scientific equipment. They are commonly used when very
small electron (or ion) currents must be measured. They are also used in
quadrupole and magnetic sector mass spectrometers. A brief description of
characteristic and general operation principle, efficiencies for various types

of inputs and electrical connections is given here.

An electron multiplier consists of several electrodes (dynodes)
with secondary emission coefficients greater than unity. Many materials
have been used for the dynodes of electron multipliers, Cs-Csp0-Ag,>%:25
BaO on nickel,®® Be-coated nickel,3” Ag-Mg alloy,3%3? Be-Cu alloy,%:%!
brass*? and aluminum.*® The characteristics of channel electron multi-
pliers are excellent signal to noise capability (dark counts of less than
0.5 count/sec); stable dynode surface that can be exposed to air without
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degradation; lower power requirements for operation; and narrow gzin dis-
tribution of output pulses. A further advantage of an electron multiplier is
its fast response.

Channel electron multipliers are non-magnetic devices fabricated
from a special formulation of glass which is heavily lead-covered.** “Vhen
properly processed, the glass exhibits useful secondary emissive and resis-
tive characteristics. Channel electron multipliers typically exhibit resis-
tance in the range of 10% to 10° ohms.**  Electrical contacts, usually
chrome, are deposited onto both ends of the channel. This allows good
electrical contact between an external voltage source and the CEM. The
external voltage source serves a dual purpose. First, the chaprel wall
replenishes its charge from the voltage source. Second, the applied vol-
tage accelerates the low energy secondary electrons to a level where, upon
collision with the surface, they will create more secondaries efficiently.
Depending on the applied voltage and the secondary emission coeificients
of the dynodes, the current gain of the multiplier may range from about
10® to greater than 10%. The secondary emission coefficient of the dynoces
depends both on the surface condition and on the electron (photon) energy.
As a function of electron energy, the secondary emission coefficient for most
of the common dynode material has a broad maximum in the range of 300

to 500 eV, the maximum value being about 3 to 5 secondary electrons per

primary electron.4>
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Basic Principles of Operation:

A straight channel electron multiplier is shown in Fig. 2-13. A
potential of a few thousand volts is applied between the ends of the mul-
tiplier. This operation should be performed in a vacuum of 10~ torr or
better, since higher pressure operation increase background and can result
in shortened life. If high voltage is applied at pressures greater than 10™%,

the multiplier will be destroyed since arcing can occur at that pressure.

An electron (ion) or photon of sufficient energy will be dztected
when it is incident onto the first dynode of the CEM and causes the emission
of at least one secondary electrons. The resultant secondary electrons are
accelerated by the electrostatic field within the channel until they hit the
interior surface of the channel. This process occurs 10 to 20 times in a

channel electron multiplier, depending on its design and use.

Straight channel electron multipliers (CEM) are not usually stable
at gain above 10*. The main reason for this instability is the phercmenon
which is called ion feedback. At the end of CEM a large number of electrons
are traveling through the channel. In this region, there is a high probability
of ionization of some of the residual gas molecules within the channsl.
These positive ions will be accelerated toward the input, because of poten-
tial applied on ends of CEM. Some of these ion hit the surface of dynode,
causing emission of electrons that are not related to input. These elactrons
are multiplied in the normal fashion, causing spurious outpulses (noise).
Other ions may exit to input of the CEM, causing damage to a material un-
der investigation or to a photocathode.
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One of the methods used for elimination of the ion ‘eadback
instability is adding curvature to the channel electron multiplier.*547 The
advantage of adding curvature is to limit the curvature put on distance
which an ion can travel towards the input ends of the multiplier. Since
the highest probability of generating ions exists near the output end of
the CEM, and the distance toward the input that these ions can travel is
limited, the gain of pulses due to these ions is very low in comparison to
the overall gain of the CEM. Elimination of ion feedback allows channe] of
appropriate design to operate at gain in excess of 103.45:49

The range of input current for which the output current is linearly
proportional to the input current is an important parameter of CEX, which

is called Dynamic Range. The dynamic range is defined as
log, ; (max. linear output current)/(min.output current).

The CEMs which are manufactured during last 10 years have a considerably
great dynamic range. The lifetime of CEM depends upon several fzc-
tors, such as accumulated charge from the CEM,5%:5! the residnal gas
environment®%>% and the duration of transient signal. It has been shown
that the reduction in lifetime of CEM can be lessened by minimizing the
CEM's exposure to the overdriving input.**

Figure 3-14 shows the gain versus accumulated output ciarge of
pulse-counting channeltrons. The initial gain drop, labeled clean-up phase,
is due to gases being desorbed from the surface of the channel. This will
occur to some extent whenever the CEM is exposed to air and gases are
adsorbed on the surface. So it is necessary to check the CEM occasionally
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to ensure that it is operating in the saturated mode when CEM is new and

undergoes initial gain drop due to surface gas desorption.

The electrical connection for pulse counting or analog operations

of typical CEM is shown in Figure 3-15.

Faraday Cup Collector:
Faraday cups (FC), called also Faraday cylinders or cages, have

been used to collect electron beams since the earliest days of electron
beam work. The Faraday cup as a collector of charged particle heams
was originated by Perrin,>* who used it to demonstrate that cathode rays
carried a negative charge and that anode rays carried a positive charge.

Figure 3-16 shows the schematic of Faraday cup collector (not to scale).

Electrons that are transmitted through the scattering cell are
collected by the Faraday cup collector, which is shielded. The Faraday
cup entrance aperture has 0.1-in. LD. and is spaced approximately 0.2-
in. 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 0.6-in.
ID. The Faraday cup outer shield serves two purposes. One is shielding
the interaction region from the collector voltage and secondly, it is served
as a mount for all FC parts (inner FC and collector) which are iusulated

from the shield by Macor,,, spacers as is shown in Figure 3-15.

The solid angle that the entrance aperture subtends at the col-
lector is made as small as possible in order to decrease the probability of
going through the entrance aperture of the Faraday cup for those electrons
which are scattered off the collector surface.
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The inner Faraday cup and collectors are connected to a Xeithlsy
electrometer. When the current in the Faraday cup is maximized by tuning
each lens voltage at a given electron energy of the scattering cell, the focus
of the electron beam is in the center of the scattering cell, and the gun is

tuned for maximum transmitted beam through the scattering cell.

C. Photon Channels

The resultant photon from the decay of the excited state are ob-
served through two photomultiplier tubes (PMT) with different wav2length
sensitivity. The PMT used for visible light has a wavelength response of
2200 A to 8000 A, and the other one has a wavelength response of 900 A
to 1800 A. A brief description of how the photomultiplier works is given

below.

Photomultipliers convert incident radiation in visible, infraraed
and ultraviolet region into electrical signals by use of the pkencmercn
of photoemission and then amplify the signals by means of secondary

emission.

A basic component arrangement of typical photomultiplier is

shown in Figure 3-17.

Photons with energy hv enters the evacuated enclosure through

a “window” which has a semitransparent photocathode deposited upon

its inner surface. The photocathode emits photoelectrons by the process

of photoemission. Photoelectrons from all parts of the photocathode are

focused and accelerated by an electric field so as to strike a small area on the

first dynode. Secondary electrons resulting from the process of emission are
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accelerated toward the second dynode by an electric field between dynode
no. 1 and no. 2 and impinge on second dynode. The impact of the second
secondary electrons on dynode no. 2 results in the release of more secondary
electrons which are then accelerated toward dynode no. 3. This process is
repeated until the electrons leaving the last dynode are collected by the
anode and leave the photomultiplier as the output signal. If, on the average,
four secondary electrons are liberated at each dynode for each electron
striking that dynode, the current amplification for a 12-stage PMT is 412,

or approximately 17 million.

The visible photon from the decay of excited state are passed
through a U.V. grade quartz window and a U.V. grade quartz lens, which
is attached to the scattering cell. This lens has a 1-in. focal length and a
diameter of 1-in. The resultant visible optical signals are observed through
a 1/4 meter Jarrell-Ash monochromator with 33 A/mm and detected by
PMT.

The PMT used for detection of light in visible region is an RCA
type C31034A02 with a Galleum Arsenide photocathode. This tube must
be cooled to -20 ° C (-30) to reduce the noise generated by the phkoto
cathode when it is at room temperature. The photomultiplier tuke is ratad
at 1470 volts for a gain of 10® and 11 noise counts per second at cathode

temperature of -30 ° C.

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. PM tubes
also exhibit timing changes with wavelength and timing distortion when
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high background light levels are present.5®

All signal leads from the photomultiplier tube must be well shielded:

coaxial transmission lines terminated on both ends. Amplifier must be

placed as close as possible to the detector.

The PMT is installed in a Products for Research cooler. This
cooler, in addition to cathode cooling, provides magnetic shielding, &F
shielding, shielding from moisture (moisture increases dark conunt) and

stray light, as it is discussed by Mietex.5857

The other PM tube in use is an EMR 510G-09-13 with a Cesium
Iodide photo cathode. The 6.4 mm diameter photocathode has a typical
quantum efficiency of 18% at Lyman o and a typical room temperature
anode dark current of 3 X 10—!2 ampere at a multiplier gain of 10%. The
voltage required for gain of 107 is 2570 volts with 1.0 X 10— ampere dark
current. Its operational temperature range is from -55° C to ++100° C and
it is extremely “solar-blind” (cut off wavelength angstroms).

The tube is installed inside of one of the arms of the main
chamber (180° opposite of the visible PMT) which is separated from the
main vacuum system by magnesium flouride window and it is pumpad

separately. Tube and all transmission lines are well shielded.

D. Cleaning of the Electron Gun

The choice of copper, makes it easy to clean all parts of the
electron gun and besides nonmagnetic property of the copper makes it
ideal for construction of electron gun. The purpose of cleaning the gun is
to remove all extra material from the copper and leaving a clean crystal
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copper. The cleaning procedure described here has been adopted from
that of Sutcliffe®® and that of Rosebury.>® The copper cleaning consists of
several steps. The following are the steps used in cleaning.

1. Clean container with deterdent. Rinse with tap water several times and
then rinse with distilled water three more times.

2. Clean with abrasive pad and detergent in tap water to remove scile,
oxide and grease. Rinse and scrub at same time to remove detergent,.

3. Leaving element in acetone for 1-3 minutes (degrease)

4. Mix formic acid (HCOOH) 10% by volume, and hydrogen peroxide
(H202) 5% by volume, and 85% distilled water. Leave element in solution
until surface shows a uniformly fine etch. Depending upon the condition of
surface, this step takes 5-15 minutes. If fine etch was not achieved, repeat
steps 2-4. When the solution changes color to dark blue or a dark residne
is formed on the work surface, replace the solution.

5. Leave in distilled water for 4 minutes; rinse.
6. Mix hydrocloric acid (HCl) 15% by volume and distilled water 85%
by volume. Leave the work in solution for 5-10 minutes. This step stops
the action of formic acid on copper. If the finished pieces become dark or
change color to yellow when it is exposed to the air, leave work in HC] bath
for 10 more minutes.
7. Rinse in distilled water.
8. Acetone rinse with ultrasonic cleaner for 10 to 15 minutes.
9. Repeat step 8 (new acetone bath).
10. Blow dry (do not heat).
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11. Store clean copper, wrapped in Kimwipes, in a covered box.

12. Handle pieces only with chemically clean plastic gloves.

E. Assembly of the Electron Gun and Shielding

In order to achieve maximum current, the proper assembly of the
gun’s elements is required. Each element should be spaced on the preceding
element about 0.03”. The ceramic rods should not dig into soft copper,
since this would cause the axis of the element to be not colinear with the
axis of the other elements. In order to avoid this problem, a small light is
shined between the copper element and ceramic rods. If the entire length
of the element is touching both rods, a uniform reflection of light can be
seen. So care must be taken to insure that entire length of the element is
in touch with ceramic rods. There should be 0.032-in. space between the
last two elements. Also all elements should be spaced so that there will be
no optical path for the beam to any insulators.

The end of the gun near the cathode is at a higher temxnerature
than the scattering cell and Faraday cup. Therefore the mounting bolts
for these elements near the cathode are bigger and must be tightered more
than those farther away. This will insure that these elements will not move
or slip during the temperature cycling.

The apertures are aligned by using a machined stainless steel
guide. The guide is inserted into the bore of the element and the pin of
the guide is inserted into the aperture and will insure correct alignment of
the aperture.

After all elements are assembled, each element should be checked
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for possible short to ground or all other elements. Each element lead is
checked for continuity from the element to the connector on the top flange.
Also each connector is tested for high resistance leaks to the ground which
can upset sensitive electrometer reading. The RPD element impedance

measured from the coaxial fitting on the top flange should be 50 chim.

Magnetic Shielding:

The entire electron gun, scattering cell and channel electron mul-
tiplier (or Faraday cup) are surrounded by a magnetic shield. The shield is
made of 0.1-in. thick molypermalloy and has been commercially Liydrogsn
fired to give the shield its excellent magnetic properties. The shield is a
cylinder 18-in. long by 6-in. in outside diameter. It has two tightly fitting
end caps by which it is mounted to the electron gun mounts. There are two
holes on the shield which permit the passage of the light along the optical
axis. The magnetic shield can be cleaned by mild detergent solution fol-
lowed by several distilled water rinse and acetcne rinses. The shisld must
be protected from sharp blows, dropping and rough handling since these

will tend to magnetize it.

F. Bake Out Procedure

When electron gun is placed inside the main chamber and all seal-
ing have been done, the forepump can be turned on. Leak checking is per-
formed by spraying acetone around all flanges where aluminum sealing has
been done. No increase in pressure on the ionization gauge (thermocouple
I; TC1) indicade big leak is not present. When pressure on TC1 reads
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below 100 mT, the diffusion pump can be turned on. After one hour, the
filament of ionization gauge is turned on. To find small leaks, acetone are
sprayed around the suspected area and watch for an increase in pressure
on the ionization gauge. If no large leaks are present, the vacuum system
pressure should reach 2 X 10~7 Torr, depending upon how long the system
has been exposed to the atmosphere the pump down is achieved from one

to three days.

Before bakeout started, all vacuum interlock circuits should be
tested. High temperature bakeout is the process of pumping the system to
low pressure at elevated temperature in order to remove water and gases
which are absorbed by the surface of element, and the wall of the vacuum

system.

When pressure on TC1 reads below 100 mT, the diffusicn pum;
can be turned on. To find small leaks, acetone are spaced around the
suspected area and watch for an increase in pressure on the ionization
gauge. If no large leaks are present, the vacuum system pressure should
reach 1 x 10—¢ Torr. Depending upon how long the system has been
exposed to the atmosphere, this pump down is achieved in from one to two

days.

Before bake out started, all vacuum interlock circuits should be
tested. High temperature bake out is the process of pumping the system to
low pressure at elevated temperatures in order to remove water and gases

which are absorbed by the surface of elements from the vacuum system.

Heating tapes are used and power is supplied through Veariacs
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so the temperature can be changed. Bake out is accomplished by heating
the main chamber first. Because of the existence of Viton o-rings on one
of the arms, the main chamber should be heated slowly and temperature
should not exceed 300° F. For a system opened to the air for more than
several days, 12 hours is enough to reach this temperature. VW hen tiis
temperature is reached, the trap heaters are turned on. The system is left
for one to two days. When a pressure of 1 X 108 is reached, the trap
heaters are turned off. The system is left overnight so the sorbent trap
may cool completely. The pressure at this time is about 10—7 Torr and the
main chamber taps are turned off. After about four hours the pressure wiil
be down to ~ 1.9 X 10~3 Torr and at this stage the cathode aztivation

may begin.

G. Cathede Activation

The activation is accomplished by increasing the filament current
in steps of about 0.05 Amp. at 15 to 20 minute intervals. A typical
activation schedule is given in Table 3-1. During activation, the pressure
is monitored and care is taken that it does not exceed 5 on5 {imesl0™4
scale; if it does, the power to the filament will be turned off. The emicsio:
of electrons from cathode detected by monitoring the current to the anode.
The filament power then increased by ~ 15% for ~ 10 minutes to ensure
that the oxide coating is completely reduced. The filament power is then
reduced to its activation value. Some potential is applied to anode and the
gun is left in this configuration for 24 hours to stabilize electrically and

thermally.
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Table 3-1. Cathode Activation Schadule.

Elapsed Pressure at Filament
Time Power Change Current
(min) (10~% Torr) (Amp)

2.0 0.10

5 2.0 0.20
15 2.4 0.25
20 2.5 0.35
35 3.2 0.40
50 3.2 0.42
60 3.5 0.44
75 6.0 0.46
90 10.0 0.47
100 12.0 0.43
120 12.0 0.50
133 8.0 0.55
140 4.6 0.60
145 3.2 0.65
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Fig. 3-6. RPD Monochromator.
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Fig. 3-11. Fraction of Electrons with Energy to Pass a Retarding Potential
Ve + AV,
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Fig. 3-16. Cross Sectional View of Faraday Cup.
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CHAPTER IV
DATA ACQUISITION

A. Optical Alignment

Initial optical alighment was accomplished before turning the
electron beam on by shining a small beam of laser through monochromator
(setting at 6310 A) and adjusting monochromator to get laser light at the
center of scattering cell. Fine adjustment is performed after the eleciron
beam turned on, the fine adjustment includes the focussing of the aptical
system aligning the axis of the optical system to go through the center
of the scattering 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 adjustment have been made, the PMT is rotated in its kclder to
maximize the photon rate. Finally, the slits are closed down to the desired

resolution, and a final check of the alignment is made.

Monochromator Adjustment

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
wavelength reading of which they appear, the calibration of the monochro-
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mator wavelength dial may be checked. We found the reading dial is about
30 A off. The proper slit size is determined by the optical resolution desired.
The reciprocal dispersion of the monochromator times the exit slit width
gives the wavelength spacing at which two lines will just be resolved. The
front slit is chosen for optimum intensity for a given monochroriator. 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 a’3Yt state were made with
a 25 mm exit slit and with .5 mm entrance slit, which gives about 20 A

resolution.

Photomultiplier Tube (PMT)

Before installing PMT, all surfaces of the tube base are cleansd
with reagent grade acetone and blown dry. 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 30 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 (-30° C).
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Initial Powering of PMT

After the housing is securely attached to the monochromator and
any possible sources of light leaks are covered by Apiezon Q, an electrometer
set on the 100 nanoamp scale is connected to the anode of the PXiT aad
voltage is applied to the PMT in 100 volt steps. Each time the voltage
is increased, the electrometer is checked to insure that the maximum 100
nanoamp, averaged over any 30-second time period, is not exceeded.®? 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 he
immediately decreased until the anode current is less than 100 pancamp
or until the voltage is turned off. Imnitially, 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 tuke
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 uncovering 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 wiil be
negative, going with rise and fall times of approximately 2.5 nanosec and zn
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 PAIT with
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voltage applied for 10-30 hours will sometimes remove water from the base.
The water is pumped to the colder 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 stzges and

anode of the PMT, reuslting in serious if not permanent 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, covering with Apiezon Q, installing baffles,
covers or sheet metal housings. When the dark count rate reaches the rate
specified 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 installation, 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 check-
ing 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 maximized. 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 output of the PMT. It was found that the
C31034A02 performed best with 1660 V into a low noise preamp®! with
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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 3
rate meter connected 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.

B. Tuning of the Electron Gun

The proper tuning of the electron gun is critical and 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 (in case of lifetime on
optical excitation measurement) or the Faraday cup (transmitted electron
experiment). The choice of anode voltage is within limits arbitrary. A
voltage of between 60 and 120 works well. If more beam current is needed
then the anode voltage can be increased up to 200 V. It has been fourd
that the higher anode voltages require larger negative voltage on ke pisice
element to maximize the Faraday cup or scattering cell current. The pierce
element voltage is adjusted to produce a DC current at the scattering cell
which is between 10 and 20 volts (all voltages are measured with respect
to cathode unless otherwise specified).
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Next, the DC voltage on the RPD is set between 1.7 and 2.9V,
while Vag00 and V00 are both set to the same voltage between 9 and
20 volts (preferably 10 volts). The elements 5, 6 and 7 are set to 50 V,
100 V and 15V respectively, and Vapoge is set as discussed above. A DC
current should now be detected at the scattering cell. The voltages on
all the elements evcept the RPD are set to maximize the current on the
scattering cell. The Keithley electrometer (KE) is set on its most sensitive
scale while Vppp is adjusted until the KE reads maximum current. Once
the signal is detected on KE, by any combination of lens voltages similar
to those above, tuning of the gun proceeds routinely. The pierce and RPD
voltages cre set to maximize the current collected by (FC) and the vc!tages
on the 5, 6 and 7 elements are adjusted to maximize the current. Varicus

combination voitages on the 2000 and 4000 element may now be studied.

Setting proper voltage on the anode, pierce, 2000 and 4000 ele-
ments are critical in order to ensure that electrom beam crosses the retard-
ing plane perpendicularly. If a significant fraction of the electron beam
do not approach the retarding grid perpendicularly, then the sharp cutoff
on the energy distribution will not occur, Fig. (4-2b). Then electrons with
sufficient energy (E' > |eV,|) for passing the retarding plane will be repelled
if the approach angle 4 be such that Ecosd < |eV,]|. This has =Tect on
the resolution of the electron gun. Figure (4-2¢) shows the two distribution
functions when difference is taken between steps of AE the resultant energy
distribution in Fig. (4-1d) is obtained. The additional width AFE is added
due to the lack of a sharp cutoff of the transmitted energy distribution and
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it varies non-linearly with step size.

The best resolution and lens transmission function of the gun as
the beam energy is varied can judged by examining electron transmission
spectra with and without gas in the scattering cell. By scanning the scat-
tering cell voltage through region 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 measurement. 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 and 7 elements may be adjusted to focus
the beam in the scattering cell or into the Faraday cup after the abcve
adjustment have been made without upsetting the operation of the RFD
monochromator. The location of the focus is determined by the type of
experiment performed, e.g. either optical emission function or transmitted
electron measurement. The energy resolution of the present electron gun
was measured by study of known resonance in Ny as it is shown in Fig. 4-2,
and it was found that the best resolution we can get (for Ny) is 40 meV
FWHM.

C. Optical Excitation Function

A schematic of the electron gun elements and its associated power
supplies and electronic is shown in Fig. (4-3). Not detailed in the diagram
are the = filters on 2000, 4000 and cathode elements to reduce high fre-
quencies. The schematic of the 7 filters is shown in Fig. 4-4. They reduce
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all observable noise components to less than 5 mV peak to peak. Tue filters

are contained in well-shielded metal boxes to reduce stray noise pick-up.52

Fig (4-5) shows block diagram for recording optical emission
functions. The photon from decay of the excited state are passed through
a high efficiency UV visible monochromator and detected by PMT. Fast
negative pulses from PMT are amplified by two amplifiers. The constant
fraction discriminator generates a fast negative -0.5 volt timing pulse wken
the input pulse reaches 60% of its full amplitude. In all otical excitation
functions measurements the entrance and the exist slits of monochromator

were 0.5 mm, which gives a band pass of 25 A.

‘The monochromator is set at interested wavelength and the energy
of the electron is scanned. The total photon from the output of rate meter is
recorded in MCA. The electron gun is stepped at approximately 20 meV/¢a
and dwell time was either 128 sec/ch or 64 sec/ch when measuring eontical

emission function.

In this work, the optical emission function have been measured
and used to determine the threshold energies of the various overlapping
states present in the lifetime measurement. If two thresholds are present
in the optical emission function and two decay components are observed
in the radiative decay curve, we may identify the levels from which the
two different decay components originate by comparing the relativa decay
amplitudes in the decay curve to the relative strengths of the coss sections
in the optical emission function. If the energy separation of the two
overlapping states is greater than the energy spread of our electron gun (.5
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eV) we can lower the excitation energy below the threshold of the higher
energy state to see which decay component vanishes from the decay curve
and consequently identify both processes. Determination of the thresholds
of the states present in the optical excitation functions have been done by
a computer technique which fit an energy distribution function and up to
three straight line segments to the emission function data near onset. The
computer code is based on folding a Maxwellian energy distribution into 1,
2 or 3 lines using non-linear least square fit. This computer code is listed in
the Appendix. When the threshold of states are determined we identifed
the states present and then we measured the radiative decay lifetimas for
the v = 9, 12-16 vibrational levels of a’'3T ¥ state. Our threshcld results
are in good agreement with the spectroscopically determined thresholds

previously reported.!®

Calibration of Energy Scale

The energy scale calibration is necessary, due to the difficulty
in determining the potential difference between the cathode surface from
which the electrons are emitted and the scattering cell. The potential
between the metal base of the cathode and scattering cell is measured
by a digital multimeter (Racal Danna 4003) and it determiend within +
.1 %. However, the electrons are emitted from oxide layers that have
been deposited on the cathode in the form of carbonates or hydrozides of
the alkaline-earths barium, strontium and calcium.2:%% 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 provides the high electron
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current density over that of the uncoated metal. There is a potential drop
across the oxide layers that can amount to several volts 2 and which is
dependent on past history of the cathode and its present condition. It is
this cathode potential drop that makes direct measurement of the beam
energy difficult and results in the need for energy calibration. Vwaen the
RPD is tuned to maximize the signal on Faraday cup, the voltage are set
so that the electrons cross the RPD grid with almost zero energy (rafer to
RPD principal). Thus, the potential difference between RPD scrzen and

the scattering cell is an accurate determination of the energy scale.

The energy scale is calibrated by comparison of the position of
structure on measured optical emission function to those taken on high
resolution experiment. Spectroscopic data 12 gives accurate po:ition of
threshold and peaks and thus provides a low energy calibration point on

all optical emission functions.

D. Lifetime Measurement

In order to record time spectra, to measure excited state iifetimes
MCA (Multichannel Analyzer) is connected to the time amplitude conver-
tor (TAC) and is set to record in the pulse height mode. The energy
of the electrons in the scattering cell is held fixed at some appropriate
energy and monochromator is set at the desired frequency then time specira
is collected. The method used for lifetime measurement is called Delay
Coincidence Technique. This method first was used by Heron et al.6%:64
and Bennett.®> The technique is possibly the most accurate and widely
applicable of the methods currently available for lifetime measurement.
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The experimental arrangement for coincidence technique is shown
in Fig (4-6). The Tektronix PG502 pulser generators pulses to the RPD ele-
ment and the same voltage pulse after differentiation is applied simul-
taneously to the stop input of a Time-To-Pulse Height Converter (TAC).
This initiates the charging of a capacitor by a constant current souice.
Sometime after the excitation pulse, a molecule in the sample emits 9
photon on the decay transition of interest which is detected by the photomul-
tiplier. The resulting voltage pulse is amplified and is applied to the input of
Gate-Delay Generator (GDG). Finally the GDG is connected to the start in-
put of the TAC. At this instant the capacitor stops charging and a veltage
pulse, whose amplitude is proportional to the time interval which kos
elapsed between excitation and the detection of the first photon is delivered
to the MCA. The nth channel of the MCA corresponds to a voltage interval
between V;, and V,, 4 AV, and if the incoming voltage pulse lies within this
interval one count will be added in this particular channel. Thus each chan-
nel is made to correspond to a finite time interval after the removal of the
excitation pulse. This technique can suffer from several kinds of systematic
errors. For an extensive discussion of these errors see Corney,”® Imhof and

Read”” and Perrin.5*

Time Calibration of Multichannel Analyzer

Fluorescence decay curves were accumulated in MCA. The chan-
nel 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 452
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time calibrator. The MCA did not show more than one channel driit in
1024 channels during the time that data was collected (60 days). Most of

the decay curves were obtained using a 40 usec time window.

Optical Spectral:

Spectral overlap due to the finite resolving power of the opti-
cal monochromator is an important factor in any lifetime measursment.
Blended lines can sometimes mistakenly be interpreted as cascacdes and
spectral overlaps can be an important consideration in the study cf mclectlar

systems where vibrational band system may overlap eachother.

In addition to the identification of states from their threshold
extracted from optical emission function, wavelength scans at different
energy were made in the region of interest 4600-6400 A to determine if
the transitions monitored were free of spectral overlap. The waveleagth
spectra were obtained with 20 A resolution and electron beam encigies of
8-11 eV. See Figs. 4-7 and 4-8.

A computer program, LASL, which is more fully described by
Paske®® and Thompson®” was used to extract the lifetimes and amplitudes
from data. This program fit the data by a technique of non-linear least
square. The prograin can fit up to four exponential plus a constant back-
ground, and it is listed in the Appendix. A sample of analyzed data by
LASL is shown in Table 4-1. In all data analysis the first and last chan-
nel included in the analysis were varied to ascertain if another compoznent
which has not been identified or accounted for in the fitting function was
distorting the lifetimes.
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E. Data Transfer and Storage
The recorded decay curve in MCA are transferred to a Tektronix
4052 minicomputer via the "type” output of the MCA. The data on 1024
channels are stored in files on a magnetic tape cartridge. The data require
a file with 19520 bytes ailocated. A data cartridge can hold 18 files of tiis
length. The program for transferring data from MCA to Tektronix is listed

in the Appendix.
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DATE-STPT29,81

S. SHADFAR RUN # 8

SAMPLE-COz"'~-a WAVELENGTH=6094.A PRESSURE= 12.2MICRONS
CALCULATED AT 18:01 TUE. *Qvi*@29,198

CALIBRATION IS 44.93268 NS/CHAN

WEIGHT RANCES FROM 1.8 TO 1.909 FOR CHAN 998
8 ITERATIONS, DET. OF PART. DERIV. MATRIX = 3.59563BE-J6
THE FOLLOWING 15 POINTS ARE OUTSIDE 3.46 SIGMA
29193: 133 292%i: 135 27998: 140 25691: 146 25382: 158
22/196: 162 213883 168 14835: 209 12852: 226 6738: 311
SUM OF EXPONENTIALS, Y(I)=P(1)*EXP(~X(I}/P(2))+...+P(5)

THE WEIGHTED VARIANCE IS 3.9494868E+03

21634: 164 20308: 174

THE UNWEIGHTED SIGHMA IS 7.6073944E+H1 AND THE UNWEIGHTED SUM OF SQUARES OF THE DEVIATION IS
THE REDUCED CHI SQUARED = 1.943862 AND THE REDUCED SUM OF THE DEVIATIONS= 2.683774
GUESS OF FINAL VAL OF s.D. OF EXACT LST SQRS EQNS

K K-TH PARAM K-TH PARAM K-TH PARAM FITTED FCTN INPUT DATA

1 2.2000E+04 2.43GIE+04 4.48H6E+02 2,7658E+02 2.7G53E+02

2 5. UUCPE+H3  3.6685E+03 3.3042E+01 1.75B3E+04 1.75383E+64

3 4.2000E+03 3.9295E+03 4.4482E+02 7.1351E+94 7.1351E+04

4 9. UYLBELO03  B.7350E+03 5.1449C+42 1.290SE+05 1.2SQGE+HS

5 1.2045E+03 1.43231E+03 1.4206E+01 3.9769E+06 3.9769E+06

TSV'T 4q eje( pazd[eny ojdueg ‘1-p s[qel
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Fig. 4-2.
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Fig. 4-3. Pulsed Electron Gun and Its Associated Electronics.
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Fig. 4-4. Schematic of 7 Filter.
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FIGUE 4-5
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FIGIRE 4-6 FAST TIHING ELECTRONICS FUR RECIROING { IFETIME SPECTRA
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Figf 4-7. Energy Dependence of the Optical Spectra in the Region
6400A — 5400A.
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Fig. 4-8. Energy Dependence of the Optical Spectra in the Region
5600A — 4600A
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CHAPTER V
RESULTS AND DISCUSSION

Optical Emission Functions
co

The energy scale was calibrated by observing the position of the
shape resonance at 10.66 ¢V® in the emission function of the 6°E+ state
of CO. This emission function was obtained by monitoring the b — a(0-2)
transition at 3134A and sample calibration curve is shown in Fig. 5-1. The
computer code CHI used for determination of threshold gives a result which

is in good agreement with previously reported threshold.%®:7°

The optical emission functions obtained for the Asundi vibra-
tional levels =9 through v=15 are shown in Fig. 5-2. The intensity scale
for each emission function shown is different and therefore an amplitude
comparison between the various curves is not meaningful. Every emission
function studied indicated the presence of at least two threshclds and in

some cases, such as in a’ — a (10-1) transition, there are three thresholds.

In the a/(15) and a’(13) emission function obtained by monitoring

a' 3%+ a3 (15-3) and (13-3) transition, the presence of threshold due

to the spectral overlap of the B'S™ state at 10.77 eV? provide us with ad-

ditional energy calibration check. The identification and measured energy
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thresholds for the v=8 to v=16 vibrational levels are tabulated in Table 5-
1. The result agrees well with the spectroscopically determined thresholds
previously reported by Tilford and Simmons.® The errors listed in the table
represent two standard deviation from the mean after multiple determina-
tion of the thresholds. The identification and thresholds of the additicnal
state ohserved to overlap the Asundi levels are tabulated in Table 5-2. Ve
did not find the a’ (10) threshold when we observed the transition (10-1) at
6115A. Instead we saw the thresholds for the e(1), the d(7) and the a/(15)
states. The a’ — a (10-1) transition is probably too weak to be seen in the
presence of the other three transitions. A transition identified as the d — «
(7-2) has been reported for this region.!? However the a/(10) threshold kas
been observed at 6820A and the threshold in the table (5-2) is based on

this measurement.

Hydrogen Molecule

The optical excitation function for VUV photon (Lyman Alpha)
at pressure of 41.1 mTorr, energy step of 20meV/ch with the Dwell time
of 3 sec/ch have been measured. Fig. 5-16 shows this Optical Emission
Function. The vibrational component of band "a” appear as the principal

feature in B'X 7 excitation near threshold.

The energy scale was calibrated by measuring the threshold {13.53¢eV)
in the emission function of the d°II state of H2. This emission function was
obtained by monitoring the d-a (0-0) transition at 6020A. The data was
taken at 41.5 mTorr, 20meV/ch step size and 30sec/ch Dwell time. The
sample calibration curve is shown in Fig. 5-26a. The coputer code CHI us=d
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for determination of threshold gives a result which is in good agrsement

with previously reported threshold.””

The identification of our photon data as the excitation function
of BIX T is based on (i) a threshold of 11.17eV which was in good agreement
with the spectroscopic value of 11.9eV 19 for B!X T to well within accuracy
of our calibration procedure and (ii) the fact that no other states are known
to emitt VUV photons after excitation by electron with impact energy

below about 12.5eV.

The strongest transition from the B'Y+ (v=0) level are the
ground state X X+ (v=4,5,6) levels and the corresponding photon energies
are about 8.5eV. However there are other resonance peaks which are not
that strong, and their intensiteis are typicaly a factor of 2 bigger than noise
level. In order to observe these structure more clearly,the experimexntal
curve was differentiated via a computer code and then it was smoothed.Fig.

5-17 shows the curve obtained by this procedure.

In order to determine the accurate position of resonances, the
energy scale in optical emission function has been expanded. Fig. 5-18
through Fig. 5-22 show this energy expansion. The energy range for each
figure is 1eV.Comparison of Fig. 5-17 with Fig. 5-18 shows the nzed for
this energy expansion. The first peak in Fig. 5-18 is identified as b and
the second resonance peak which is more pronounced is the first resonance

peak in series a.

The most prominent peaks in our data arise from two vibrational
series band "a” , and "b". In table 5-5 ,we compare our data for position of
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these resonances with the result of other workers using different techniques.
The agreement between the various sets of data is seen to be excellent. The
discrepancies seldom exceed 0.02 eV and in half of the comparisons the
disagreement are no more than 0.01 eV.

The Vibrational Series "e” can be seen in Fig. 5-17 as a set of
small peaks between those of series "a” and "¢” . The intensities of the "e”
resonances were typically a factor of 3 smaller than those of neighboring
"a” and "c” resonances. The position of the "e” resonances are compared
with the result of other experimental techniques in the table 5-5. Again
the descrepancies exceed not more than 0.02 eV.

I have observed new band resonances in optical emission function
of B'L+ state of Hp which are not reported previously. New names
( ¢ and f' )are assigned to these resonance peaks. The inteansities
of these peaks are typically a factor of 10b smaller than those neighboring
"a”,"b", "b”, and "d” series. Table 5-5 shows position of ¢ and f’
resonance peaks, and since there is no reported value for the position of
these resonances, no comparison can be made. Although some of these
peaks are merely discerinble above noise, they appeared consistent in all
our data runs. Therefor There is no question about reproduciblity of these

resonance structures.
Lifetime

co

We have measured the lifetimes for the v=9, 12-16 vibrational
levels of the Asundi bands. A sample radiative decay curve is showa in
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Fig. 5-3. The plateau shown in the curve is due to the saturation of the
excitation processes prior to the turn off of the electron gun. In most of
decay durve, data were accumulated until the counts in the lead channel
were greater than 25,000. This was necessary in order to assure sufiicient
statistic to analyze multiple decay components. The two decay curves
shown in Fig. 5-3, for example, have three decay components present. The
curve shown in Fig. 5-3(a) was obtained at a pressure of 4.1 mTorr while
the curve in (b) was obtained at a pressure of 12.1 mTorr. More than one
exponential component is obvious in Fig. 5-3(b) but is not obvious in Fig.
5-3(a). A single exponential fit to curves (a) and (b) yields a reduced x2
of 1.2 and 5.2 respectively. A double exponential fit results in a reduced
x2 of 1.03 for both curves. Further analysis of both curves reveals a third
component, very nearly identical to the first component. However, this
third component can not be resolved with precision due to the similarity (=
10% difference) of the lifetimes at these pressures. At higher pressures, the
two similar components can be resolved in agreement with three tkrzsholds

present in the emission functions (see Tables 5-1 and 5-2).

The pressure dependence of the v=9, 12-16 vibrational levels
of Asundi band is shown in Fig. 5-4. The results for the a’ (14) ievel are
statistically poorer than the rest of the measurements since the lzvel was
observed as a weak additional decay component overlapping the o/ 3%+ —
a®Il (9-1) transition. The error bars represent a variation in the computer
fit parameters over the accepted range for a reduced x2 of 2. In our lifetime
determinations the statistical errors typically vary between 2% to 5%. the
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Data were fit using equation
N(t) = Are— ¥ 4 Age™ ™2 ¢ (25)

and in case of three lifetimes
N(t) = Aje /™ Age™t/™  Age=t/™ 4 ¢ (26)

to find the best values of all the parameters. A grid search which varied each
parameter about its best value independently was conducted to determine
the uncertainties in the parameters. This grid search provided the range
through which the data could be fit by five (or seven) parameters (lifetimes,
intensity and background) and still yield a reduced x2 of less than to. Tke
error bars used in Fig. 5-4 are the result of this search. The error stated for
the zero pressure lifetimes represent two standard deviation from a weighted
least square fit to the pressure data. Our zero pressure extrapolated iifetime
results and the calculated collisional quenching cross sections are tabulated
in Table 5-3 along with the previous lifetime measurements of Wentink ¢
al* and Van Spring et al.® for the v=9 level. A plot of the measured
reciprocal lifetime versus v2 is shown in Fig. 5-5 along with the previous
results of Van Sprang et al.> A pressure study of the normalized amplitude
of the long lived (10-16 usec) component reveals a quadratic pressure
dependence as shown in Fig. 5-6. This suggests that the energy transfer
mechanism involved is a collisional transfer, and not radiative.

Our lifetimes for the higher vibrational levels (v=12-16) agree
well with the estimated lifetimes reported earlier, which was based on a v/2
projection. The longer decay component which was reported in conjunction
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with the d and e states was not observed in all of the Asundi transitions.
However, when observing the a’ — a (12-2) transition at 6008A, a long
lived (10-16 usec) weak component was seen along with the shorter decay
component of the d(14) level. An additional threshold was also pressnt
at 8.63 eV in the a’(12) emission function obtained at 6008A which may
be the source of this long lived component since the long lived component,
vanishes when excitation energy is below 8.63 eV. This additional threshold
was previously? identified as the threshold of the a’(12) level, based on the
calculation of Krupenie and Wissman.”® The threshold found at 8.47 eV in
this work (see Table 5-2) was not previously extracted from the emission
function data of Paske et al.2 However, the computer code CHI used in this
work can extract three thresholds from emission functions obtained for the
d and the e states»2 which are consistent with the results shown in Tables
5-1 and 5-2. So, actual threshold of a’(12) level is 8.47 eV, which is in good

agreement with previously observed by Tilford and Simmons.!?

Although the a’(13) vibrational level has a threshold energy of
8.61 eV, there are no a’ — a(13— v") transitions listed®®° near the monitored
wavelength (6008A). If the additional threshold in the a’(12) emission
function is due to a collisional transfer from a'(13) to the a’(12) or to the
d(4) state, we would expect a much faster lifetime (= 5usec) than the 10-18
usec we observed. Similarly, the d(8) level which has a threshold of 8.59°
would also have a lifetime too short lived (/~ 3usec) to be the source of this
longlived component. Since the v==0,1 vibrational levels of the ¢II state
are known to be long lived (1-7.5 msec)"!~ 72 we considered the higher
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vibration levels of this state as a possible source of the long lived decay
component. We calculated the energy thresholds of the v=T7-16 vibraticnal
levels of the a®I state based on the vibrational and rotational constant
listed by Tilford and Simmons?® and found that v=13 vibrational level
of the a®IlI state has a threshold of 8.62 eV. These calculated threshclds
are shown in Table 5-4 along with the previous calculations of Krupenie.?
Although the lifetimes of the upper vibrational levels of the a state have not
been measured, an estimation of the lifetimes for the v = 6 and 7 levels has
been made by Wicke et al.”* which indicate that their lifetimes are less than
7 and 2 ms respectively. Since CO quenches the a®II state very eifectively
(reducing the lifetime to about 14 usec at 20 mTorr), it is possible that the
10-16 usec lifetime we observed may be the quenched collision transfer rate
between the a(13) and either a’(12) or the d(4) states. A collisional transfer
is indicated by the pressure dependence of the normalized amplitude of tke

long lived [a(13)] component shown in Fig. 5-6.

The collisional quenching rates for the a'(v = 12, 13, 14) levels
are almost an order of magnitude higher than for the a(v = 9, 15, 16) levels.
The energy difference between the a’(v = 9, 12 and 13) levels and the a(v
=10, 12 and 13) levels are much smaller (as small as 20 meV) than between
the a’(v = 10, 11, 14, 15) and other a state vibrational levels. This could
indicate a higher probability for a collisional transfer which wonld give a
higher quenching cross section for the v = 12 and 13 levels. There is not a
good energy match between the a/(14) and any a®II state vibrational levels,
although it might match some part of the rotational band. Thus, the high
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quenching cross section for a’(14) level is not well understood at present.
Furthermore, we do not obtain a high quenching rate for the a’(9) level
although the energy difference between a' 3L+ (v=9) and a®II(v=10) lavel
is about 20 meV. Similar considerations of the energy levels of the d and
e states also will not explain why only the v = 12, 13 and 14 vibiutional
levels are quenched more efficiently than the other vibrational levals.
From this work the lifetimes of the Asundi levels are now known
to be very close to those previously estimated by W. C. Paske et al.2 In
fact, the Asundi lifetimes are about 20 to 30% longer lived than the rearby
d3A and ¢35~ states. The problems that this similarity can cause may be
seen in the case of the a’ 3X+(v=12) level. The non-linear least cquarss
computer code LASL used to extract the lifetimes from the a’(12) decay
curves indicates that two similar lifetimes are present but it cannot distin-
guish two lifetimes differing by only 20% very precisely. Therefore we can
be reasonably certain that the previous tentative conclusion made by W.
C. Paske et al.? that they had observed a mixture of the d®A, :*T— and
a®L T lifetimes is corroborated by this work. The 0.2 eV separation of these
e®L ™ and o' 3% states precludes using an electron beam energy difference
to separate them in order to determine their lifetimes in the present ap-
paratus. In other cases where the d3A and/or ¢3S states overlap the
Asundi bands, the long lived component is absent in this work. In refitting
the optical emission functions from the work of W. C. Paske et al.l:2 with
the new computer code CHI, an additional threshold is observed whenever
the long lived decay component is present. The additional thresholds found
in these emission functions are consistent with our calculated thresholds for
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the v = 11, 13, 15 and 16 vibrational levels of the a®I state.

We believe that the long lived decay component of the a®H state
observed in this work and previous work on the d®A and e*L— states!? is
quenched by collisions with ground state CO molecules and also collisionally
transferred to either a’ 3L+, d3A or the e3X— state.

Hydrogen Molecule

The radiative decay lifetimes for the states of Hydrogrn X ioiecule
that give arise to continua in the 1000-1800A region have been measurad.
All data were taken in the pressure range of 5-33 mTorr, using pulse width
of lusec. The plot of measured reciprocal lifetime versus pressure for the
VUV photons are shown in Fig. 5-7 through Fig. 5-15. The error bars
represent a variation in the computer fit parameters over the accepted rarge
for a reduced x2 of 2. Our zero pressure extrapolated lifetime results are
tabulated in tabe 5-6.

The time spectra in the range 1000-1800a A regoin are due primarly
to the overlapping of the manyline spectrum, the Lyman transition(B!S+
to XX 1) continuum and to some extend the triplet continuum (¢®Y and
c®II). In this region the lifetime data was taken at three different excitation
energy 11.8,13.1, and 16.1eV. At an excitation energy of 11.8eV the statisti-
cal uncentait is large. The source of first component (1.75nsec) might be
higher vibrational level of B'X+. However at higher excitation enerzy
(13.1eV) which is well above the threshold of B, a,and ¢ states three com-
ponents were observed. The short component is due to v=8-11 vibrational
level of B'L + state. Our result (1.39nsec) is in agreement with previously
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reported value’8. Since the decay curve, above approximatly 12.5¢V excita-
tion energy,must contain some continuum contribution from a®L+ state,
the higher vibratiobal level of this state can be considered as a possible
source for the second lifetime component.

When the excitation energy was set above the dissociation (14.43¢V),
four component have been observed. Our lifetime value for the v=2,3
vibrational level of a®E 7T are in excellent agreement with those previously
reported result.”8,80,81.Since in the region of 1000-1800A. the triplet con-
tiuum of c®II has a Slight influence on decay curve and also since this state is
a metastable,therefor it is good candidate for the source of the loaglived

(535nsec) decay component.
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Table 5-1. Thresholds for the ¥=8-16 Vibrational Levels of the o/ 3Tt
States Determined from the Optical Emission Functions and Compared to

Spectroscopically Determined Values.

v This work® Ref. 8 Ref. 65
(obs)  (calc)
eV eV eV

8 7954010 799  8.12
9 8114011 812 825
10 8234020 824 838
11 8.3340.10 837  8.51
12 8474012 849 863
13 8674011 861 875
14 8704010 873  8.87T
15 8.8540.10 885 898

%Error represents twice the square root of the variance of the mean for

multiple determinations of the threshold.
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Table 5-2. Thresholds and Identification of Overlapping States Ghbserved
in the Optical Emission Functions of the Indicated Asundi Transitions

(a' 35t — a®n).

Monitored Asundi Transition Identification and Threshold
Level Wavelength (A) of Overlapping Transition
o — o PN eV
9—0 5870 5876 5876 e—a(2—0) 8.19 4 0.08
a' — a(14 — 3) 8.70 4+ 0.10

9—1 6550 6535 6530 d—a(2—0) 7.82+ 0.12
a' — a(14 — 2) 8.70 4 0.10

10—1 6115 6123 6119 e—a(l —0) 8.07 + 0.08
d— a(7T—2) 8.42 4+ 0.08

a' — a(l15—4) 8.85 4+ 0.10

10—2 6820 6828 6820 d—a(l1—0) 7.69 4 0.15
11—1 5800 5767 5769 a' — a(16 — 4) 9.06 + 0.10
11— 2 6410 6389 6397 d— a(3—0) 7.84 4 0.11
12—2 6000 6008 —— d—a(4—0) 8.20 + 0.15
a—a'(13—") 863+ 0.15

13—1 5190 5181 —— d — a(17— v")? 9.61 4 0.10
13—3 6300 6266 —— a' — a(8 — 0) 7.95 4 0.10
15—2 5134 5727 —— e—a(4—0) 8.46 4+ 0.10
a' — a(17 — 3) 9.11 4 0.12

15— 3 5600 5603 —— d—a{5—0) 8.29 4 0.10

“Wavelength as measured by monochromator in this work.
bPositions of the bands reported by Albritton.®®
Positions of the bands reported by Krupenie.?
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Table 5-3. Radiative Decay Lifetimes and Collisional Quenching
Cross Sections for the v=9,12-16 Vibrational Levels
of the Asundi Bands.

This work!®  Quenching Ref. 3 Ref. 4
Lifetime Cross sgction Lifetime Lifetime
v (us) (4) (us) (us)
9 6.43 4 0.64 5304+ 4.24  6.82 + 0.60 6.67

12 5124036 406 + 38 - —~
13 5194032 228 427 — —
14 5054184 353 - 264 — —
15 4784 0.46 1.49 + 3.38 — —
16 4.20 4 0.38 6.27 + 4.02 — —

~

2 rror represents two standard deviations from a weighted least squares
fit to the pressure data.
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Table 5-4. Calculated Thresholds for the v=0-18
Vibrational Levels of the a®m State.

This work Ref. 9

v (calc) (calc)
(V) (eV)

0 6.14 6.144
1 6.36 6.356
2 6.56 6.565
3 6.77 6.770
4 6.97 6.972
5 7.17 7.170
6 7.36 7.364
7 7.55 7.555
8 7.74 ——
9 7.92 ——
10 8.10 —_—
11 8.28 ——
12 8.45 ——
13 8.62 ——
14 8.79 ——
15 8.95 ——
16 9.11 —_—
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Table 5-5. Comparison of the Energy Values for the Resonance Bands
“a”, “b", “¢”, “d”, “e”, “{” and “g” of Hy with the Other Experimental Techniques

Vibrational Vibration Energy uv
number Present Electron transmission excitation loss excitation
Ref.(14) work Ref.(16) - Ref.(21) Ref.(20) Ref.(19) Ref.(15)
Band a

0 11.31 11.28 11.32 11.30 11.30 11.32

1 11.62 11.56 11.62 11.62 11.62 11.63

2 11.91 11.84 11.91 11.91 11.92 11.92

3 12.16 12.11  12.19 12.19 12.20 12.20

4 12.43 1237 1244 12.45 12.46 12.47

5 12.67 12.62 12.68 12.68 12.70 12.70

6 12.91 12.86 12.89 12.89 12.93 12.91

7 13.12 - 13.10 - - -

8 13.28 - 13.28 - - -

9 13.48 - - - - -
10 13.60 - - - - -
11 13.81 - - - - -
12 13.93 - - - - -
13 14.03 - - - - -
14 14.15 - - - - -
15 14.18 - - - - -

93



Table 5.5 (continued)

Vibrational Vibration Energy (VAT
number Present Electron transmission excitation loss excitation:
Ref.(14) work Ref.(16) - Ref.(21) Ref.(20) Ref.(19) Bef (15)
Band b

0 11.26 - - 11.27 - -
1 11.44 - - 11.47 - -
2 11.60 - - 11.63 - -
3 11.74 - - 11.75 - -
4 11.86 - - 11.85 - -
5 11.99 - - 11.96 - -
6 12.03 - - - - -
Band ¢
0 11.44 1143 1146 11.56 11.50 11.48
1 11.72 11.74 1172 11.86 11.79 11.78
2 12.03 12.03 1199 12.07 12.08 12.05
3 12.28 1232 1227 - 12.38 12.30
4 12.58 12.58 12.53 - - -
5 12.81 12.83 1277 - - -
6 13.03 13.06 1297 - - -
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Table 5.5 {continued)

Vibrational Vibration Energy uv
number Present Electron transmission excitation loss excitation
Ref.(14) work Ref.(16) - Ref.(21) Ref.(20) Ref.(17) Ref.(15)
Band d

0 11.36 - - - - -
1 11.66 - - - - -
2 11.92 - - - - -
3 12.22 - - - - -
4 12.43 - - - - -
5 12.58 - - - - -
6 12.73 - - - - -
7 12.91 - - - - -
8 13.12 - - - - -
Band e
0 11.54 - - - - -
1 11.83 - - - - -
2 12.06 - - - - -
3 12.34 - - - - -
4 12.49 - - - - -
5 12.64 - - - - -
6 12.78 - - - - .
7 12.87 - - - - -
Band ¢
0 11.57 - - - - -
1 11.74 - - - - .
2 12.13 - - - - -
3 12.36 - - - - -
4 12.53 - - - - -
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Table 5.5 {continued)

Vibrational Vibration Energy UV
number Present Electron transmission excitation loss excitation
Ref.(14) work Ref.(21) - Ref.(22) Ref.(20) Ref.(10 Ref.{15)
Band {

0 13.64 13.66 13.62 - 13.63 -
1 13.95 13.94 1391 - 13.93 -
2 14.24 1420 14.19 - 14.20 -
3 14.46 14.45 14.46 - 14.47 -
4 14.74 1469 14.72 - 14.70 -
5 15.02 14.93 1497 - 14.92 -
6 15.2 15.18 15.21 - - -
T 15.44 15.43 15.44 - - -
8 15.64 15.65 15.66 - - -
9 15.85 15.85 15.87 - - -
Band f/
0 13.73
1 13.97
2 14.28
3 14.59
4 14.81
5 14.91
Band g
0 15.08 15.09 - - - -
1 15.24 15.32 - - - -
2 15.56 15.57 - - - -
3 15.73 15.77 - - - -
4 15.89 - - - - -
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Table 5-6. Radiative Lifetimes for VUV Photons

Energy Lifetime
(eV) 1st Component 2nd Component 3rd Component 4th Component
16.12 2.014-0.16 10.134-0.55 1194-8.8 535-4-38
13.12 1.394-0.11 8.54-0.25 170+3.1 -
11.82 1.754-0.12 7.5740.19 - -
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APPENDIX

Program codes for
(a) Transferring Data from MCA to Tekironix
(b) LASL
(c) CHI

(d) Reprint. of published papers
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aidwssd  DATA TRANSFER FROM THE MCA TO TEKTRONICS 4052: ##masssus

-3
1 S0 7O 100
3 REM #3s# INITIATES FPROGRAMt##x
4 RUN 170
; REB ﬁ?g** RESETS PROGRAM FOR NEW FILE SEARCH ####3%#
{ 548, 2
%5 SSQ Z%g** RESETS PROGRAM IF ABORTED BEFGR LINE 180 ###i#3#
5 ! 3
19 REE ggg%* MaRKS AND STORES DATA ON THE TAPE #sxsxs
Z0 AUN
%QQ ER%H$” DaTA TRANSFER FROM THE MCA 7O TEKTRONICS : ®
oD R
110 PRINT" UOK#1 INITIATES PROGRAM FOR DATA TRANSFER.
129 FRINTY UDKg2 RESETS FILE SEARCH IF TAPE IS ON bAFE
130 FRINT" UDK#4 RESETS CPU IF FROGRAM IS HBDRT:D BEFOR LINE 180. . ¢
1&9 FRINTY UDKH#3 MARKS FILE AND STORES DATA.
132 “RINT
150 RETURN
170 CALL "RATE, 2400.0, 2
120 PFRINTR37. 022, 12, 13¢
DELETE A -
FRINTY MW MANY CHAMNEL TO TRANSFER ANMD RECORD™ ™™ %
INPUT W
TEM AW
a=0Q
TMPUT %40 A
FEINT@37:26.0
FRINT" DATA TEANSFE COMPLETE " _
FRINTY WHICH FILE IS THE DATA 7O BE RECORDED INTO?? "
ithPUT F
rIND F
T=TYF (D)
GOTO T OF 330Q,37G, 396G, 6810
FRINT® EMPTY FILE"
PRINT® PUSH #3 TO MARK FILE aND RECORD DATA %
1 RETURN
] FIND F
3 MARK 1, 12#W
37C FRINTE37, 26: 0
B0 FIND F
PG PRINTS33: A
30 PRINT" DAaTA NOW RECORDED IN FILE #",F
310 DELETE S
4zZ0 DIM S(W)
420 S=11111
345 FIND F
339 INPUT233:. 8
1£0 S=A-5
270 FUR I=1 TO W
180 IF S{IY=0 THEN 510 | e
:?g fﬁ%”g& COMM ERROR CHAMNELH#"; I; "IN DATA TRANSFER FROM MEMORY T3 TAFE
SO ETUR
510 NEXT 1 o
220 FRINT "  DATA TRANSFER TO TAPE 0. K. "
30 ‘:ALL lRA'C"l S50, U2
RETURN
FPRINTY " )
PPIIT" END 2F DATA FILE PICK anMOTHER FILE"
ERINTH "
PETURN
FRINT
T FRINT® ASCII DATA . PICK ANGTH F1 !
S| FRINT « 0k GTHER FILE
510 FR " BIMNARY NUMERIC DATA, PI £ "
c;% QETJ$N CK ANDOTHER FILE
229 ‘RIN BINARY STRING DATA, PICK ANOTH = "
et RETURN OTHER FILE
=20 PQINTﬁ37, 26,
&0 HETURN
=70 EIJD



OOOOOO0O0

OO0 s X2 Xg!

e XsXsXeXeXeKeXg]

21
23

22

1
924

25

900

910
911

AR AR AR AT AR R AR AR AR R AR AR AR R A AR AR R R IR AR R A AR AR AR R AN RAR

MAIN PROGRAM FOR NONLINEAR LEAST SQ. EXP. FIT. FROM LASL
MODIFIED FOR USE ON THE VAX MACHINE

KRR AN R A A A TR T R A A AN AN EAN N T AR RN AR AR NN ARARRTAR
CHARACTER *i1g FILEN
DOULLE PRECISION Y7,WVAR
DOUZLE PRECISION W,P,SP,YC,DY,PART,BM,DET,ALAB,BLAB,CLAB
COMMON N, IK,IV,M,IB,ITEST,IDUM,NDUM,IPR,IFG,IM,TEST,YT,WVAR,SSQ,
110F ,DET, 1SW,IPLT,ISC,INTT,Y(999),%(1,929),W(999),IX(17),PG(108),P(
218),SP{10),Y¥YC(999),bY¥(999),BM(1#,11),ALAB,PART(16),NSETS,
3DUM(1),Z(1),BLAB(4),RCHIS,RSDY
EQUIVALENCE (IDUM,IN1),(NDUM,NIZ)
DIMZNSION CLAB(4)
WRITE(6,21)
FORFAT(//"' ENTER THE DATA SET NAME... e.g., COMAY13')
READ(5,23)FILEN
FORMAT(A13)
CALL ASSIGN(9,FILEW)
MRD=5
VRITE(G,22)
FORWAT(//"' ENTER THE CURRENT TIME AND DATE (4A6)')
READ(5,920)(CLAB(I),1=1,4)
Do 19 I=1,4
BLAB(I)=CLAB(I)
CONTINUE
FORIAT( 446)
IPLT=0

CLEAR DUH, PART

DUM(T }=0.

DO 26 K=1,18
PART(K)=0.8
ALAB=KRD
INl=g

NN2=5

CALL INPUT ROUTINES, CALCULATION ROUTINES AND OUTPUT ROUTINE

CALL ISPAK
CALL PSPAK
CALL RSPAK

CALL PLOT ROUTINE
NOTE: USE PLOT ROUTINE DSPAK WHEN USING AN IBM-370/158

USE PLOT ROUTINE LPLOT WHEN USING A VAX-11/7g88
(CAUTICH: CHECK € ON DSPAK VS LPLOT)

FORMAT(' ENTER PLOT INCR IF PLOT IS DESIRED THEN ENTER 1 TO RERUN
IWITH NEW PARAMETERS OR ENTER -1 TO CALL EXIT (USE 2I3)')
WRITE(6,908)

READ(5,910)IPLT,JPLT

WRITE(6,911)1PLT,JPLT

FORMAT(213)

FORMAT(1X,2I3)

IFCIPLT.GT.Q)CALL DSPAK



O000O0n

349
354
355
369

3

944

4
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IFCIPLT.GT.@)CALL LPLOT

IPLT=JPLT
IFCIPLT.LT.Q)CALL EXIT
GO TO 1

END
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SUBROUTINE ISPAK... INPUT ROUTINE
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SUBROUTINE ISPAK
DOURLE PRECISION W,P,SP,YC,DY,PART,BM,DET,ALAB,BLAB
DOUBLE PRECISION YT,WVAR
CHARACTER *6 AL,BL.SA,DA*2,XMO*3,YR*4
COMMON N,IK,IW,M,IB,ITEST,IDUM,NDUM,IPR,IFG,IM,TEST,YT,WVAR,SSQ,
11DF,DET,.ISW,IPLT,ISC,INTT,Y(999),X(1,999),W(999),IX(10),PG(1&),P(
219),SP(14),YC(999).DY(999),BM(10,11),ALAB,PART(10),NSETS,
3DUM(1),Z¢(1),BLAB(4),RCHIS,RSDY
EQUIVALENCE (IDUM,IN1),(NDUM,NN2?}
INTEGER RN
INTEGER ZCAL
INTEGER ZCH4
INTZIGER ZCHS
NI =ALAB
CALL INPAK(N,IB,IX.P,TIME,Y,BLAB,NRD,ZCLB,ZCAL,AL,BL,DA,XMO,YR,RN,
1SA,VL,PR,IPLT)
NSAV=N
CLBRTR=ZCLB
IF(ZCAL)340,340,4
CONTINUE
IF(P(1)}) 354,355,368

CLBRTR=-P(1)
GO TO 4
CLB2TR=1.4
GO TO 4
DET=2.9

po 3 I=1,IB
DY(I)=P(I)

VOI)=IX(I1)

CALL RGRES(DY,W,TEST,CLBRTR,1,1B,AI,DET)

FORHAT(' ENTER NUMBER OF PARAMS, FIRST POINT,LAST POINT,WEIGHT POW
6ER, IPR=9§,1,2 OR 3 FOR INCREASED QUTPUT, IM=1 HOLD COWSTANT,'/,' A
6ND ENTER REP RATE OF PULSING SYSTEM IF PILE UP CORRECTION IS DESI
6RED, USE FORMAT: 314,F4.1,214,F108.2')

WRITE(6,949)

N=NSAV

READ(5,950)IK,IN1,IN2,WEIT,IPR,IM,TDCR

FORMAT(314,F4.1,214,F8.2)

WRITE(6,952)IK,IN1,IN2,WEIT,IPR,IM,TDCR

WRITE(6,951)

FORMAT(' IS THE DATA ENTERED CORRECTLY? VYES=1, NO=g')

FORMAT(1X,314,F4.1,214,F8.4)

READ(5,955)ZCH4

FORMAT(I1)

IF(ZCH4)4,4,957

CONTINUE

IX(2)=1K

NSETS=#

1B=4

ITEST=0

IK=TK+1

1sw=g@



M=1
IF(IM.NE.2)IM=1
IX(1})=IK
IFG=2
KK=IK-2
KI=1K~-1
969 FORMAT(' ENTER LIFETIMES(SHORT,LONG),COEFFS(SHORT,LONG},CONSTANT®
1.' (USE A 1P1OEB.1 FORMAT)')
961 WRITE(6,860)
READ(5,97@)(PG(K),K=2,KK,2),(PG(J),J=1,KI,2)
97¢ FORMAT(1P19ESB.1)
971 FORMAT(1X,1P10E1Q.1)
VRITE(6,971)(PG(K),K=2,KK,2),(PG(J),J=1,KI,2)
WRITE(6,951)
READ(5,955)2ZCHS
IF (ZCH5)961,961,967
967 CONTINUE
WRITE(18,9201)AL,BL,DA,XMO,YR,RN
WRITE(6,9201)AL,BL,DA,XMO,YR,RN
WRITE(14,9202)SA,VL,PR,BLAB
9281 FORMAT(1HWLY,///////7/7,1H ,2A6,3X, 'DATE-',A2,A3,A4,3X, 'RUN #',12)
3282 FORMAT(1H ,'SAMPLE-',A6,3X, 'WAVELENGTH=',F5.9,'A"',3X, 'PRESSURE=",F
15.1,"MICRONS'//' CALCULATED AT ',1X,A6,1X,3A6/)
PG(IK)=0.8
PG(IK-1)=PG(IK=-1)+.5
980 FORMAT(' CALIBRATION IS',F10.5,' NS/CHAN')
WRITE( 19,930 )CLBRTR
DO 11 I=1,N
Al=I-1
11 X(1,1)=AI*CLBRTR

OPTIONAL PHOTON PILE-UP CORRECTION ROUTINE

o000

IOCR=TDCR
IF(IDCR.EQ.Q)GO TO 8&
YSUM=Y(1)
SDCR=TDCR
TDCR=SDCR*TIME
DO 81 I=2,NSAV
YTEMNP=Y(I)/(1.8-(YSUM/TDCR))
YSUM=YSUM+Y(])
Y(I)=YTENP

81 CONTINUE
CNRT=(YSUM/TDCR)*194d.
YMAX=Y(1)
DO 83 J=2,NSAV
IF(YMAX-Y(J))82,83,83

82 YHAX=Y(J)

83 CONTINUE
PUAN=YMAX/TDCR
WRITE(10,981 )CNRT,PMAX

931 FORMAT(' COUNTRATE FOR THIS RUN IS ',F5.2,' PER CENT'/,' MAXIMUM P
GROBILITY OF A COUNT OCCURRING IN A CHANNEL, IN ONE CYCLE, IS ',F8.
6G)

3 N=INZ2-IN1+1

C
c SET UP WEIGHTS
C

IF(WEIT.HE.Z)GO TO 6
DO 48 I=1,N
A9 W(I)=1.8
GO TO 8
6 DO 59 I=1,N
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J=IN1=-1+]

50 W(I)=Y(J)/Y(INL)
WRITE(19,959)1,J,IN1
IF(WEIT.EQ.1.2) GO TO 8

405 FORMAT (' WEIGHT RANGES FROM 1.9 TO',F7.3,' FOR CHAN ',I3)
7 DO 69 I=2,N
IF(W(I}.EQ.0.9)GO0 TO 59
WITY=W(I)**=JEIT
GO TO 69
59 W(I)=1.0
60U CONTINUE
8 TEST=1.0E-08
WRITE(19,405)W(N),IN2
DO 55 I=1,N
INIM1=I+IN1-1
55 Y(I)=Y(INIM1)
RETURN
1 CALL EXIT
END
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SUBROUTINE RSPAK.... OUTPUT PROGRAM
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SUBROUTINE RSPAK

REAL*8 DSORT

DOUBLE PRECISION W,P,SP,YC,DY,PART,BM,DET,ALAB

DOUBLE PRECISION YT,WVAR

COMMON N, IK,IW,M,IB,ITEST,IDUM,NDUM,IPR,IFG, IM,TEST,YT ,WVAR,SSQ,
11DF,DET,ISW,IPLT,ISC,INTT,Y(999),X(1,999),W(999),IX(12),PG(1@),P(
219),SP(18),YC(999),DY(999),BM(119),ALAB,PART(14),NSETS,
3bUM(1),Z(1),BLAB(4),RCHIS,RSDY

DIMENSION TS(49)

PAGE 1 OF THE STANDARD OUTPUT

I=-1

CALL YPS(I)

WRITE (19,200)WVAR,TEST,SSQ,RCHIS,RSDY
WRITE(6,200)WVAR,TEST,SSQ,RCHIS,RSOY

290 FORMAT(/26H THE WEIGHTED VARIANCE IS 1PEl4.7,/

1,' THE UNWEIGHTED SIGMA IS ',1PE14.7
2,' AND THE UNWEIGHTED SUM OF SQUARES OF THE DEVIATION IS ',1PE14.7
3,/' THE REDUCED CHI SQUARED = ',QPF14.6

4, AND THE REDUCED SUM OF THE DEVIATIONS= ',@PF18£.6,/)
304 FORMAT(® GUESS OF FINAL VAL OF S.D. OF EXACT LST S
1QRS EQNS',/,' K K-TH PARAM K-TH PARAM K-TH PARAM FITTED FC

2TN  INPUT DATA')
WRITE(10,3045)
WRITE(6,300)
KFREE=IK-IM
DO 40 K=1,KFREE
2 A=9.8
B=0.0
DO 38 I=1,N
A=A+WI)*YC( I )*PART(K)
30 B=B+W({I)*Y(I)*PART(K)
WRITE( 12,500 }K,PG(K),P(K),SP(K
VRITE(6,509)K,PG(K),P{K),SP(K)
504 FORMAT(I3,1X,1P3E12.4,3X,1P2E1
49 CONTINUE

1,A,B
+A,B
2.4)

CALCULATE AND WRITE CORRELATION MATRIX ONLY IF IPR > 1
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520
53¢
609
979
91y
924
93y

940
95y

)

i

3

DO 200 J=1,N

YT=PC(IK~1)

IN=IK-3

DO 154 K=1,IN,2

JJ=K
YT=YT+PC(K)I*DEXP{~-X(1,J)/PC(K+1))
PHI=W(J)*(Y(J)-YT)**2+PHI
IF(PHI.LE.WYAR) GO TO 659
IF(GD.LT..797 .AND.LBDA.GT.Z)GO TO 429
H=H/2.0

K=

IFCIPR.NE.®) WRITE(14,928)H,PHI
DO 229 I=1,KFREE

DP(I)=H*DP(I)

PCCI)=P(I1)+DP(I)
CHK=DABS((PC(I)-P(I))/P(1))
IF(CHK.LT.TEST)K=K+1

CONTINUE

IF(KFREE-K)600,600,160
LBDA=LBDA*NU

DIAGNOSTIC OUTPUT OF LBDA, ITERATION# AND PHI ONLY IF IPR > 1

IFCIPR.NE.O) WRITE(19,910)LBDA,IT,PHI
I1J=KFREE+1

DO 300 K=IJ,NI

BH{K)=AM(K)

GO TO 520

IF(LBDA.LE..99091) GO TO 524
LBDA=LBDA/NU

1J=KFREE+]

DO 539 K=I1J,NI,1J

BM(K)=AM{(K)+LBDA

RETURN

NM=1

RETURN

FORMAT(' COS(GAMMA)= °',1PEl1.4)
FORMAT(' LAMBDA= ',1PE7.1,' [ITER NO. ',I2,' PHI= ',1PE15.9)
FORMAT(' H= ',1PEB.2,*' PHI= ',1PE15.9)
FORMAT(214,1PE10.3)

FORMAT( ' BM(J)= ‘w1P7E17.8)

FORMAT(' AN(J,J)= ',1P7E17.8)

END
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SUBROUTINE VYPS...
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SUBROUTINE YPS(I)

FUNCTION AND PARTIAL DERIVATIVE ROUTINE

DOUBLE PRECISION W,P,SP,YC,DY,PART,BM,DET,ALAB

DOUSLE PRECISION YT,WVAR

COMMON N,IK,IW,M,IB,ITEST,IDUM,NDUM, IPR,IFG,IM,TEST,VYT,WVAR,SSQ,
11DF,DET,ISW,IPLT,ISC,INTT,Y(999),%X(1,999),W(999),IX(14),PG(1@),P!
219),SP(18),Y¥C(999),DY(999),BM(10,11),ALAB,PART(14),NSETS,
3DUM(1),Z2(1)

FORMAT(' SUM GF EXPONENTIALS, Y(I)=P{I)*EXP(-X(I)/P(2))+...+P{', I1
1,')")

IF (111,3,3

K=IKk-1

WRITE(1@,908)K

GO TO 4

YT=9.9
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KI=1K-2

DO 10 K=2,KI,2
PART(K-1)=DEXP(-Z(1)}/P(K))
PART(K)=P(K~1)*PART(K~-1)
YT=YT+PART(K)
PART(K)=PART(K}*Z(1)/P(K)**2
YT=YT+P(IK~1)}

PART(IK-1)=1.9

RETURN

END
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SUBROUTINE PSPAK... CALCULATION ROUTINE
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SUBROUTINE PSPAK

DIMENSION AM(10@),DP(14),PC(10),AN(19)

DIMENSION MA(10),M3(10),1IW(208),JIW(108)
EQUIVALENCE(TIW(181),J3IW(1))

REAL*8 DSQRT

DOUBLE PRECISION YT,WVAR

DOUBLE PRECISION W,P,SP,YC,DY,PART,BM,DET,ALAB,AM,DP,PC,AN
COMMON N, IK,IW,M,IB,ITEST,IDUM,NDUM,IPR,IFG,.IM,TEST, YT, ,WVAR, SSQ,
11DF,DET,ISW.IPLT,ISC,INTT,Y(999),X(1,999),W(999),IX(14),PG(12),P(
210).SP(191,YC(999),DY(999),BM(110),ALAB,PART(18),NSETS,
3DUM(1),Z(1),BLAB(4),RCHIS,RSDY

REAL LBDA

EQUIVALENCE(ITEST,LASTIT)

INITIAL OUTPUT OPTION

IF(IPR.EQ.Z) GO TO 1
WRITE(10,409) TEST
FORMAT(/EH TEST = ,1PE15.7/)

INITIALIZATION FOR MAIN ITERATION LOOP

KFREE=IK~IM
KP=KFREE+!
IDF=H-KFREE
DF=1DF

1T=0
LBDA=.90%1
X6VAR=1.0E+15
IREJ=4.

DO 19 K=1,IK
DP(K)=0.8
SP(K)=0.8
PC(K)=PG(K)
P(K}=PG(K)
LASTIT=9
M25C=0
IF(KFREE.EQ.Q)GO TO 3

MAIN ITERATION LOQP

IT=1T+1

H=1

DO 34 K=1,KFREE
DO 2@ KK=1,KFREE
JJ=K+(KK~1)*KFREE
AM(JJd)=4.
BH(JJ)=9.
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JJ=K+{KP=~1)*KFREE
BM(JJ)=0.
JJ=K+K*KFREE
BM(JJ)=0.

VAR=£.4

SSQ=0.9

SDY=g.8

CHIS=90.9

LOOP TO SET UP NORMAL EQUATIONS
DO 9# I=1,N
CALL YP ROUTINE, CALCULATE SUM OF SQUARES AND CALCULATE CHI SQUARE

DO 42 J=1,M

Z(J)=X(J,I"

CALL YPS(I)

YC(I)=YT
DY(I)=Y(I)-YC(I)
SDY=SDY+DY(I)
CHIS=CHIS+DY(I)*DY(I)/Y(I)
DEL=DY(I)**x2*y(1)
IF(DEL.LT.X5VAR)GO TO 35
Vi(1)=0.2

IREJ=IREJ+1
TIWCIREJ)=I+IDUM-1
IIW(IREJ+1900)=Y(1)
VAR=VAR+W( T )*DY(I)**2
SSQ=SSQ+DY(I)**2
IF(KFREE.EQ.Q) GO TO 99

SET UP AN AS VECTOR OF PARTIAL DERIVATIVES

K1=g

DO 64 K=1,IK
IF(IM.EQ.Q) GO TO 4
DO 59 KK=1,IM
IF(K.EQ.IX(KK}) GO TO 5
CONTINUE

K2=K-K1
AN(K2)=PART(K)

GO TO 64

K1=K1+1

CONTINUE

FORM A AND B MATRICES

DO 89 K=1,KFREE

DO 78 KK=1,KFREE
JJI=K+{KK-1)*KFREE
AM(JJ)=AM(JJ I +ANCKI*AN(KK)Y*W( 1)
1J=JJ+KFREE

BM(1J)=AM(JJ)
BM(K)=BM(K)+AN(KI*DY(T)*W(I)
CONTINUE

RSDY=SDY/DF

RCHIS=CHIS/DF

WVAR=VAR

XSVAR=12.*WVAR/DF
IF(KFREE.EQ.®) GO TO 23
IF(LASTIT.EQ.1)LBDA=4.

CALL LAMBDA(1,PC,LBDA,DP,IT,AM)
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NM=2
OPTIONAL PRINTOUT OF A AND B MATRICES ON LAST ITERATION

IF(LASTIT.EQ.Q) GO TO 6
IF(IPR.LT.3) GO TO 6
WRITE(1Q,500)

50 FORMAT(///,3X,1HK,19X,6HA(K,L),28X,4HB(K}//)
DO 119 K=1,KFREE
WRITE(19,690)BM(K)

649 FORMAT(//1H+,1P1E67.5)
JJ=(K-1)*KFREE+1
IJ=K*KFREE

114 WRITE(10,788)K, (AM(11),11=JJ,1J)

792 FORMAT(14,1P10E12.4)

SOLVE THE NORMAL EQUATIONS

6 IF(KFREE.GT.1) GO TO 7
DET=AM(1)
BM(2)=1.8/AM(1)
GO 70 8
7 CONTINUE
CALL MINV{(BM(KP),KFREE,DET,MA,MB)
IF(DET.EQ.Z)LASTIT=1
IF(DET.EQ.Q) WRITE(19,758)IT
759 FORMAT(' SINGULAR SYSTEM ITER NO ',I2)
CALL GMPRD(BM(KP),BM,DP,KFREE,KFREE,1)
DO 115 I=1,KFREE
1J=(I-1)*KFREE+1]
SP(I1)=DP(I)
DP(I)=DP(I1)/DSQRT(AM(I1J))
115 PC(I)=P(I1)+DP(I}

WRITE THE VALUE OF THE DETERMINANT, A INVERSE, AND NO. OF ITERATIO

CALL LAMBDA{(NM,PC,LBDA,DP,IT,AM)
IF(NM.EQ.2) GO TO 7
8 IF (LASTIT.EQ.Q) GO TO 11
IF(IT.LT.26)G0 TO 9
WRITE(192,801)
WRITE(6,801)
891 FORMAT(//' ---WARNINGl[--- 26 ITERATION LIMIT EXCEEDED...
1CONVERGENCE QUESTIONABLE...'//)
9 WRITE(19,800)IT,DET
804 FORMAT(16,' ITERATIONS, DET. OF PART. DERIV. MATRIX =',1PE14.6)

CALCULATE NEW PARAMETER VALUES AND CHECK FOR SIGN CHANGES IF NECES

11 Kl=4
DO 149 K=1,IK
IF(IM.EQ.9) GO TO 12
DO 139 KK=1,IM
IF(K.EQ.IX(KK)) GO TO 16

137 CONTINUE

12 K2=K-K1

13 PC(K)Y=P(K)+H*DP(K)
IF(LASTIT.NE.Z) GO TO 149
IF(IFG-1,14,149,15

14 IF(IT.GT.5) GO TO 14#&

15 IF(P(K)*PC(K).GE.®) GO TO 14¢
H=H/2
IF(H.GE.1.QE~18) GO TO 11
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WRITE(12,1500}K
WRITE(6, 1500)K
1509 FORMAT(//' PROG. QUIT ITERATING ...... PARAMETER',I3,' OUT OF RAN

1GE'//)
H=0
LASTIT=1
GO TO 8

16 Kl=K1+1

149 CONTINUE

OPTIONAL PRINTOUT FOR EACH ITERATION ONLY IF IPR D1

IF(LASTIT.NE.@) GO TO 19
IF(IPR.LT.1) GO TO 17
WRITE(19,1389) IT,H,VAR

1367 FORMAT( 1HO,I3,1P2E17.7)

1498 FORMAT( 1IP6E11.3)
IF(IPR.LT.2) GO TO 17
WRITE(10,1409) (PC(K),K=1,IK)

TEST FOR CONVERGENCE

17 KK=2
DO 168 K=1,1IK
IF(P(K).EQ.2) GO TQ 18
IF(DABS{(PC(K)-P(K))/P(K))-TEST)164,169,19
18 KK=KK+1
169 CONTINUE
IF(KK.EQ.IK) GO TO 19
M25C=1

SET PARAMETER VALUES FOR THE NEXT ITERATION

19 DO 179 K=1,IK
174 P(K)=PC(K)

AFTER LAST ITERATION GO BACK FOR FINAL CALCULATION OF YC,DY,ETC.

IF(LASTIT.EQ.Q) GO TO 21
KFREE=@
GO TO 3

TEST WHETHER 25 ITERATIONS HAVE BEEN TAKEN

21 IF(M25C.EQ.1) GO TO 22
IF(IT.LT.25) GO TO 2

GO BACK FOR LAST ITERATION

22 LASTIT=1
GO TO 2

CALCULATE WEIGHTED VARIANCE, STANDARD DEV. OF THE PARAMS.

23 WVAR=VAR/DF
TEST = SQRT(SSQ/DF)
K1=2
DO 198 K=1,IK
IF(IM.EQ.Q) GO TO 24
DO 188 KK=1,IM
IF(K.EQ.IX(KK)) GO TO 25
189 CONTINUE
24 K2=K-K1
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K3=K2+K2*( IK~IM}

K4=K3-IK+IM
SP(K)=DSQRT{BM(K3)*WVAR/AM(K4))

GO TO 199

Kl=K1+1

CONTINUE

IF(IREJ.EQ.Z)GO TO 299
VRITE(19,1688)1REJ

WRITE(1@,1991) (JIW(J),IIW(J} ,J=1,IRED)
FORMAT(10(I8,':',14))

FORMAT(2£X, ' THE FOLLOWING',I4,' POINTS ARE OUTSIDE 3.46 SIGMA')
CONTINUE

RETURN

END

AKEE KRR AN AR A RN N AR RRAANR LR XARRANKRRARR A RR N RK

SUBROUTINE MINV... MATRIX INVERSION
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SUBROUTINE MINV(A,N,D,L,M)

SUBROUTINE MINV

PURPOSE
INVERT A MATRIX

USAGE
CALL MINV(A,N,D,L,M)

DESCRIPTION OF PARAMETERS
A - INPUT MATRIX, DESTROYED IN COMPUTATION AND REPLACED BY
RESULTANT INVERSE.

N - ORDER OF MATRIX A

D - RESULTANT DETERMINANT

L - WORK VECTOR OF LENGTH N

M - WORK VECTOR OF LENGTH N
REMARKS

MATRIX A MUST BE A GENERAL MATRIX

SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE

METHOD
THE STANDARD GAUSS-JORDAN METHOD IS USED. THE DETERMINANT
IS ALSO CALCULATED. A DETERMINANT OF ZERO INDICATES THAT
THE MATRIX IS SINGULAR.
DIMENSION A(1),L{1),M(1)
REAL*8 DABS
DOUBLE PRECISION A,D,BIGA,HOLD

DI T I RN R R I I I R R e A R I I RN S

IF A DOUBLE PRECISION VERSION OF THIS ROUTINE IS DESIRED, THE
C IN COLUMN 1 SHOULD BE REMOVED FROM THE DOUBLE PRECISION
STATEMENT WHICH FOLLOWS.
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THE C MUST ALSO BE REMOVED FROM DOUBLE PRECISION STATEMENTS
APPEARING IN OTHER ROUTINES USED IN CONJUNCTION WITH THIS
ROUTINE.

THE DOUBLE PRECISION VERSION OF THIS SUBROUTINE MUST ALSO
CONTAIN DOUBLE PRECISION FORTRAN FUNCTIONS. ABS IN STATEMENT
19 MUST BE CHANGED TO DABS.

SEARCH FOR LARGEST ELEMENT

D=1.4

NK=-N

DO 88 K=1,N
NK=MK+N
L{K)=K
M(K}=K
KK=NK+K
BIGA=A(KK)
DO 28 J=K,N
IZ=N*{(J-1)
DO 2@ I=K,N
19=12+1
IF(DABS(BIGA)~-DABS(A(1J))) 15,249,280
BIGA=A(IJ)
L(K»=1
M(K)=J
CONTINUE

INTERCHANGE ROWS

J=L{K)

IF(J-K) 35,35,25
KI=K-N

DO 38 I=1,N
KI=KI+N
HOLD=-A(KI)
JI=KI-K+J
A(KI}=A(JI)
A{JI) =HOLD

INTERCHANGE COLUMNS

I=M(K)

IF(1-K) 45,45,38
JP=N*{1-1)

DO 4g J=1,N
JK=NK+J

JI=JP+J
HOLD=-A(JK}
A(JK)=A(J1)
A(JI) =HOLD

DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS
CONTAINED IN BIGA)

IF(BIGA) 48,46,48
D=9.4

RETURN

DO 55 I=1,N
1IF(1-K) 54,55,5%
IK=HK+]1
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A(IK=A(IK)/(-BIGA)
CONTINUE

REDUCE MATRIX

DO 65 I=1,N
IK=NK+I
HOLD=A(IK)
1d=1-N

DO 65 J=1,N
1J=1J+N

IF(I-K) 60,65,68
IF(J-K) 62,65,62
Kd=1J=I+K
A(IJ)=HOLD*A(KJ)+A(1J)
CONTINUE

DIVIDE ROW BY PIVOT

KJ=K-N

DO 75 J=1,N
KJ=KJ+N

IF{J-K) 79,75,72
A({KJ)=A(KJ)/BIGA
CONTINUE

PRODUCT OF PIVOTS
D=D*BIGA
REPLACE PIVOT BY RECIPROCAL

A(KK)=1.£/BIGA
CONTINUE

FINAL ROW AND COLUMN INTERCHANGE

) 158,158,185

IF(I-K) 120,129,108
JQ=H*{K-1)
JR=N*{(I-1)
DO 118 J=1,N
JK=JQ+J
HOLD=A(JK)
JI=JR+J
A{JIK)==-A(JI)
A{JI) =HOLD
J=M(K)
1IF(J-K) 109,169,125
KI=K-N

DO 139 I=1,N
KI=KI+N
HOLD=A(KI)
JI=KI=K+J
A{(KI}=-A(JI)
A(J1) =HOLD
GO TO 19&
RETURN

END
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SUBROUTINE GMPRD...
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SUBROUTINE GMPRD(A,B,R,N,M,L)

SUBROUTINE GMPRD
PURPOSE

MULTIPLY TWO GENERAL MATRICES TO FORM A RESULTANT GENERAL

MATRIX

USAGE
CALL GMPRD(A,B,R,N,M,L)

DESCRIPTION OF PARAMETERS

A - NAME OF FIRST INPUT MATRIX
B - NAME OF SECOND INPUT MATRIX
R - NAME OF OUTPUT MATRIX
N - NUMBER OF ROWS IN A
M - NUMBER OF COLUMNS IN A AND ROWS IN B
L - NUMBER OF COLUMNS IN B
REMARKS

ALL MATRICES MUST BE STORED AS GENERAL MATRICES

MATRIX R CANNOT BE IN THE SAME LOCATION AS MATRIX A
MATRIX R CANNOT BE IN THE SAME LOCATION AS MATRIX B

NUMBER OF COLUMNS OF MATRIX A MUST BE EQUAL TO NUMBER OF ROW

OF MATRIX B

DOUBLE PRECISION A,B,R
DIMENSION A(1),B{(1),R(1)
SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NONE

METHOD

THE M BY L MATRIX B IS PREMULTIPLIED BY THE N BY M MATRIX A

AND THE RESULT IS STORED IN THE N BY L MATRIX R.

sees s e s s s s resen LI R A I I R I I I R R e I R N I IR S A N I B}

IR=2

IK=-M

DO 19 K=1,L

1K=1K+M

DO 18 J=1,N

IR=IR+1

JI=3-N

I18=1K

R(IR)=8

DO 18 I=1,M

JI=JI+N

I1B=1B+1
RCIR)I=R(IR)I+A(JII*B(IB)
RETURN

END

SUBROUTINE RGRES (V,U,A,B,N1,N2,R2,SWTCH)
DOUBLE PRECISION V,U,SWTCH
DIMENSION U(999),V(999)
REAL M1,M2

ceess e



129 FORMAT(' ZERO (STD ERROR OF ESTIMATE EXCEEDS STD DEV OF Y

1)'7)
N=N2-N1+1
189 FORMAT ¢ 3X." SIMPLE LINEAR REGRESSION
LEQUATION: LOG(Y-F(X)) = A + B*X' ,//1X,"'INDX R*R EXPL VAR UNEX
2P VAR STD ERR VALUE 95 PCT CONF LIMITS BEGIN END

3DIFF' )
150 FORMAT (1H1)
290 FORMAT (F9.5,2F190.6,F9.6,4H A=,3Fl12.8,14,16,16,/,38X,4H B=,3F12.
18)
IF(SWTCH.EQ.2.9)GO TO 11
¢ (A) 8,14,8
8 IF (ICNT-25) 11,11,9
9 WRITE (1&,158)
10 ICNT =1
IF(SWTCH.EQ.1)GO TO 141
192 WRITE(14,114)
118 FORMAT(1IH ,'ITERATIONS NOT DISPLAYED')
GO TO 11
101 WRITE(10,1009)
11 ICNT = ICNT+l1
Si=9
§2=4
S3=0
S4=0
S5=4
DO 2@ I=N1,N2
S1=S1+U(1I)
$2=S2+U(I1)*U(I)
§3=S3+V(I)
S4=S4+V(I1)*V(1)
2@ S5=S5+U(I1)*V(1)
M1=S1/N
M2=S3/N
D1=S2/N-M1*Ml
D2=54/N-M2*M2
D3=S5/N-M1*M2
C1l=N*D1
R8=0
8=D3/D1
A=M2-B*M1
D4=D2-B*D3
D44 = D4
IF (D4-D2)2979,2040,2049

2949 R8=1
R2=0
GO TO 2084@

2979 R2=1-(D4/D2)

20845 CONTINUE
IF(R8)21190,2130,2119

2119 WRITE (14,129)

GO TO 2169

2139 D2M4=D2-D4
D4SQR=SQRT(D4)

2168 DA4=N*D4/(N-2)
T=1.95996+2.37226/(N-2)+2.82250/(N-2)*(N-2)
D5=SQRT(D4/Cl)
D6=SQRT(D4/N)}

B1=8B-T*DS
B2=E+T*D5
Al=A~-T*D6
A2=A+T*Db
IF(SWTCH.NE.1)GO TO 56
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56

57

509
991
945

179

290
219

218
216

WRITE (16,200)R2,D2M4,D44,04SQR,A,A1,A2,N1,N2,N,B,B1,B2
IF(SWTCH.NE.2.8)GO TO 57

R2=D5

SWTCH=D6

CONTINUE

RETURN

END
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SUBROUTINE DSPAK... IBM ?LOT ROUTINE
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SUBROUTINE DSPAK

DOUBLE PRECISION W,P,SP,YC,DY,PART,BM,DET,ALAB

DOUELE PRECISION YT,WVAR

COMMON N,IK,IW,M,IB,ITEST,IDUM,NDUM,IPR,IFG,IM,TEST,YT,WVAR,SSQ,
11DF,DET, ISW,IPLT,ISC,INTT,Y(999),X(1,999),W(3999),IX{(1¥),PG(14),P(

2108),SP(14),YC(999),DY(999),BM(12,11),ALAB,PART(18),NSETS

EQUIVALENCE (IDUM,IN1),(NDUM,NN2)
DIMENSIOM ICH(1@),APLT(128)
INTEGER APLT

DATA IBCH,ISCH,ICH/' "','*','A','B','C','D','E"','T','U','V','W','X"

1/

DATA 18CH/'9'/

FORMAT (1X,13,128A1)
FORMAT(1H1)
FORMAT(2X,F7.3,116X,F7.4)
K=IK-1

KK=1K/2~1

1J=1

J=1

WVAR=DSQRT{WVAR)

po 5 I=1,N
IF(Y(I).LT.Y(I))I=1I

CONTINUE

DO 7 I=1,KK
SP{1)=P(2*I-1)*DEXP{-X{(1,J)/P(2*1))
IF(SP(I).GT.SP(1J))1J=1

CONTINUE

YQ=¥Y(J)-P(K)

DO & I=1,KK

IF(1.EQ.1J)GO TO 8
¥YQ=YQ-3P(1)

CONTINUE
SCALE=115./AL0G(19008.)

CHKZ=EXP(1./SCALE)*YQ/1008.
==-IPLT

WRITE(10,901)
YQLN1=(YQ/1200.)

WRITE(12,905)YQLN1,YQ
IXPLT=9

N1=116

DO 219 1=1,116

APLT(I)=1SCH

APLT(58)=10CH

J=J+1

GO TO 254

J=Jd+IPLT

IF(J-N) 216,216,179

CONTINUE

IXPLT=INI+J-1

DO 22¢ 1=2,115

2217 APLT(I)=IBCH
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DO 249 1=1,KK
DUM=Y(J)-P(K)
DO 238 IJ=1,KK
IF(1J-1)225,23#2,225
225 DUM=DUM-P(2*IJ-1)*DEXP(-X(1,J)/P(2*1J))
230 CONTINUE
IF(DUM-CHKZ)237,237,235
23% NMBR=(ALOG(DUM)-ALOG(YQ/10€@.))*SCALE+1.
IF(NMBR-1161)238,238,236
236 NMBP=116
GO 7O 238
237 NMBR=2
238 APLT(NMBR)=ICH(TI)
IF(NL.LT.NMBR) N1=NMBR
24 CONTINUE
NMBR=( {DUM-P(K-2)*DEXP(-X(1,J)/P(2*KK))})*W(J)*=* 5% ])+64
IF(NMBR-1)247,247,245
245 CONTINUE
IF(NMBR-115)248,248,246
246 NMBR=115
GO TO 248
247 NMBR=2
243 APLT(NMBR)=ICH(KK+1)
IF(N1.LT.NMBR)IN1=NMBR
258 WRITE(19,50@)IXPLT,(APLT(I),I=1,N1)
N1=2
IF(J-N1215,179,251
251 CONTINUE
RETURN
END
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SUBROUTINE INPAK... INPUT ROUTINE
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SUBROUTINE INPAK(N1,NTC,CHAN,TIM,TIME,Y,BLAB,NRD,ZCLB,ZCAL,AL,BL,D
1A,XMO,YR,RN,SA,VL,PR,IPLT)

DIMENSION CHAN(1@),TIM(1#),Y(999),BLAB(4),SAVY(999)

CHARACTER *6 AL,BL,SA,DA*2,XMO*3,YR*4

INTEGER RN

INTEGER ZCH

INTEGER ZCH3

INTEGER CHAN

INTEGER ZCAL

DOUBLE PRECISION BLAB,TIM

NP=6

ZCAL=1

NPU=N1

IF(IPLT.NE.2)GOTO 9549

4027 WRITE(6,3200)

3699 FORMAT(' ENTER THE FOLLOWING DATA: NAME (2A6), MONTH, DAY, YEAR (A
12,A3,A4), RUN NO. (12}, SAMPLE NAME (A6), WAVELENGTH (F5.4)},
2'/' AND THE PRESSURE IN MICRONS (F5.1)')

READ(5,9141)AL,BL,DA,XMO,YR,RN,SA,VL,PR
WRITE(6,9105)AL,BL,DA,XMO,YR,RN,SA,VL,PR
WRITE(6,3995)

3085 FORMAT(' IS THE DATA ENTERED CORRECTLY? VYES=1, NO=Z')
READ(5,3006) ZCH

300G FORMAT(I1)
IF (ZCH)40909,490080,4189

4120 CONTINUE

91041 FORIMAT(2A6,A2,A3,A4,12,A6,F5.4,F5.1)

9105 FORMAT(1X,2A6,A2,A3,A4,12,A6,F5.9,F5.1)



36745 WRITE(6,3080)
208y FORMAT(' ENTER THE NUMBER OF CHANNELS USED (I3) AND THE CALIBRATIO
IN USED IN NS/CH (F19.5)')

3Y90 FORMAT(I3,F10.5)

3992 FORMAT(1X,I3,F19.5)
READ(5,3C90) N1,ZCLB
WRITE(6,3092)N1,2CLB
WRITE(6,3005)
READ(S5,3096)ZCH3
IF(ZCH3) 3979,3979,3991

3991 N=N1
WRITE(6,3095)

3095 FORMAT(' ENTERING DATA FILE (149F8.9)')

1 READ(9,6000)TIME,(Y(1),I=1,N)
600U FORMAT(12F8.9)
WRITE(6,3099)

3499 FORMAT(' DATA FILE ACCEPTED')
DO 30908 I=1,N
SAVY(1)=Y(I)

8009 CONTINUE
GO TO 98089

950 DO 9648 I=1,N
Y(I)=SAVV(I}

9608 CONTINUE
RN=RN+1

9399 CONTINUE
RETURN
END



VAX/VMS R30007
VAN/VIHS  RUBYO97
VAX/VNS  RO30647
ceeeeecc
c¢cececece
cc
cc
cc
cC
cc
cc
¢
cc
cC
cc
ceceecec
cceecece
FFFFFFFFFF
FFFFFFFFFF
FF
FF
FF
FF
FFFFFFFF
FFFFFFFF
FF
FF
FF
FF
FF
FF
VAX/VMS RO30007
VAX/VHMS RO30M57
VAX/VMS R@30907

CHI 26-AUG-1982 11:53 LPAfZ: 26-AUG-1982 11:53 _DRBA:([CHIIC
CHI 26-AUG-1982 11:53 LPAU: 26-AUG-1982 11:53  _DRBO:LCHIIC
CHI 26-AUG-1982 11:53  LPAG: 26-AUG-1982 11:53 _DRB@:[CHIIC
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000000 RRRRRRRR 11
000000 RRRRRRRR 11
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00 00 RR RR 11
00 00 RK RR 11
00 00 “RRRRRR 1343 11
00 00 RRRRRRRR 3133 11
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00 00 RER RR 33 11
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R R & ®» 3 3 8§ 8 ¢ 9 8 8 7
R R 9 9% 3 8 49 & 93 ¢ 89 7
RRRR 8 3 9 3 009 999 B89¢F 7
R R 28 8 3 U8 @ B89 @ @7 O 7
R R & ®» 3 3 8 B ©8 @ 88 8 7
R R R08 333 280 889 gog 7
CHI 26-AUG-1982 11:53  LPAL: 26-AUG-1982 11:53  _DRB@:[CHIIC“
CHI 26-AUG-1982 11:53 LPAMS: 26-AUG-1982 11:53  _DRBZ:(CHIIC!
CHI 26-AUG-1982 11:53 LPAY: 26-AUG-1932 11:53 _DRBZ:[CHIIC'.



127
297
3y
498
<3 A2
604
70
89y
994
1995
1194
1209
1399
14902
15449
1692
1794
18990
1909
2001
2197
2209
2388
2489
2595
2694
2783
283y
2999
30V
3142
324y
330%
3499
3599
3609
3794
389w
3904
RYRN
4147
4204
4308
4409
L0
4695
4713
480y
492y
SYId
51J4
5299
53545
5408
5504
504y
5704
SGy.
594U
QO3
619y
6299
63049
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68

el
g2
109
195

119

129

122

149
145
189
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IMPLICIT REAL*8(A-G,P-2)

REAL*4 XS,Y¥S,YREAL,AORIG,XMEAN,XVAR,WSAVA

INTEGER CORRECT

DIMENSION

KO1024),¥01024) ,A(20),ALPHA(20,2%) ,BETA(28),DA{20),A0RIG(2H),
DELTAA(2Y),SIGMAA(29) ,XS(1424),YS(1024),YREAL(1924),
SIGMAY(1924),GAUSS(1999),YFIT(1824),WMEANVA(2@) ,ACAL(29,2008),
VAR(20) ,WMEAN(24) ,XMEAN(28),XVAR(28),SAVA(Z8) ,WSAVA(28)
CHARACTER *1@ FILEN

CHARACTER *7 CHIIN

CHARACTER *& CHIOUT

CHIIN='CHIIN'

CHIQUT='CHIOUT'

CALL ASSIGN(8.CHIIN)

CALL ASSIGN(7,CHIOQUT)

SAVCHI=99999.4

CHIMEAN=0.9

KCOUNT=g

DATA ENTRY

WRITE(6,*)('IS THERE ALREADY INITIAL DATA ON DISC?')

WRITE(6,*) ' (ENTER -1 IF YOU JUST WANT A PLOT OF NEW DATA)'’

READ(S,86)YNDATA

FORMAT(F4.4)

IF (YNDATA) 87,94,87

READ(8,88)NTERMS,NPTS,MODE,FILEN,ENERGY,(A(T),I=1,20),
(DELTAA(I),I=1,20),TEST,ANS ,WITTMAX ,XMIN, XMAX,
YMIN, YMAX

FORMAT(3I4,1X,A10,F6.5,4(/,5F12.5),4(/,5F12.5),/,F108.4,2F4.0,4F8.2)

CLOSE(8)

CALL ASSIGN(8,CHIIN)

GO TO 535

CORRECT=-1

WRITE(G,108)

FORMAT(//' ENTER THE NUMBER OF DATA POINTS')

WRITE(6,185)

FORMAT(' OR THE BREAK OFF CHANNEL')

READ (5,110)NPTS

FORMAT(14)

IF (CORRECT) 2,535,535

WRITE(6,120)

FORMAT(' ENTER THE NUMBER OF TERMS.')

WRITE(6,*) ' (ONE FOR THE HALFWIDTH,TWO FOR EACH LINE)'

WRITE(6,*) ' (AND ONE FOR THE BACKGROUND COUNTS)'

READ(5,122)NTERMS

FORMAT(I4)

IF (CORRECT) 3,535,535

WRITE(6,140)

FORMAT{(/' ENTER THE METHOD OF WEIGHTING LLS FIT')

WRITE(6,145)

FORMAT( ' g (NO WEIGHT) -1 (STATISTICAL) ')

READ(5, 158 )MODE

FORMAT(13)

IF (CORRECT) 4,535,535

WRITE(6,209)
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6509
6642
6759
68072
690y
7097
7199
72949
730
74949
7509
7694
7709
7809
7959
235 2000
8104
g2y
82ZQy
8448
8501
8644
879y
88449
899y
SYYy
9199
g2yl
933y
499
950y
9694
973
984y
9909
13094
10199
19204
10399
19409
19350y
16y
1y7 37
162
10940
1100
11190
11209
1134
11499
11599
1160«
1179w
113890
11994
12999
12195
1229y
12394
12409
1254y
126456

208
399

499
419

449
458

453

455
460
529
530

1109
1229
12
521

11
1600

1729
535
549
542

544
545
546
1804
1980
547
20894

FORMAT(' ENTER THE DATA SET NAME .... e.g., COJUN28')
READ(S,390)FILEN
FORMAT(AL1D)
IF (CORRECT) 5,535,535
WRITE(6,400)
FORMAT(' ENTER eV/CH STEP SIZE ')
READ(S,414)ENERGY
FORMAT(F6.5)
IF (CORRECT) 6,535,535
WRITE(6,*) 'ENTER THE PARAMETERS.'
WRITE(6,*) ' A(1) IS THE HALFWIDTH.'
VRITE(6,*) ' THE EVEN ARE SLOPES AND THE ODD ARE THRESHOLDS'®
WRITE(6,*) ' THE LAST ONE IS TO BE USED FOR THE BACKGROUND.'
DO 458 I=1,NTERMS
READ(S5,448)A(1)
FORMAT(F18.8)
CONTINUE
IF (CORRECT) 8,535,535
WRITE(6,453)
FORMAT(' ENTER THE X OF A TO BE INCREMENTED')
DO 468 I=1,NTERMS
READ{(5,455)DELTAA(I)
FORMAT(F12.5)
DELTAA(I)=A(1)*9.01*DELTAA(I)
IF (CORRECT) 9,535,535
WRITE(6,524)
FORMAT(' ENTER THE CHI SQUARE TEST VALUE')
READ(5,538)TEST
FORMAT(F12.4)
IF (CORRECT) 7,535,535
WVRITE(6,1100)
FORMAT(' DO YOU WISH A PLOT OF THE DATA?')
READ(5,1280)ANS
FORMAT(F2.9)
IF (CORRECT) 19,535,535
WRITE(6,*) ' THE NUMBER OF ALLOWED ITTERATIONS'
READ(5,521 )WITTMAX
FORMAT(F4.9)
IF (CORRECT) 11,535,538
WRITE(6,1608)
FORMAT(' INPUT XMIN,MAX & YMIN,MAX. ')
READ(5,1708)XMIN, XMAX, YMIN, YMAX
FORMAT(4F8.2)
WRITE(6,540)
FORMAT(/*' LIST OF DATA THAT WAS ENTERED.')
WRITE(6,542)NPTS,NTERMS ,MODE,FILEN
FORMAT(® (1) NPTS =',14,' (2) NTERMS =',12,
' (3) MODE =',13,' (4) FILE=',A180)
WRITE(6,544)ENERGY, TEST
FORMAT(' (5) ENERGY =',F6.5,2X,'(6) TEST VALUE= ',F14.4)
WRITE(6,545)
FORMAT(/' (7) A= (8) DELTAA= ')
WRITE(6,546)(A(I),DELTAA(I),I=1,NTERMS)
FORMAT(F14.4,4X,F14.4)
WRITE(6,1890)ANS,WITTMAX
FORMAT(' (9) PLOT=',F2.9,3X,'(18) # OF ITTERATION=',F4.4)
WRITE(6,1909)XMIN, XMAX, YMIN, YMAX
FORMAT(' (11) AXIS LIMITS (X,Y) =',4F10.2)
WRITE(6,547)
FORMAT(' IF IT IS ALL CORRECT HIT "@", OR "-1" TO CHANGE IT ALL®')}
WRITE(6,2000)
FORMAT(' IF ONLY A FEW CHANGES ARE TO BE MADE ENTER THE NUMBER',
' OF THE ITEM.')



12014 WRITE(6,*) 'FOR A PLOT OF THE ORIGINAL DATA HIT "-2"'

12709 READ(5,2100)CORRECT

12800 2199 FORMAT(I3)

1294¢ IF (CORRECT.EQ.-2) GO TO 598

13500 IF (CORRECT.EQ.-1) GO TO 9#&

1319y IF (CORRECT.EQ.8) GO TO 59%

13209 2289 IF (CORRECT.EQ.1) GO TO 92

13309 IF (CORRECT.EQ.2) GO TO 2

13499 IF (CORRECT.EQ.3) GO TO 3

13500 IF (CORRECT.EQ.4) GO TO 4

13687 IF (CORRECT.EQ.5) GO TO §

13789 IF (CORRECT.EQ.6) GO TO 6

13844 IF (CORRECT.EQ.7) GO TO 7

13990 IF (CORRECT.EQ.8) GO TO 8

14009 IF (CORRECT.EQ.9) GO TO 9

14109 IF (CORRECT.EQ.198) GO TO 1@

14299 IF (CORRECT.EQ.11) GO 70 11

1430¢ GO TO 535

14409 599 WRITE(8,575)NTERMS,NPTS,MODE,FILEN,ENERGY,(A(I),1=1,29),
14500 1 (DELTAA(I),I=1,20),TEST,ANS,WITTMAX, XMIN, XMAX,
14699 2 YMIN, YMAX

14769 575 FORMAT(314,1X,A10,F6.5,4(/,5F12.5),4(/,5F12.5),/,F10.4,2F4.9,4F8.2)
14309 CALL ASSIGN(S,FILEN)

14900 READ(9,329)(Y(1),I=1,504)

150909 329 FORMAT(10F8.9)

15108 Y{1)=Y(3)

15204 DO 4298 1=1,59¢

15302 429 X(I)=1

15404 DO 425 1=1,NTERMS

15500 42§ AQRIG(I)=A(I)

15699 ITT=1

15650 IF (CORRECT.EQ.-2) GO TO 427

15709 GO TO 599

15849 427 DO 428 I=1,500

15993 YS(I)=Y(1)

164959 XS(I)=(I-1)*ENERGY+XMIN

16106 428 CONTINUE

16299 GO TO 918

1630y c

16400 c DATA ENTRY COMPLETE......

16590 c

16608 C MR AR RN R AR RN KRR R R R A K RAARKKAANNARARARIARNARRRRA LR AR SR
16749 o

16809 c CALCULATION ROUTINES

1693% C

17002 599 CALL CHIFIT (X,Y,SIGMAY,NPTS,NTERMS,MODE,A,DELTAA,SIGMAA,
17109 1 YFIT,CHISQR,ENERGY,XMIN,XMAX,YMIN, YMAX,
17200 2 ACAL ,KCOUNT,ITT,TEST,SAVA,SAVCHI ,CHIMEAN)
17304 ITT=1ITT+1

17409 IF (ITT.LT.(WITTMAX+1.4)1}GO TO 599

17599 c

17690 c CALCULATE MEAN AND SQUARE ROOT OF THE VARIANCE

17700 c

178084 IF(KCOUNT.EQ.9)GOTO 6666

17994 DO 991 I=1,NTERMS

18004 971 WMEANVA(1)=9

18104 DO 5099 I=1,NTERMS

1829y DO 4580 J=1,KCOUNT

1834w 4588 WMEANVA(1)=ACAL(I,J)+WMEANVA(TI)

168194 WMEAN(I)=WMEANVA(1)/KCOUNT

135¢8 VARSQ=9

13609 DO 4608 J=1,KCOUNT

13708 4608  VARSQ=(ACAL(I,J)-WMEAN(I))**2+VARSQ



13897
1890
19une
1910w
19209
19399
19408
1959¢
1964%
1970y
19809
19999
29008
2019y
20209
28304
20499
20509
29699
20799
20899
29999
219049
21108
212049
21389
21409
21509
21600
21700
21840
21983
229904
22108
22204
22308
22404
22599
226949
22749
228049
22948
23000
23199
23204
2334949
23499
23548
236949
23708
23899
2390¢
24098
24109
24204
24399
2449
24540
246499
2479080
24899
24909
25098

VAR(1)=SQRT(VARSQ/KCOUNT)
Sg28 CONTINUE

PRINT BEST FIT PARAMETERS AND VARIANCE

[eX2X2]

CHIMEAN=CHIMEAN/KCOUNT

ITT=1TT-1

WRITE(7,5580)ITT,KCOUNT,CHIMEAN, SAVCHI

WRITE(6,5588)ITT,KCOUNT,CHIMEAN, SAVCHI
5580  FORMAT(//'

1 ...AFTER ',13,' ITERATIONS... AND KCOUNT=',I4,'...’

2 /" MEAN CHISQUARE:',F12.6,"' LOWEST CHI SQUARE:‘',F12.6,

3 /' MEAN FIT PARAMETERS LOWEST CHI SQUARE FIT’
4 /' MEAN A(I) VARIANCE A(I) SAVA(I)')

WRITE(6,56008)(1,WMEAN(I),VAR(I),SAVA(I),I=1,NTERMS)
WRITE(7,5600)(1,WMEAN(I),VAR(I),SAVA(I),I=1,NTERMS)
5600 FORMAT( * AC',11,') ',2F12.6,"' ‘',F12.6)
CALL FUN(X,Y,YFIT,NPTS,NTERMS,WMEAN,GAMMA,ENERGY,XMIN, XMAX)
IF (ANS.EQ.9) GO TO 5555
666 DO 905 I=1,5090
YREAL(I)=Y(I)
YS{I)=YFIT(I)
KS{T)Y=XMIN+ENERGY*(I-1)
9495 CONTINUE
DO 987 I=1,NTERMS
KMEAN(T)=WMEAN(I)
WSAVA(T)=SAVA(I)
XVAR(T)=VAR(I)
947 CONTINUVE
919 CALL CHIPLOT(500,XS,XMIN,XMAX,YS,YMIN, YMAX, 'ENERGY eV',9,
YREAL,'OPTICAL INTENSITY',17,
‘OPTICAL EXCITATION FUNCTION',27,
2,8 ,A0RIG,XMEAN, XVAR,NTERMS ,FILEN,WITTMAX,CHIMEAN,
NPTS,SAVCHI ,WSAVA)

B WN -

CALL PLOT (9.,9.,+999)
GOTO 5555
6666 WRITE(6,6777)
6777 FORMAT(//' CONVERGENCE UNLIKELY WITH PRESENT LIMITS.....'//)
WRITE(6,6888)SAVCHI
WRITE(6,6999)(1,S5AVA(1),I=1,NTERMS)
6888 FORMAT(/' LOWEST CHISQUARED FOUND WAS: ',F12.6)
6999 FORMAT(* AC',I1,") ‘wFl12.6)
WRITE(6,*)' ENTER 1 IF YOU WISH A PLOT OF THE DEFAULT A(I)'
READ(5,6988)KLKL
6988 FORMAT(I2)
IF(KLKL.EQ.@)GOTO 5555
DO 7008 I=1,NTERMS
7989  VWMEANVA(I)=SAVA(I)
GOTO 666
5585 CALL EXIT
END

R R R R R R R R R I R O T R N R N R N A BRI )

(s XeXzXe]

SUBROUTINE CHIFIT (X,Y,SIGMAY,NPTS,NTERMS,MODE,A,DELTAA,
1 SIGHMAA,YFIT,CHISQR,ENERGY,XMIN,XMAX,YMIN, YMAX,
2 ACAL,KCOUNT,ITT,TEST,SAVA,SAVCHI,CHIMEAN)

IMPLICIT REAL*8(A-G,P-Z)

INTEGER G1,0,H

DIMENSION
1 X(1024),Y(1024),A(29),ALPHA(20,29),BETA(28),DA(29),



25139
25244
25394
25499
25504
2564%
2570y
25894
259099
26009
26159
26209
26309
26404
26548
26699
2679¢
26800
2690¢
27009
27104
272989
27338
27498
27549
27609
27708
2738059
27994
280989
2819K
28200
28309
28499
28504
28600
28709
28899
23900
29007
29109
29299
29349
294080
29524
29600
29704
298090
29909
3guey
30109
30294
kDRDIY
394049
305900
30699
30799
3989V
30954
31094
311090
312989
31300

2
3
11

14
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31
33

2000

anooOooag
- a

OO0

63

65
66

68

DELTAA(20),SIGMAA(29),

SIGMAY(1024),GAUSS(200),YFIT(1424),DA1(28)

NFREE= NPTS -NTERMS

FREE= NFREE

IF (NFREE) 14,14,16

CHISQR= @.

GO TO 1280

CALL FUN (X,Y,YFIT,NPTS,NTERMS,A,GAMMA,ENERGY,XMIN,XMAX)

CALL FCHISQ(Y,SIGMAY,NPTS,NFREE,MODE,YFIT,A,ACAL,KCOUNT,CHISQ],
ITT,TEST,SAVA,SAVCHI,CHIMEAN)

EVALUATE ALPHA AND BETA MATRICES
DO 64 J=1, NTERMS
A(J) + DELTAA(J)

Ad= A(J)

A(J)= AJ + DELTAA(J)

CALL FUN (X,Y,VFIT,NPTS,NTERMS,A,GAMMA,ENERGY ,XMIN,XMAX)

CALL FCHISQ(Y,SIGMAY ,NPTS,NFREE,MODE,YFIT,A,ACAL,KCOUNT,CHISQ2,
ITT,TEST,SAVA,SAVCHI,CHIMEAN)

ALPHA(J,J)= CHISQZ - 2.*CHISQl

BETA(J)=-CHISQ2

DO 59 K= 1,NTERMS

IF (K -J) 33,58,36

ALPHA(K,Jd)= (ALPHA(K,Jd) - CHISQ2)/2.

ALPHA(J,K)= ALPHA(K,J)

GO TO 5@

ALPHA(J,K)= CHISQl - CHISQ2

A(J) + DELTAA(J) AND A(K) +DELTAA(K)

AK= A(K)

A{K)= AK + DELTAA(K)

CALL FUN (X,Y,VFIT,NPTS,NTERMS,A,GAMMA,ENERCY,XMIN,XMAX)

CALL FCHISQ(Y, SIGMAY,NPTS,NFREE,MODE,YFIT,A,ACAL,KCOUNT,CHISQ3,
ITT,TEST, SAVA,SAVCHI ,CHIMEAN)

ALPHA(J,K)= ALPHA(J,K) + CHISQ3

A{K)= AK

CONTINUE

A(J) - DELTAA(J)

A(J)= AJ - DELTAA(J)

CALL FUN (X,Y,YFIT,NPTS,NTERMS,A,GAMMA,ENERGY,XMIN,XMAX)

CALL FCHISQ(Y,SIGMAY,NPTS,NFREE,MODE,YFIT,A,ACAL,KCOUNT,CHISQ3,
ITT,TEST,SAVA,SAVCHI ,CHIMEAN)

A(Jd)= AJ

ALPHA(J,J)= (ALPHA(J,J) + CHISQ3)/2.

BETA(J)= (BETA(J) + CHISQ3)/4.

CONTINUE

ELIMINATE NEGATIVE CURVATURE

DO 78 J= 1, NTERMS

IF (ALPHA(J,J)) 63,65,78
ALPHA(J,J)= - ALPHA(J,2)
GO TO 66

ALPEA(J,J)= 2.01

DO 7@ K= 1,NTERMS

IF (K - J) 68,70,68
ALPHA(J,K)= 4.
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31584
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31999
32009
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3234
32494
32540
326940
3274¢Y
32849
32994
33000
33199
33294
333980
33499
3359y
336900
33704
3389y
33909
34999
3410y
3420y
3439¢
34494
345949
34G0Y
34795
34809
34949
35034
35199
35297
3539y
35499
35504
3569%
357498
353499
3599y
36990
36109
36296
36369
3648¢
36504
3669V
3672y
36894
3690.F
37939
37197
372909
3728¥¢
37493
37548
37684

~ ~ NOOO
3} [34] >

OO0
N »—-

87
89

OO0

191

104

111
112
113

129

ALPHA(K,J)= @.
CONTINUE

INVERT MATRIX AND EVALUATE PARAMETER INCREMENTS

CALL MATINV (ALPHA,NTERMS,DET)

DO 76 J= 1, NTERMS

DA(J)= &.

DO 75 K= 1, NTERMS

DA(J)= DA(J) + BETA(K)}*ALPHA(J,K)
CONTINUE

DA(J) =g.2* DA(J)* DELTAA(J)
CONTINUE

MAKE SURE CHI SQUARE DECREASES

DO 82 J= 1, NTERMS

A(J)= A(J) + DA(J)

ICHECK=0

CALL FUN (X,Y,YFIT,NPTS,NTERMS,A,GAMMA,ENERGY ,XMIN, XMAX)

ICHECK=ICHECK+1

CALL FCHISQ(Y,SIGMAY,NPTS,NFREE,MODE,YFIT,A,ACAL,KCOUNT,CHISQ2,
ITT,TEST,SAVA,SAVCHI ,CHIMEAN)

IF (CHISQl - CHISQ2) 87,91,91
DO 89 J= 1, NTERMS

DA(J) = DA(J)/2

A(Jd)= A(J) - DA(J)

IF (ICHECK.EQ.15) GO TO 91

GO TO 83

INCREMENT PARAMATERS UNTIL CHI SQUARE STARTS TO INCREASE

CONTINUE

DO 92 J= 1, NTERMS

A{J)= A(J) + DAWJ)

CALL FUN (X,Y,YFIT,NPTS,NTERMS,A,GAMMA,ENERGY,XMIN, XMAX)

CALL FCHISQ(Y.SIGMAY,NPTS.NFREE.MODE,YZJT.A.ACAL.KCOUNT.CHISQ3’
ITT,TEST,SAVA,SAVCHI ,CHIMEAN)

IF (CHISQ3 - CHISQ2) 97,181,181

CHISQl= CHISQ2

CHISQz= CHISQ3

GO TO 91

FIND MINIMUM OF PARABOLA DEFINED BY LAST THREE PCINTS

CONTINUE

CHISQ2=CHISQ2+1

DELTA=1./(1.+(CHISQ1-CHISQ2)/(CHISA3-CHISQ2))+A.5

DO 184 J=1, NTERMS

A(J)= A(J)-DELTA*DA(J)

SIGMAA(J)= DELTAA(J) * DSQRT(ABS(FREE*ALPHA(J,J)))

CALL FUN (X,Y,YFIT,NPTS,NTERMS,A,GAMMA,ENERGY,XMIN,XMAX)

CALL FCHISQ (Y,SIGMAY,NPTS,NFREE,MODE,YFIT,A,ACAL,KCOUNT,CHISQR,
ITT,TEST,SAVA,SAVCH] ,CHIMEAN)

IF (CHISQ2-CHISQR) 112,120,128

DO 113 J=1, NTERMS

A(Jd)= A(J)+(DELTA-1)*DA(J)

CALL FUN (X,Y,YFIT,NPTS,NTERMS,A,GAMMA,ENERGY,XMIN,XMAX,A)

CHISQR= CHISQ2

RETURN

END



37797 c

3788 O T T T T T
37909 ¢

3800 c

38160 SUBROUTINE FUN (X,Y,YFIT,NPTS,NTERMS,A,GAMMA,ENERGY,XMIN, ¥MAX)
Tl IMPLICIT REAL@(A-G,P-I)

33349 INTEGER G1,0,H

384949 DIMENSION

3859y 1 X(1g24),Y(1624),YFIT(1024),A(20),GAUSS( 10089}
38605 c

38760 c

38349¢ c RESET YFIT

389997 DO 5¢ 1=1,509

39083 YFIT(I)=0.84

39194 58 CONTINUE

39297 c

393045 c NORMALIZATION OF GAUSSIAN
394193 c

39509 IF (GAMMA-A(1)) 199,2009,109

396407 188 CONTINUE

39789 GAMMA=A(1)

398909 SIGM=A(1)/2.354

39999 IRANGE= INT(1.5Q*SIGM/ENERGY)
40903 JRANGE= INT(1.79*SIGM/ENERGY)
A018Y c

40239 CON=1/(SIGM*2.966283)

49382 Jl=1

4049k WNORM=9

4950¢ DO 1808 J=-IRANGE, IRANGE

40694 WI1=J*ENERGY

49794 GAUSS(J1)=CON*DEXP(-@.5*(WI1/SIGM)**2)
49398 WNORM=WNORM+GAUSS(J1)-GAUSS(1)
499306 Jl=J1+1

41999 1999 CONTINUE

411208 LIM=J1-1

41209 DO 1298 J=1,LIM

41390 GAUSS(J)=(GAUSS(J)~GAUSS(1))/WNORM
41499 1208 CONTINUE

415909 c

41608 c

4179y 2084 IF (NTERMS-6) 202#,2058,2080

41848 c

41990¢ c CALC USING ONE LINE

42309 c

42104 29249 IXT1=(A(3)-XMIN)/ENERGY

42294 Bl=-A(2)*IXT1

42349y DO 2825 I=1,500

42408 IF (X(1)-IXT1) 2025,2930,2037

4250 2939 YFIT(I)=A(2)*X(1)+B1
42604 2925 CONTINUE

2704 GO TO 2458

42809 c

4299w c CALC USING TWO LINES

4390 c

43140 2058 IXT1=(A(3)-XMIN)/ENERGY

432495 IXT2=(A(5)-XMIN)/ENERGY

43384 Bl=-A(2)*IXT1

134094 B2=-A(4)*IXT2

4359y DO 2189 1=1,500

43624 IF (X(1)-IXT1: 21900@,2200,22090

1379 2298 IF (X(1)-IXT2) 2396,2300,2480
LRHP R 2309 YFIT(I)=A(2)*X(1)+B1
43904 GO TO 2194



44008
44105
44204
4439¢
4419y
44599
44694
44799
44800
44008
45005
4519y
45240
45329
45400
45580
45600
45798
45809
45905
4600¥
461643
46209
46390
46400
46509
46603
46708
4639.
46909
47999
47199
47224
47399
47485
475049
4760¢
47784
4789080
47993
43090
43104
48209
48390
48499
43509
48690
48790
43809
48999
490Uy
491090
49209
493499
49400
4959y
49699
49749y
493409
499409
SR
59106
SP208

2408
2109

(e XeXg]

2988

2855
2989
2487

2090

2892
2895

(2 X2X2]

2459

2609
25908

(e XgXg]

27889

O0O0O0O00

21

23
24

32

YFIT(I)= (A(2)+A(4))*X(1)+B1+B2
CONTINUE
GO TO 2458

CALC USING THREE LINES

IXTI=(A(3)-XMIN)/ENERGY
IAT2=(A(5)~XMIN)/ENERGY
IXT3=(A(7)-XMIN)/ENERGY
Bl=-A(2)*IXT1

B2=-A(4)*IXT2

B3=-A(6)*IXT3

DO 2995 I=1,50@

IF (X(I)-IXT1) 2095,2085,2985
IF (X(I1)-IXT2) 2087,2089,24989
IF (X(I)-IXT3) 2090.2992,2092
YFIT(I)=A{2)*X(1)+Bl

GO TO 2995
YFIT(I)=(A(2)+A(4))*X(I)+B1+B2
GO TO 2995
YFIT(I)=(A(2)+A(4)+A(6))*X(1)+B1+B2+B3
CONTINUE

GAUSSIAN SWEEPING ACROSS THE GALAXY
DO 2508 I=LIM/2,580
DO 2609 J=1,LIM
YFIT(I)= YFIT(I-LIM/2+J)*GAUSS(J)+YFIT(I)
CONTINUE
CONTINUE

ADD IN BACKGROUND

DO 2794 1=1,509
YFIT(I)=YFITC(I)+A(NTERMS)
CONTINUE

RETURN
END

L I I R R A N I I I A S A A A A I A I I I RN A AR I I A W A0y

RRAKK KKk XkA XA kN RN *XN SUB MATINV SUB *#AXXRAAKAKKAARNARKRKNRRANRRRRANRN AN

SUBROUTINE MATINV (ARRAY,NORDER,DET)
IMPLICIT REAL*8(A-G,P-2)

DIMENSION ARRAY(2#2,29),1K(20),JK(20)
DET= 1.

DO 104 K= 1, NORDER

FIND LARGEST ELEMENT ARRAY(I,J) IN REST OF MATRIX

AMAX= @.

DO 39 I= K, NORDER

DO 34 J= K, NORDER

IF (DABS(AMAX) -~ DABS{ARRAY(I,J))) 24,24,39
AMAX= ARRAY(I.J)

IK(K)= 1
JK{K)= J
CONTINUE



Sg35¢
50490
59%9%
5064
507.3
50845
599y
5104J
S1109:
512053
51392
51490
51504
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51708
5188y
51949y
528095
52134
5229
5239
52409
52504
52650
52704
5239y
5299
534099
53100
53209
53369
53409
535900
5369%
53798
5384549
53999
54098
54103
5429%
54399
54494
54594
54600
5470¢Y
54899
549090
550900
551904
35203
55399
55409
8554
55604
557989
558090
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56099
56164
56208
56399
564949
56500
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78
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129
139
149

INTERCHANGE ROWS AND COLUMNS TO PUT AMAX IN ARRAY(K,K)

IF (AMAX) 41,32,41
DET= @.

GO TO 149

I= IK(K)

IF (I - K) 21.51,43

DO 54 J= 1, NORDER
SAVE = ARRAY(K,J)
ARRAY(K,J)= ARRAY(I,J)
ARRAY(TI,J)= -SAVE

J= JK{K)

IF (J - K) 21,61,53

DO 6# I= 1, NORDER
SAVE= ARRAY(I,K)
ARRAY(I,K)= ARRAY(I,J)
ARRAY(I,J)= -SAVE

ACCUMULATE ELEMENTS OF INVERSE MATRIX

DO 74 I= 1, NORDER

IF (I - K) 63,7¢,63
ARRAY(I,K)= -ARRAY(I,K)/ AMAX
CONTINUE

DO 8% I= 1, NORDER

DO 8¢ J= 1, NORDER

IF (I -K) 74,89,74

IF (J-K) 75,84,75

ARRAY(I,J)= ARRAY(I,J) + ARRAY(I,K)*ARRAY(K,J)
CONTINUE

DO 99 J= 1, NORDER

IF (J - K) 83,99,83
ARRAY(K,J)= ARRAY{(K,J)/AMAX
CONTINUE

ARRAY(K,K)= 1. /AMAX

DET = DET * AMAX

CONTINUE

RESTORE ORDERING OF MATRIX

DO 134 L= 1, NORDER

K= NORDER - L + 1

J= IK(K)

IF (J - K) 111,111,106
DO 118 I= 1, NORDER
SAVE = ARRAY(I,K)
ARRAY(I,K)= - ARRAY(1,J}
ARRAY(1,J)= SAVE

I = JK(K)

IF (I - K) 139,134,113
DO 129 J= 1, NORDER
SAVE= ARRAY(K,J)
ARRAY(K,J)= -ARRAY(1,J)
ARRAY(1,J)= SAVE
CONTINUE

RETURN

END

R A I I I I AT
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56885
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57099
57134
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5734y
57408
57509
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57748
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5933¢
59999
GEUYY
6140
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SUBROUTINE FCHISQ(Y,SIGMAY,NPTS,NFREE,MODE,YFIT,A,ACAL,KCOUNT,
CCHISQ,ITT,TEST,SAVA,SAVCHI,CHIMEAN)

IMPLICIT REAL*8(A-G,P-2Z)

DIMENSION

Y(1024),YFIT(1924),SIGMAY(1024),A(20),ACAL(20,580),SAVA(20)

NTERMS=NPTS-NFREE

CHISQ = #.

IF (NFREE) 13,13,28

CCHISQ = #.

GO TO 4¢

ACCUMULATE CHI SQUARE

DO 39 I= 1, NPTS

IF (MODE) 22, 27, 29

IF (Y(Ih)) 25,27,23
WEIGHT= 1./ Y(I)

GO TO 38

WEIGHT = 1. / (-Y(I))

GO TO 30

WEIGHT = 1.

GO TO 39

WEIGHT = 1. / SIGMAY(I)**2
CHISQ = CHISQ + WEIGHT *(VY(I) = YFIT(I))**2

DIVIDE BY NUMBER OF DEGREES OF FREEDOM

FREE = NFREE

CCHISQ = CHISQ / FREE

WRITE(6,190)CCHISQ,ITT

FORMAT( ' THE REDUCED CHI SQUARE IS: ',F12.8,
' ITERATION #',13)

IF(CCHISQ.GT.SAVCHI)GOTC 4598

DO 448 I=1,NTERMS

SAVA(I)=A(1)

SAVCHI=CCHISQ

CONTINUE

IF(ABS(CCHISQ-1.000@).GT.TEST) GOT0209

CHIMEAN=CCHISQ+CHIMEAN

WRITE(6,*)' THE A(I) PARAMETERS ARE: '

WRITE(6,110) (A(1),I=1,NTERMS)

FORMAT(F12.5)

WRITE(7,129)CCHISQ

FORMAT(' FOR A REDUCED CHI SQUARE OF ',F12.6)

WRITE(7,138)ITT,KCOUNT

FORMAT(' THE CALCULATED A(I) PARAMETERS ARE:

ITTERATION #',13,"* KCOUNT="',14)
WRITE(7,140)(I,A(1),1=1,NTERMS)
FORMAT( ' A(',I1,"). . .',F10.5)
KCOUNT=KCOUNT+1
KK=KCOUNT

DO 145 I=1,NTERMS
ACAL(I,KK)=A(TI)
CONTINUE

RETURN

END
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A digital technique has been developed which allows the study of narrow structure in total
electron-atom and electron-molecule scattering cross sections without requiring a highly

monoenergetic electron beam, modulation of the electron gun, or phase sensitive detection. The
electron current transmitted through a gas cell is digitized as the electron energy is stepped by AE
through the energy range of interest. A transmitted electron difference signal is then obtained
using a computer. As examples of this technique, the difference spectra are presented for He near
19.35 eV and for N, for the energy range from 10.3 to 15.0 ¢V. In the present case an instrumental

resolution of 30 meV FWHM has been obtained.
PACS numbers: 34.80.Bm

INTRODUCTION

The modulated retarding potential differences (RPD) and
the retarded energy modulation (REM) techniques have
been compared in an earlier paper by Golden er al.,!
hereafter referred to as I. Both techniques are intended
to be used in zero magnetic field, and both provide a
highly monoenergetic response to electrons transmitted
through a gas. The REM technique is useful in studying
resonances and cusps since it gives essentially zero re-
sponse to slowly varying cross sections while it directly
measures rapidly varying cross sections. The RPD tech-
nique uses modulation of the retarding electrode, while
the REM technique uses modulation of the interaction
region and both techniques use phase sensitive detection.

In this work we show that the kind of results obtained
from the REM technique may be obtained without using
modulation or phase sensitive detection. In fact, some
sources of systematic error may be eliminated. In the
present case the retarding electrode is still used to elimi-
nate the low energy side of the electron energy distribu-
tion, but the electron energy is stepped through the range
of interest without modulation and the transmitted elec-
tron current is recorded at each step. Then the difference
signal between adjacent steps is shown below to
give the same result as that given for the REM tech-
nique in 1.

I. THE RELATIONSHIP BETWEEN CROSS
SECTION AND TRANSMITTED CURRENT

The schematic diagram shown in Fig. 1 is the experi-
mental arrangement for the present electron transmis-
sion apparatus. Electrons from the cathode K arrive at
the retarding electrode R with some axial energy dis-
tribution F(E’) given for example in Fig. 2(a). Let us
assume that the retarding potential on R, V,, is such
that electrons with axial energies less than |eV, | are
repelied and electrons with axial energies greater than
{eV,| are transmitted, where e is the electron charge.
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In Fig. 2(a) the distribution is cut off, for example, for
energies less than E,. It has been shown that the sym-
metry constraints imposed by the electrodes immediately
before and after the retarding electrode ensure that es-
sentially all electrons transmitted past the retarding elec-
trode cross the retarding plane perpendicular to it.? If
the energy distribution shown in Fig. 2(a) is shifted by
energy E (accelerated) at the interaction region, then
the energy distribution at the interaction region is shown
in Fig. 2(b).

Thus the cutoff electron energy distribution is ac-
celerated to the interaction region (scattering cell) which
is grounded. When electron scattering takes place in the
scattering cell, the current is attenuated and the current
transmitted through the scattering cell (collected by the
Faraday cup) may be written as

X

1= J F(E' - E)g(E") dE", )
E+E,

where F(E' — E) is the electron energy distribution in
the scattering cell, and

8(E’) = exp[—a(E")nx], (2)
where o is the scattering cross section for the target
gas, n is the target gas density in the scattering cell,

and x is the path length of the electron beam through
the scattering cell.

II. THE DETERMINATION OF CROSS SECTION AS A
FUNCTION OF DENSITY

In order to study the variation of cross sec-
tion with energy, the ramp generator shown in Fig. |
is stepped in intervals of AE. The distribution functions
at the interaction region for two consecutive steps are
shown superimposed in Fig. 2(c). The current collected
by the Faraday cup during the first step is

I, = J F(E' - E)g(E") dE", 3)

E+E,

© 1881 American institute of Physics 1296
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and the current collected during the second step is

x
I, = j
E+E\+AE

We may write the general expression for the current
collected during the ith step as

x
I, = f
E+E,+(i~DAE

The currents /., form a set of data when they are mea-
sured over the range NAE, where N is the total number
of steps in the ramp.

In order to determine the function g(E’) from the set
of data /., we form the difference set D;, where

D( = I"iﬂ - lc
L+e.+m:

x
L+E,+u— DAE

F(E' - E - AE)g(E")dE'.  (4)

F(E' —E — (i — 1)AE)g(E')dE" (S)

&

F(E' — E - iAE)g(E') dE’
F[E' - E - (i - 1)AE]Jg(E")dE'. (6)
We may rewrite Eq. (6) as

%
D; = J
E+E,+li-DAE

F[E' — E - (i — 1)AE]g(E") dE".

F[E' - E - (i — DAE]g(E' + AE)dE’

)

x
La,e,m-n.\s

If g(E') is slowly varying over the distribution function
F, then g(E' + AE) may be expanded (to first order)

d ’
g(E' + AE) = g(E') + AE ‘;‘E’f) : ®)
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In this case, Eq. (7) becomes

%

dg(E')
dE’

dE’.

D,-=AEJ

E+E,\+i-DAE

FIE' - E - (i - DAE]

Thus for a function g( E') which is slowly varying over an
energy interval large compared to AE, D; is essentially
zero for all i. If we replace E + (i — 1)AE by E, then
Eq. (9) is identical to Eq. (5) in 1.

<FIE-E) ]
() (d)
L F(E'-E-AE) |
-
E’ET\‘E’Ell*AEL ' %
£ E

Fi1G. 2. Transmitted electron energy distribution functions. (a) Total
electron energy distribution F(E') leaving the cathode K. The cutoff
energy, £,, is shown as a dashed line. (b} Transmitted electron energy
distribution F(E' — E) with a low energy cutoff. E,. (¢) Electron
energy distribution for two successive energy steps with a step
size, AE. (d) Energy difference distribution determined from the
functions shown in (c).
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F1G. 3. Noise determination for the integrated transmitted electron
current as a function of time, collected at a constant energy of 11.0eV.
(a) Four successive scans collected at 0.4 s/ch each. (b) A single run
collected at 1.5 s/ch.

In the case where g(E’) is a rapidly varying function
of energy. Eq. (6) may be written as

Di = l"lﬂ - lc(
E+E,+iAE
- -J FIE' - E - (i — DAE]g(E") dE’
E+E,+ti=1NAE
+ J {F(E' - E - iAFE)
E+E\+AE

— FIE' — E - (i — 1)AE]}g(E")dE'. (10)

Provided that E is small and that the variation of F(E’)
is small compared to the variation of g(E’), then we
expand F[E' - E — (i — 1)AE] to first order

F(E' - E - (i - 1)AE)

dF(E' — E - iAE)

= F(E' - E - iAE) + AE
( iAE) T

(1

HINOR TIC = 8. 18386V

R , E'
Vr
FE™-E) N

(c) 1

F'(E'-E-AE)

{d) 1

3 R

FiG. 4. Transmitted electron energy distribution function for an im-
properly tuned electron gun. (a) An electron with the necessary energy
(E' > [eV,]) to pass the grid R will not pass if E' cosO < ]evﬁ.
(b) Transmitted electron energy distribution F(E’ ~ E) resulting from
improper tuning. (c) Electron energy distribution for two successive
encrgy steps of AE. (d) Energy difference distribution determined
from the transmission functions shown in (c). Note the additional
width Ae due to the improper low energy cutoff.

Using this expansion, Eq. (10) may be rewritten as

E+E+iAE
D, = -J FIE' - E - (i = DAE]g(E’) dE'
E+E,+i-1DAE
- AEJ dRE -E ',(' = DAE), (B dE'(12)
E+E | +iAE dE

If wereplace E + (i — 1)AE by E, then Eq. (12) is identi-
cal to Eq. (7) in I. Thus we have shown that forming
the difference, as defined above, in the measured cur-
rents yields results identical to modulating the energy

Y 1 - 1 T

- Y

DIFFERENCE CURRENT
(ARB. UNITS)
I

Fic. 5. Difference spectrum obtained
J for He. The data were collected in four
successive runs at 0.2 s/ch using energy
steps of 9.4 meV/ch. The FWHM of
the negative peak is 43 meV.
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F1G. 6. Experimental results for N,.
(a) Integrated transmitted electron cur-
rent spectrum for N,. Data were col-
lected in five successive scans using
10.0 meV/ch steps and 0.45 s/ch dwell
time. The pressure in the scattering cell

NINOR TIC = 8 4768aV

was 37 mT and the median current was v
~15 pA. (b) Differentiated current
spectrum obtained by computing the
difference of successive channels in the
integrated current spectrum. The peak-
to-peak width of the resonance struc-
ture at 11.45 V is 40 meV.
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of the electrons and detecting the current with a phase
sensitive detector. However, by performing the differ-
ence procedure on a computer rather than by modulation
and phase sensitive detection, we eliminate any noise
associated with the modulation technique.

tIl. EXPERIMENTAL CONSIDERATIONS FOR
HIGH ENERGY RESOLUTION

The current collected by the Faradiy cup is passed
through a 50-Q transmission line to a Keithley elec-
trometer. As shown in Fig. 1, the voltage output of
the electrometer is converted to a frequency which is
counted into a multichannel analyzer (MCA) operated
as a multiscaler. The external clock control is provided
by a Tektronix PG502 pulser and the ramp generator
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is stepped by the channel advance output of the MC.
The dwell time is variable and repeated scans may '
taken.

The resolution of this technique is determined chie!
by four factors: (1) Doppler broadening. (2) the stabili
of the electronics and transmission lines. (3) the degr
to which a parallel beam can be made at the retardi:
plane, and (4) the size of the ramp step AE.

Doppler broadening has been treated by Bethe® ar
more recently by Kuyatt.* The Doppler width is less th.
8 meV for 10 eV incident electrons on diatomic gas
such as N, and CO, and is about 28 meV for 20 ¢
incident electrons on He.

The primary source of noise in this technique is d
to the small currents (~15 pA) being measured. In or¢
to reduce the noise picked up by the current transmissi

Electron scattering 12



line and to maintain the stability of the electron gun
during data acquisition, short dwell times (<1 s/ch) are
used with repeated scans. The stability of the experi-
ment was measured by multiscaling the electron current
while the energy was held constant (see Fig. 3). The
noise in the run of 1.5 s/ch dwell time is ~2%, while
the noise in the four combined scans run at 0.4 s/ch is
~0.1% [see Fig. 3 (a)]. Five point weighted averages may
be taken to increase the signal to noise by about a factor
of 2 without significantly broadening the observed
structures.

Proper tuning of the electron gun is critical in order
to ensure that the electron beam crosses the retarding
plane perpendicularly. If a significant fraction of the
electrons in the beam does not approach the retarding
grid perpendicularly, the sharp cutoff indicated in Fig.
2(b) will not occur. This can be seen in Fig. 4(a) where
electrons with sufficient energy (E' > |eV, |)to pass the
retarding grid will be repelled if they approach the grid
at an angle © such that E' cos® < |eV,|. Figure 4(b)
shows the resulting energy distribution function at the
interaction region. When the difference is taken between
steps of AE [shown in Fig. 4(c)], the resulting energy
distribution shown in Fig. 4(d) is obtained. The addi-
tional width Ae is added due to the lack of a sharp cutoff
of the transmitted energy distribution, and it varies non-
linearly with step size AE.

IV. RESULTS

As an example of this technique, Fig. 5 presents the
difference current (five point weighted average) for He in
the vicinity of the resonance at 19.35 eV,* using steps
of 9.4 meV per channel. The measured width of this
structure is 43 meV FWHM. If we arbitrarily assume
Gaussian shapes for all contributions to the measured
width W, then we may estimate the instrumental resolu-
tion, Q. from

W =[(AE)R + I? + A + Q)2 (13)

where W is the measured width, AE is the step size, I is
the natural width of the resonance, and A is the Doppler

1300 Rev. Sei. Inatrum__ Vat. 52 Nn. 8. Sentember 1981

width. Equation (13) implies an instrumental resolution
of 30 meV FWHM. This is approximately the same result
as that obtained in I.

The integrated current and the difference electron
spectra in N, for the energy range from 11.2 to 15.0 eV,
using steps of 10.0 meV/ch, are shown in Fig. 6. The
positions of structures previously reported by Golden
et al.® are indicated below the difference spectrum,
using the resonance at 11.48 eV as a calibration point.
These two sets of measurements are in good agreement.
The energy separation between the maximum and mini-
mum for the large resonance at 11.48 eV is 40 meV on
Fig. 6. If the instrumental width of 30 meV FWHM
determined from the 19.35 eV He resonance is used for
Qin Eq. (13), then a natural width of 25 meV is obtained
for this resonance. This natural width is consistent with
previous measurements.’

The advantage to this technique is that a mono-
chrometer is not required. Our results were obtained
with 3gn electron energy distribution of about 350 meV
FWHM, and we see no reason why the technique should
not work for wider energy distributions.
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Radiative decay lifetimes and optical excitation functions
for the e *3-(v=2, 3, 4) states of CO?
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The radiative lifetimes and optical excitation functions have been measured for the e 32 ~(v = 2, 3, 4) levels of
CO using pulsed low energy electron impact excitation and delayed coincidence detection. Thev =2, 3,and 4
lifetimes were found to be 4.12+0.14, 4.08 +0.29, and 3.73+0.06 us, respectively. Cascade components were
observed to feed all three vibrational levels and these lifetimes were measured to be 13.8%6.5, 11,8+ 1.3, and
14.9+3.6 us. The threshold energies of these states are discussed. The optical excitation functions indicated
the presence of thresholds above those of the e states which appear to be due to nearby Asundi band

vibrational levels ranging from v =8 tov = 16.

INTRODUCTION

The production and subsequent radiative decay of the
¢3Z" state of CO has been studied during the past 15
years by several authors.'™® It has been reported! that
the lifetime of the e °Z" state is perturbed by the AN
state and further that there are collisionally induced
intersystem crossings (or cross relaxation) between the
Al and the d*a and e’Z" states. »*®~® Cascading should
be expected in the radiative decay process due to the
population schemes discussed, '™* but cascades have
been previously reported only by Lavolée et al.” and
Grimbert et al.® The only lifetimes reported for the e
state are due to Slanger and Black. **

The first lifetime reported was for the e®zZ (v =4)
state,? In that work, the intensities of the a*alw’'=1)
-a’{v" =0)and e3z~(v' =4) = a*N(v"’ =0) transitions
were compared as a function of the pressure of argon
buffer gas. By noting that the ratio of the product of the
quenching cross section and lifetimes k,7,/k, T, was con-
stant and approximately unity, they inferred that the
lifetime for the e(4) state was 3.3 us to within a factor
of 2, They discussed cross relaxation between the
A'M(v’ =2) and the €3~ (v’ = 4) states as a function of
the buffer gas pressure. However, they did not discuss
the presence of a cascade component in their data, al-
though such a presence could invalidate the formulation
used to infer the e state lifetimes. Cross relaxation
with the A'Ml state was discussed by Slanger and Black*
as a very important process for excited CO states.
They found that the main e -a (4, 0) and (4, 1) bands be-
come stronger “...as if the addition of argon created
a new source of e(4) levels.” They also found that the
e{v =4, J=K=27) lifetime was quenched by a factor of
2 in 2 Torr of argon, indicating that the process
e’z (v=4, J=K=27)A%A'11 is favored. In this later
work, Slanger and Black® reported that a lifetime of
170 ns should exist for the e’T-(v=4,J =K =217) level in
addition to the 3 us lifetime. They also concluded that
the argon induced the observed cross relaxation which

#ISupported in part by grants from NSF and AFOSR.
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should lead to the observation of the 170 ns lifetime as
well as the 3 us lifetime.

A laser study of the lifetimes for individual rotational
levels of the A'fl state was reported by Provorov et al.®
In this work, lifetimes were reported for particular J
values of the A'll state which were expected to be
effected by the d°A and 32" states although lifetimes
for the e and d states were not determined.

The reversibility of collisionally induced intersystem
crossings was studied by Lavolée and Tramer.” They
determined rate constants for intersystem crossings
between the A'll and e3Z" states in the presence of He,
Ne, Ar, and Kr. They also measured lifetimes for the
A state, which include a component of ~200 ns (due to
a collisional transfer from the e®Z” (v =1) state), In
that work the transfer rates between the A 'fI and the
23Z" levels were found to increase with the atomic num-
ber of the rare gas buffer added.

Most recently, quenching cross sections for inter-
system crossings between the 4 'l and both the e3Z"

and d°a states were given by Grimbert et al.® In this
work, collisionally induced intersystem crossings were

observed in the presence of He, Ar, and Kr buffer gases.
However, although multiple exponentials were present

in their decay curves, they did not discuss a lifetime
associated with the cascade component. In addition they
concluded that the prompt decay component was not
effected by vibrational relaxation, and that the cascade
component was due to the reversible character of the
collisionally induced intersystem crossings.

Since all previous measurements of the lifetime of
the e3Z" state of CO have been conducted in the presence
of rare gas buffers, it is possible that one of the mea-
sured lifetimes could be solely due to the presence of
the buffer gas. That is due to a collisionally induced
intersystem crossing. In addition, although a cascade
decay component has been observed feeding the e state, 8
no lifetime or identification has been determined for this
cascade component, It is then possible that the cascade
component is only present because of the rare gas buf -
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fers used. To answer the above questions, we have
made a study of the ¢3%%" state in the absence of rare
gas buffers. We have studied the lifetimes, the optical
spectra in the energy range of interest, as well as op-
tical excitation functions in order to identify cascade
components, and to resolve spectral overlaps.

APPARATUS AND PROCEDURE

The experimental apparatus for this work which has
been described previously® consists of a low energy
pulsed electron gun,'°a gas scattering cell, and a Fara-
day cup located in an ultra-high vacuum system. Photons
from the transitions of interest were observed through
a 1/4 m Jarrell Ash monochrometer using a bandpass of
20 A in the lifetime work and a bandpass of 10 A in the
optical spectra work. The filtered photons were detect-
ed by a cooled RCA C31034A-02 photomultiplier. For
the lifetime measurements, the resultant optical signal
was time analyzed using delayed coincidence.® The gas
pressure in the scattering cell was varied from 1-25
mTorr to determine the pressure dependence of the ob-
served lifetimes. The pressure was monitorea by a
MKS Baratron capacitance manometer. Optical excita-
tion functions were obtained by multiscaling the optical
output of the scattering cell as a function of the electron
gun energy. The electron gun was stepped at approxi-
mately 10 meV/channel and the dwell time was 128 ,
s/channel unless otherwise noted. The excitation func-
tion for the b3Z* (v’ =0) level was determined by moni-
toring the b%Z°(v’ =0)~a’M, (v'' =2) transition. The
energy scale calibration was achieved by using 10.37
eV for the threshold of this state and 10.66 eV for the
position of the prominent shape resonance from Kru-
penie. !

A typical optical excitation function for the d3a(v'=4)
~a®(y'' =0) (6010 A) transition is shown in Fig. 1.
Two thresholds canbe seen in this figure. The one at
8.21 eV is in excellent agreement with the position of
the threshold of the d°A(y = 4) level from Krupenie. "

A second threshold at 8,63 eV appears to be the v=12

INTENSITY (ARB. UNITS)

745 845 945 1045 145 1245

ENERGY (oV}

FIG. 1. Typical energy calibration based on the shape reso-
nanceof the 563Z* state of CO. The optical excitations were ob-
tained by observing the 53" (v’ =0)—a Ny ** =2) and the
d3a,w’ =4)—a M ** =0) transitions in CO.
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FIG. 2. Energy dependence of the optical spectra in the re-
gions: (a) 6400— 5400 &, and (b) 5600— 4600 A. The thresh-
olds for the vibrational levels of the e°%", d’A, anda’’z*
levels listed in Table I may be compared to the appearance of
the vibrational levels in the spectra. Please note that the in-
tensity scale is arbitrary and changes with the excitation
energy.

level of the Asundi bands. These results and other op-
tical excitation functions will be discussed further in the
Discussion section.

Optical spectra were measured in the region of inter-
est at many different electron energies to determine the
extent of possible spectral overlap and to aid in the ider
tification of weak bands. The spectra in Figs. 2(a) and
2(b) were obtained by multiscaling for approximately
15 s/A at the different incident electron energies indi-
cated in the figure. The band progressions for the
a"¥z* - a®n, d°a—-a?l, and e’z -a’ transitions are
shown on the figure, The identification of the additiona!
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TABLE I. Reported threshold energies (in eV) for the ¢, d, and d’ states of CO.

Tobias et al.? Tilford and Simmons® Krupenie® Suchard4

{calc.) 1960 {Obs.) 1972 1966 1975
T, 8.10 7.96 7.96 7.82
e(l) 8.30 8,03 8.03
e(2) 8.43 8.16 8,17
e(3) 8.56 8.30 8.30
e(4) 8.68 8,42 8.43
e(5) 8.81 8.55 8,56
e{s) 8,92 8.68 8.68
T, 7.73 7.58 7.582 7.58
d(3) 8.21 7.34 8.07 8.07
d(4) 8.34 8.07 8.20 8.20
df(5) 8.47 8.21 8.34 8.34
d(s6) 8.60 8.33 8.47 8,47
d(7) 8.72 8.46 8.60 8.60
T, 6.920 6,920 6.919 6.919
a’(8) 8.12 7.99 8.12 8,12
a’{9) 8.25 8.12 8.25 8.25
a’(10) 8.38 8.24 8.38 8.38
a’(11) 8.51 8,37 8,51
a’(12) 8.63 8.49 8.63
a’(13) 8.75 8.61 8.75
a’(14) 8.87 8,73 8.87
a’(15) 8.98 8.85 8.98
a’(16) 9,10 8.96 9.10

dReference 14.
*Reference 15.

Asundi vibrational levels beyond the v =11 level are
based on the unpublished work of Albritton.'?> The
threshold excitation energies for the vibrational levels
of the a’, d, and e states are listed in Table I. It is ap-
parent from Fig. 2 that the d and e levels are overlapped
by the previously unreported higher vibrational levels of
the Asundi system. However, Table I indicates that
ahout 0.3 to 0.5 eV separates the thresholds of the d

and e states from the overlapping Asundi bands and there-
fore, it is possible to study the lifetimes and optical ex-
citation in these unoverlapped regions.

In order to determine the sensitivity necessary to
study the e states, an estimation of the population of the
rotational levels is necessary. These populations may
be estimated by calculating'? the rotational distribution
fraction using

%L = i‘g (2J+ 1) expl - BJW + 1)he/kT) .
T

If the monochromator bandpass accepts radiation from
the J=25 to the J=31 levels, then approximately 12% of
the radiation detected will be from the J=27 level. If
all other J levels in this band were unperturbed (J =25 is
perturbed), we would expect to see a double exponential
decay. The amplitude of the faster lifetime due to the
perturbed level should comprise about 12% of the total
decay amplitude. The slower, unperturbed levels would
produce the rest of the decay curve. Computer simu-
lated studies similar to that reported earlier® indicate
that with lifetimes as different as those expected in this
case, a perturbed component with an amplitude as small
as 0.5% of the total decay curve can be resolved.

®Reference 11.
%Reference 16,

We studied the e’Z” (¢ =4, J=K =21) lifetime with the
monochromator centered on the @ branch at 5230 f&, since
Slanger and Black® indicated the @ branch was twice as
strong as the P and R branches for J=22. Our calcula-
tions as to the rotational spacings (about 4-7 A) are in
good agreement with Slanger and Black® and indicate that
we are accepting radiation from about eight rotational
levels in our lifetime work. The remainder of the life-
time work for the e(4) level was conducted with the mono-
chromator centered at 5141 A,

RESULTS AND DISCUSSION

Optical spectra

The optical spectra shown in Figs. 2(a) and 2(b) clearly
show that a problem exisis when studying the e and 4
states using electron impact excitation. Although the
e(1) level is evident at an electron energy of 8.2 eV, the
excitation of the a'(10) level swamps that of the e state
for energies slightly above the a’(10) threshold, Like-
wise the e(2) level is “overlapped” by the a’(9) level at
energies above 8.3 eV. ‘The d(v’ =4, 5) levels are
overlapped above the thresholds of the Asundi v =12 and
v=13 levels. The d(v="7) level threshold is above the
threshold of the a’ (v =10) level and so its optical spec-
trum is not clearly evident until higher energies are
used [the 10.6 eV run in Fig. 2(b)]. Although the e(3)
level should be present in the optical spectra above its
threshold (8.3 eV'™' or 8.56'%), it appears only weakly
above 9,15 eV, This identification will be discussed
below in conjunction with the optical excitation functions.
The e(4) level, while clearly present at 9.5 and 10.6 eV,

J. Chem. Phys., Vol. 76, No. 6, 15 March 1982



Paske, Garrett, Shadfar, Twist, and Golden: Radiative decay lifetimes of CO

7]

E

Z

2

©

x

g

>

=

2 | tz-0

z |

£ | (3-0)

z
(4-0)
(8-0)

N 1 i A " 1 i d L ]

10.51 12.51 16.51

ENERGY (o)
FIG. 3. Optical excitation functions of 2" (v =2, 3, 4, 5)

levels of CO, These were obtained by monitoring the e—a
teansitions shown on the figure.

6.8l a8l 14.81

also is not distinct near its threshold of 8. 42'*!6 or

8.68' eV. The e(5) level is essentially lost in either

the d(14) or a’(16) levels. It is quite clear that the
higher vibrational levels of the Asundi bands are present
and that they overlap the e and d levels of interest. Thus,
it was deemed necessary to study the e and d state opti-
cal excitation functions in order to find the proper exci-
tation energies to use for the radiative lifetime work.

Optical excitation functions

The optical excitation functions for the v=2, 3, 4,
and 5 vibrational levels of the ¢’Z" state are shown in
Fig. 3. These excitation functions were obtained at
16.4 mT pressure. Our threshold results are tabulated
in Table II, where they are compared to the previously
reported vibrational levels, Our results are in excellent
agreement with those of Tilford and Simmons'® and
Suchard.'® The energy scale was calibrated from the
position of the b’Z" resonance as given by Krupenie. !!
As noted earlier, our optical spectra do not clearly
show the presence of the e(3) and e(4) levels for energies
below 9.0 eV. However, as the excitation energy was

3005

increased, the ‘background” associated with the optical
spectra also increased. This is seen in the 8.4 and
8.175 eV spectra of Fig. 2(b), where the background
shape can be seen to change. The thresholds of the e(3)
and e(4) levels were found in the optical excitation func-
tions by increasing the observation time over that used
to obtain optical spectra by a factor of 10.

In the optical excitation function work, additional
thresholds were found which could be ascribed to higher
vibrational levels of the Asundi bands. These additional
energy levels are listed in Table OI along with their ap-
parent identification, Our results are consistent with
the energy levels reported by Tobias'* and Krupenie. !!

Lifetimes

It is clear from the optical excitation functions as
well as from the optical spectra that the d°A ~ a(1 and
e’Z" - a’ll transitions of interest are overlapped by
several higher vibrational levels of the Asundi a’3%2*
—~a®N transitions. These overlaps should appear as ad-
ditional additive decay components in our lifetime re-
sults, An estimation as to the lifetimes expected for the
higher vibrational levels of the Asundi bands can be made
from a v® projection of the results of Van Sprang et al.!’
These estimates are shown in Table IV,

Since we are also interested in collisionally induced
intersystem crossings between the 4 'l and ¢%Z" states,
we need to know how this transfer process will manifest
itself in our lifetime decay curves and how this process
will differ from the usual radiative cascade. An energy
level diagram showing the production of energy transfer
into and out of and the subsequent decay of the e state
is shown in Fig. 4. The associated rate equations dur-
ing production are

. 1

Na =Nx(;) Qu =Ny Ny(oyx0d =Ny Ay ~ Ny N, (ay0)
+N,N,(o,,v),

. 1

N.=Nx(;)Q,—NXN,(U.xv>-N.A.-N,NA(OMU>

+NyN,(ay,v) .

When the electron beam is not on, these number densi-
ties are given by

TABLE II. Threshold values for the v=2, 3, 4, and 5 vibrational levels of the ¢32" state of CO.

Tobias Tilford and

Present result etal.? Simmons® Krupenie® Suchard®

(eV) (eV) (eV) (eV) (eV)
e(2) 8.19 8.43 8.16 8.17
e(3) 8.30 8.56 8.30 8.30
e{4) 8. 46 8.68 8.42 8.43
e(3) 8.61 8,81 8.55 8.56

+0,10°

3See Ref. 14.
tSee Ref. 15.
®See Ref. 11.
¢ See Ref. 16.

¢Error reported is based on twice the variance obtained from several measurements.
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TABLE I, Observed thresholds of overlapping states and their identification.

Previously reported thresholds for the
Identified state

Observed threshold Tobias Telford and

State of and identification etal.* Simmons®  Krupenie® Suchard?
{nterest (eV) (eV) {eV) (eV) (eV)
e(2) 8.2—~8,7a’(9 8.25 8.12 8,25 8.25

3 8.62a’(12) 8.63 8.49 8.63 oee
€ 8.83 a’(14) 8.87 8.73 8. 87 see
e{d) 8.99a’(15) 8,98 8.85 8,98 oee

d (11) 9,08

e(s) 9.09 . e 9.10 8.96 5. 10
See Ref. 14 ‘See Ref, 11,

"See Ref. 15

Ny= =Ny Ay =Ny Ne{aux ) = NyN0 ) + NeNy(o,0)
N,==N,A, =N,Ny{Gxv) ~ N,N, {0,,0) + Ny N,(a,,0) ,

where A, is the Einstein spontaneous decay coefficient,
N, is the number density of the ith level, @, the produc-
tion cross section of the ith level, oy, is the transfer
cross section from the ith to the jth level, v is the mean
velocity of the molecule, and / is the current of the ex-
citation electron beam.

The solution to these coupled equations is of the form
N,=Cie™Mt+C et |

where the exponential terms A4 and A, have the following
form;

M2 =(5) Ay + A+ (Oax + Opx + 0pg + 0,0 JU Ny
£(2){ [Ay = A, 4 (Opx ~Opx + T4 =0, )0 Nx]z
+40,,0,, 02 NFVD |

for the case where the intersystem crossing is reversi-
ble. However, if the energy transfer is only one way
e.g., 0,4 =0, the parameters A will have the usual form

A=A, + Nyloy,v),
Ay= A, + Nyloagw) -

We can see from these rate equations that if we have a
one way collisional energy transfer (due to energy con-

TABLE IV, Estimations of the lifetimes for
v =10-16 of the 2’32’ — a1 transition based

on Ref, 17.
a’’sv’ T estimate (us)
10 6.33
11 5.92
12 5.55
13 5.15
14 4.88
15 4,60
16 4.46

9See Ref. 16.

siderations) from the A1 to the 32" state, the “cas-
cade” will have a fast lifetime; i.e., that of the Al
state (3-16 ns)!® and the lifetimes for both states will
appear superimposed. It is evident through futher
analysis of these rate equations, that the multiple com-
ponent decay curves produced by collisional or radiative
energy transfer are essentially identical for the case
where o0,, =0. In this case the constants C, , are given
by

C,= Nyl/e) Qun,,
AA A._AA'

C2="—_’Nx(l/e) (Q -TE '
I A=Ay
where A,,=A4,,+ N¢{0,, v). For purely radiative trans
fer a,,=A,, the Einstein coefficient; and for purely coll
collisional transfer A,,=Ng{o,,0).

If the collisional transfer is reversible or “resonant,
then the A and e states will contain a quadratic pressure
dependence as shown in Fig. 5. The A state should then
exhibit a much longer lifetime, while the e state should
exhibit a much shorter lifetime,

If we couple the possible intersystem crossings re-
ported in previous work!~® with the overlapping Asundi
bands we have observed in the optical spectra and the
optical excitation functions, we would expect to see thre«

FIG. 4. Schematic energy level diagram for a collisionally
induced intersystem crossing.
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“PROMPT" DECAY
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I
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FIG. 5. Schematic representation for the pressure dependence
of the reciprical lifetime of a state undergoing a collisionally
induced intersystem crossing.

or four exponentials in a given decay curve. In fact, we
only observe two at the most, and at low enough excita-
tion energies, we only observe one decay component,

Our prompt decay results and the cascade decay compo-
nents for v =2, 3, and 4 are shown in Fig. €, where the

reciprocal lifetimes are plotted as a function of pressure.

The zero pressure extrapolated lifetimes are listed in
Table V, along with the previous work of Slanger and
Black.”* Our results are in excellent agreement with
those of Slanger and Black® for the lifetime of the un-
perturbed v =4 state, We did not observe the perturbed
lifetimes reported! for the (v=4, J=K=27) level.

Optical excitation functions were obtained as a func-
tion of the monochromator setting to look for an addi-
tional excitation channel. These results are shown in
Fig. 7. Three thresholds are clearly seen on this
figure. These are the e(4) threshold (8. 46 eV), the
a’(15) threshold (8.99 eV), and the B'Z*(v’ =0) thresh-
old at 10,8 eV. Since the CO pressure range used in
the present work overlaps that used previously, “™? we
conclude that the previously reported collisionally in-
duced intersystem crossing is due to the presence of a
buffer gas. This conclusion is consistent with Slanger
and Black’s observation® that the addition of Ar seemed
to create a new source of e(4) levels and with Lavolée’s
statement’ that the transfer rate coefficients appear to

and Golden: Radiative decay lifetimes of CO
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FIG. 6. Reciprocal (a) prompt and (b) cascade decay com-
ponents for e®= (=2, 3, 4) levels in CO as a function of pres
sure. Please note the breaks in the vertical scale. @=e—a
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depend on the atomic number of the buffer gas used. I
the presence of a buffer gas, additional intermolecular
potentials will be reeded to describe the system so tha:

TABLE V. Lifetimes and collisional quenching cross sections for the ez v’ =2, 3, 4) states of

CO.
Lifetime Quenching cross section
) Prompt Cascade Prompt Cascade
Investigator vi—p” AR T, (us) T (u8) A2 Ar
This work 2—-0 5840 4.12+0,04* 13.8+6.5 7.86%1,50 21.7x7.6
3—~0 5428 4,08+0.25 11.8+1.3 30.6+1.88 16,221, 4
4—0 5141 3.73+0.06 14.92 3.6 4,.75%0.84 24.023.0
Slanger 20 .o .ee .o eos see
and Black 3—-0 oo vee e eee cee
4—0 3, 3k¢ coe oo o
4—0 0.1709 cee. coe ves

2Uncertainties listed represent two standard deviations.
'Reference 2—unperturbed result.

“Value expected valid to within factor of 2.

“Reference 4~—perturbed result, for J'=K'=27,
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one might reasonably expect additional intermolecular
crossings.

The cascade components observed in our lifetime work
indicate a long lived state feecding the e states, which is
inconsistent with a cross relaxation due to a very short
lived (9-16 ns)'® 4 ' state. However, the relatively long
lifetimes observed for the cascade components are not
consistent with expected Asundi overlaps (see Table IV).
To check for the possibility that the Asundi bands are
“hidden” because they have nearly similar lifetimes to
those of the e states, we measured the lifetimes of the
e and d states as a function of the excitation energy.
Even though our computer code is unable to resolve two
decay processes which have nearly the same lifetime,
if two similar lifetimes are present, a systematic shift
towards a shorter lifetime should occur in the observed
single decay lifetime if we go below the Asundi thresh-
olds and measure the lifetime of the e state. This
would be due to our estimated longer lifetimes (20%-
30% longer) of the Asundi band vibrational levels (see
Table IV). We saw no shift at all. However, the cas-
cade component did vanish below the Asundi threshold.
There are several possible explanations for this observa-
tion. One possiblity is that the Asundi lifetimes are in
fact closer to the e state lifetimes than our estimation
and that we cannot tell them apart. Such a lowering of
lifetimes would be possible if we included the results of
Wentink et al. in our v® estimation. Another possibil-
ity is that the cascade observed is in fact not feeding the
Asundi levels, but may in fact be due to the Asundi level
lifetime, as indicated by the disappearance of this com-
ponent below the Asundi thresholds. It is not clear how
these higher levels could have lifetimes which are too
long by a factor of 2 for ¥=10-16. The possibility of
longer or shorter lived Asundi levels is currently being

Paske, Garrett, Shadfar, Twist, and Golden: Radiative decay lifetimes of CO

studied and will be reported at a later time.

Three conclusions may be drawn from this work.
First, the lifetime of the e(4) state is unaffected by col-
lisionally induced intersystem crossings in the absence
of buffer gases for the pressure range used in this work.
Neither the radiative decay experiments nor the optical
excitation measurements indicated any collisionally in-
duced intersystem crossings with the A ‘Il state, It ap-
pears that this collisionally induced intersystem cross-
ing is a function of the buffer gas as reported earlier.®™
This is probably the same reason an additional lifetime
was not seen for the d°a state as we previously re-
ported.?® While it is evident that several Asundi levels
did overlap the d states in our previous work subsequent
lifetime measurements made with electron energies be-
low the Asundi threshold reveal no changes in our re -
ported lifetimes. It appears that the cascade components
reported earlier are similar to those seen in the present
work. We may also conclude that the Asundi vibrational
levels 10-16 have lifetimes other than those predicted in
Table IV. This possibility is currently under study.
Finally, the cascade components present in the radiative
decay curves appear to be feeding the Asundi levals (or
are the Asundi levels) and not the e states. This possi-
bility is also currently under investigation.
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Determination of lifetimes for the v=9, 12-16 vibrational
levels of the 3’ 33 * state of CO and their |dent|f|cat|on from

opticai emission functions®
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The lifetimes for the @’ °Z *{v = 9, 12-16) states of CO have been measured using pulsed low energy electron
impact excitation and delayed coincidence detection after identification of these states was established from
their optical emission function thresholds. The lifetimes determined for the v = 12-16 vibrationa} levels are
consistent with a v* extrapolation of previous lifetime measurements of the lower vibrational levels. The
collisional quenching cross sections were calculated from the pressure dependence of the measured lifetimes.

INTRODUCTION

Recent studies'? of the radiative decay of the 434 and
e3<" states of CO have indicated that several of the
higher vibrational levels of the Asundi bands (a’ 3S*-a M)
overlap some of the vibrational levels of the d and e
states. While measured lifetimes for the lower (v = 3-9)
vibrational levels of the a’ states are reasonably well
known, >* the lifetimes for these upper vibrational levels
(1=10-16) have not been previously measured. Previ-
ous estimations? of the radiative lifetimes of the a’ (2
=10-16) levels have been made based on a 1* projection
of the lower level lifetimes determined by Van Sprang
ef al .® These estimates give @' lifetimes which are only
20%-30% longer than those observed for the d and e
states. However, neither the measured d and e state
lifetimes nor the longer lived components found in the
d and e state decay curves agree with the estimated life-
times predicted for the upper vibrational levels for the
a' state.?

The first lifetime measurements for the a' state were
reported by Wentink ef al.,* who used a pulsed rf dis-
charge of 10 us duration with a 40 ns cutoff in a flowing
gas. The vibrational levels »=3-9 were studied over
a pressure range from 10 to 70 mTorr. All of the vi-
brational levels were reported as single exponentials.
Hartfuss and Schmiller® using a high frequency modu-
lated rf discharge reported much shorter lifetimes for
the » = 5-8 vibrational levels of the a’ state. They used
an excitation energy of 10 W at 80 MHz (about 130 eV)
and studied the pressure dependence of the lifetimes
over the pressure range from 150 to 800 mTorr. More
recently, the lifetimes of the a’ (2 =4-9) vibrational
levels have been measured by Van Sprang et al.® over
a pressure range from 0.5 to 10 mTorr. In their work,
a delayed coincidence technique was used with an elec-
tron gun pulse duration of 10 us. Their results agree
within experimental uncertainty with the results of
Wentink ef al.* and they attributed the shorter lifetimes
observed by Hartfuss and Schmiller to the presence of
excited A ’Il. Recent lifetime measurements of the d
and e states in this laboratory? have indicated the
presence of a long lived (10-16 us) decay component
overlapping the shorter lived d and e state lifetimes

DWork supported in part by AFOSR and NSF.
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which could possibly be due to the a’ state.

The present work was undertaken in order to precise-
ly determine the lifetimes of the a’ (v =12-16) levels so
as to be able to avoid confusion between the a' lifetimes
and the possibly nearly similar lifetimes of the spec-
trally overlapping d and e states.

APPARATUS AND PROCEDURE

The apparatus used in this work has been described
previously® and will not be detailed here. Briefly, it
consists of a pulsed low energy electron gun, a gas scat
tering cell and electron multiplier all located in an ultra
high vacuum system. Photons from the transitions of
interest are observed through a 1/4 m Jarrell Ash monc
chromator using a bandpass of 25 A and detected by a
cooled RCA C81034A-02 photomultiplier. The resultant
optical signal is time analyzed using the technique of
delayed coincidence for lifetime measurements, or mul.
tiscaled as a function of energy for optical emission
function measurements, as has been described previ-
ously.” The electron gun was stepped at approximately
10 meV/channel and the dwell time was either 128 or
64 s/channel when measuring the emission functions.
The gas pressure in the scattering cell was monitored
by an MKS Baratron capacitance manometer and was
varied from 4-30 mTorr in order to determine any
pressure dependence of the observed lifetimes.

In the current work, the optical emission functions
have been measured and used to determine the thresholc
energies of the various overlapping states present in the
lifetime measurements. If two thresholds are present
in the optical emission function and two decay compo-
nents are observed in the radiative decay curve, we
may identify the levels from which the two different de-
cay components originate by comparing the relative de-
cay amplitudes in the decay curve to the relative
strengths of the cross sections in the optical emission
function. If the energy separation of the two overlapping
states is greater than the energy spread of our electron
gun (0.5 eV), we can lower the excitation energy below
the threshold of the higher energy state to see which
decay component vanishes from the decay curve and
consequently identify both processes. A computer tech-
nique has been developed® to fit an energy distribution

© 1982 American Institute of Physics
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FIG. 1. Optical emission function for the b3%* state of CO
used to calibrate the energy scale. This function was obtained
by observing the b—a(0-2) transition at 3134 A. The step size
was 9.8 meV/channel the dwell time was 124 s/channel.

function and up to three straight line segments to the
emission function data near onset, in order to deter-
mine the threshold(s) of the state(s) present in the opti-
cal emission function(s). From the energy positions
thus determined, we identified the states present and
then we measured the radiative decay lifetimes for the
=9, 12-16 vibrational levels of the Asundi bands. The
=9 vibrational level was measured in order to com-
pare our results with the previous work.¥*

RESULTS AND DISCUSSION
Optical emission functions

The energy scale was calibrated by observing the
position of the shape resonance at 10.66 eV*® in the
emission function of the b °Z* state of CO. This emis-
sion function was obtained by monitoring the b-a(0-2)
transition at 3134 A and a sample calibration curve is
shown in Fig. 1, The optical emission functions ob-
tained for the Asundi vibrational levels v =9 through
v=15 are shown in Fig. 2. The intensity scales for
each emission function shown is different and therefore
an amplitude comparison between the various curves is

TABLE I, Thresholds for the v =8-16 vibra-
tional levels of the a’’c* states determined
from the optical emission functions and com-
pared to spectroscopically determined values.

This work® Ref. 10 Ref, 11

(obs.) (cale.)
v {eV) (eV) (eV)
8 7.95+£0.10 7.99 8.12
9 9.11:+0.11 8.12 8.25
10 8.23+0.20 8.24 8.38
11 8,33+0.10 8.37 8.51
12 8.47+0.12 8.49 8.63
13 8.67x0.11 8.61 8.75
14 8.70+0.10 8.73 8.87
15 8.05+0.10 8.85 8.98

*Error represents twice the square root of the
variance of the mean for multiple determina-
tions of the threshold.

not meaningful. Every emission function studied indi-
cated the presence of at least two thresholds and, in
some cases, three. The thresholds due to the spectral
overlap of the B!Z* state at 10.77 eV in the a’ (15) and
a’(13) emission functions provide us with an additional
energy calibration check. The identification and mea-
sured energy thresholds for the v=8 to v =16 vibrational
levels are tabulated in Table I. Our results agree well
with the spectroscopically determined thresholds previ-
ously reported by Tilford and Simmons.!® The errors
listed in the table represent two standard deviations

- from the mean after multiple determinations of the

thresholds. The identification and thresholds of the
additional states observed to overlap the Asundi levels
are tabulated in Table . We did not find the a’ (10)
threshold when we observed the transition at 0.115 A.
Instead, we saw the thresholds for the (1), the d(7),
and the a’ (15) states, The a’~a(10-1) transition is
probably too weak to be seen in the presence of the
other three transitions. A transition identified as the
d-a(7~2) has been reported for this region.!? However,
the a’(10) threshold has been observed at 6820 A and
the threshold in the table is based on this measurement.

Lifetimes

In this work, we have also measured the lifetimes for
the v=9, 12-16 vibrational levels of the Asundi bands.
A sample radiative decay curve is shown in Fig. 3.
The plateau shown inthe curve is due to the saturation
of the excitation processes prior to the turn off of the
electron gun. Most of the decay curves were obtained
using a 40 us time window and the data were accumu-
lated until the counts in the lead channel were greater
than 25000. This was necessary in order to assure
sufficient statistics to analyze multiple decay compo-

INTENSITY (ARB UNITS)

e 1 | I, 1
82 92 102 12
ENERGY (eV)
FIG, 2. Optical emission functions for the v =9-16 vibrational
levels of the a’ state. These functions were obtained using

9.8 meV/channel and 64 s/channel dwell. The a’~a transitions
observed are indicated in the figure.
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FIG. 3. Radiative decay curve for the a’(12) level obtained by
observing the a’—a(12-2) transition at 6008 A width: (a) a pres-
sure of 4.1 mTorr and (b) a pressure of 12,2 mTorr. The

time window was 40 us and the excitation energy was 10.0 eV,
Upon analysis, these decay curves were found to contain three
decay components which are attributed to the 2*(12), the d(4),
and the a(13) states,

nents. The two decay curves shown in Fig. 3 for ex-
ample have three decay components present. The curve
shown in Fig. 3(a) was obtained at a pressure of 4.1
mTorr while the curve in Fig. 3(b) was obtained at a
pressure of 12.2 mTorr. More than one exponential
component is obvious in Fig. 3(b) but is not obvious in
Fig. 3(a). A single exponential fit to curves a and 6
yields a reduced x2 of 1.2 and 5.2, respectively. A
double exponential fit results in a reduced ¥ 0f 1.03

for both curves. Further analysis reveals a third com-
ponent, very nearly identical to the first component.
However, this third component cannot be resolved with
precision due to the similarity (= 10% difference) of the
lifetimes at these pressures. At higher pressures, the
two similar components can be resolved in agreement
with the three thresholds present in the emission func-
tions (see Tables I and II). A pressure study of the nor-
malized amplitude of the long lived (10-16 us) compo-
nent reveals a quadratic pressure dependence as shown
in Fig. 4. This suggests that the energy transfer mecha-
nism involved is a collisional transfer, and not radiative.

The pressure dependence of the v=9, 12-16 vibrational
levels is shown in Fig. 5. The results for the a’ (14) lev-
el are statistically poorer than the rest of the measure-
ments, since this level was observed as a weak addi-
tional decay component overlapping the a’ —a(9-1) tran-
sition. The error bars represent a variation in the
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TABLE II. Thresholds and identification of overlapping states
observed in the optical emission functions of the indicated
Asundi transitions (a *32* - a’x),

Monitored Asundi transition

Identification and threshold
Level _V_V:Xde____ g(A) of overlapping transition
vi—p? A P\ A (eV)
9-0 5870 5876 5876 e-a(2-0) 8.19+0.08
a’—a(14-3) 8.70+£ 0,10
9-1 6550 6535 6530 d-a(2-0) 7.82:£0,12
a’-a(14-2) 8.70+0.10
10-1 6115 6123 6119 e—a(1-0) 8.07+0,08
d—-a(7-2) 8.42+ 0,08
a’-~a(15—4) 8.85+0,10
10-2 6820 6828 6820 d—a{1-0) 7.69+£0.15
i1-1 5800 5767 5769 a’'-a(16-4) 9.06+ 0,10
11-2 6410 6389 6397 d—a(3-0) 7.84+0,11
12-2 6000 6008 e d-a{4-0) 8.20+£ 0,15
a-a’(13-v*) 8.63+0.15
13-1 5190 5181 eee d—all7-v"") ? 9,61:0,10
13-3 6300 6266 ce- a’~a(3-0) 7.95+0.10
15-2 5134 5727 eee e—al4-0) 8.46+0,10
a’-a(l7-3) 9.11+£ 0,12
15-3 5600 5603 ce- d—-a(5-0) 8.29+0.10

Aposition of the monochromator in this work.
bpositions of the bands reported by Albritton (Ref, 13),
SPositions of the bands reported by Krupenie (Ref, 9).

computer fit parameters over the accepted range for a
reduced x2 of 2. A complete description of the error
analysis has been previously given.® The error stated
for the zero pressure lifetimes represent two standard
deviations from a weighted least-squares [it to the
pressure data. Our zero pressure extrapolated life-
time results and the calculated collisional quenching

00 %

AMPLITUDE ¢ ascapE / AMPLITUDEprompT
a0 €0 80
\
\

o}
N
“—Z60 40 600 800
(PRESSURE)? (wTorn)?
FIG. 4. Normalized amplitude of the long lived (10-16 us)

decay component as a function of the pressure. The long live:
decay amplitude was normalized to the a’(12) decay amplitude
in each decay curve, Note that the amplitude of the long lived
component approaches the amplitude of the prompt a’ compo-
nent at higher pressures,
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FIG. 5. Reciprocal lifetime vs the pressure for the v=9,
12-16 vibrational levels of the Asundi bands, Symbols denote
a’i9—~0. a’(12)-a;, a’(13)—@; a'{l4)-®; a’(15)- a'(l6)-A.
Note the break in the vertical scale.

cross sections are tabulated in Table III along with the
previous lifetime measurements of Wentink et al.* and
Van Sprang of al .® for the =9 level. A plot of the mea-
sured reciprocal lifetime versus v® is shown in Fig. 6,
along with the previous results of Van Sprang ef al.?

DISCUSSION

The lifetimes determined for the higher vibrational
levels (1 = 12-16) in this work agree well with the esti-
mated lifetimes reported earlier.? The longer decay
component which was reported in conjunction with the
d and e states was not observed in all of the Asundi
transitions. However, when observing the a' —a(12-2)
transition at 6008 &, a long lived (10-16 ps) weak com-
ponent was seen along with the shorter decay component
of the d(4) level. An additional threshold was also pres-
ent at 8,63 eV in the @' (12) emission function obtained
at 6008 A, which may be the source of this long lived
component since the long lived component vanishes
when the excitation energy is below 8.63 eV. This ad-
ditional threshold was previously® identified as the

TABLE 1Ii. Radiative decay lifetimes and collisional quench-
ing cross sections for the v=9, 12-16 vibrational levels of the
Asundi bands.

This work®
Quenching cross  Ref. 3 Ref. 4
Lifetime section Lifetime Lifetime

v (us) (A?) us) (us)

9 6.43x0.64 5.30+ 4,24 6.82+0.60 6.67
12 5.12:0,36 40.6+3.8 s oo
13 5.1920.32 22.8+2,7 LA soe
14 5.05+1,84 35.3%26.4 see oo
15 4.78+0.46 1,49+3,38 e oo

16 4.29%£0.38 6,27+4,02 ves s

2Error represents two standard deviations from a weighted
least-squares fit to the pressure data.

LR VR N

5841

threshold of the @’ (12) level, based on the calculations
of Krupenie and Weissman.!* The threshold found at
8.47 eV in the present work (see Table I) was not previ-
ously extracted from the emission function data of Ref.
2. However, the computer code used in this work can
extract three thresholds from emission functions ob-
tained for the d and the e states,!*2 which are consistent
with the results shown in Tables I and II.

Although the a’ (13) vibrational level has a threshold
energy of 8.6 eV, there are no a’-a{13-¢"’) transitions
listed™!® near the monitored wavelength (6008 A). If the
additional threshold in the a’ (12) emission function is
due to a collisional transfer from the a’'(13) to the a’(12)
or the the d(4) state, we would expect a much faster life-
time (=5 us) than the 10-16 us we observe. Similarly,
the d(8) level which has a threshold of 8.59 eV® would
also have a lifetime too short lived (=3 us) to be the
source of this long lived component. Since the 2=0,1
vibrational levels of the d [ state are known to be long
lived (1-7.5 ms)!*~!® we considered the higher vibra-
tional levels of this state as a possible source of the
long lived decay component. We calculated the energy
thresholds of the r="7-16 vibrational levels of the a
state based on the vibrational and rotational constants
listed by Tilford and Simmons'® and found that the »=13
vibrational level of the a3l state has a threshold of 8.62
eV, These calculated thresholds are shown in Table IV,
along with the previous calculations of Krupenie.® Al-
though the lifetimes of the upper vibrational levels of the
a state have not been measured, an estimation of the
lifetimes for the » =6 and 7 levels has been made by
Wicke ef al.'” which indicate that their lifetimes are
less than 7 and 2 ms, respectively. Since CO quenches
the a®1l state every effectively (reducing the lifetime to
about 15 us at 20 mTorr), it is possible that the 10~ 16
18 lifetime we observe may be the quenched collision
transfer rate between the a(13) and either the a’ (12) or
the d(4) states. A collisional transfer is indicated by
the pressure dependence of the normalized amplitude
of the long lived [a(13)] component shown in Fig. 4.
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FIG. 6. Reciprocal lifetime vs »? for the vibrational levels of

the g’ 32 state in CO. The dashed line is a projection of the
work by Van Sprang et al. (Ref. 3).
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TABLE IV, Calculated thresholds for
the v=0-16 vibrational levels of the

a3z state.
This work Ref. 9
(calc) (calc)
v (eV) (eV)
0 6.14 6.144
1 6.36 6.356
2 6.56 6,565
3 6.77 6.770
4 6.97 6.972
5 7.17 7.170
6 7.36 7.364
7 7.55 7.555
8 7.74 (R
9 7.92 vee
10 8.10 see
11 8.28 oo
12 8.45 oo
13 8.62 see
14 8.79 oo
15 8.95 oo
16 9.11 LR

The collisional quenching rates for the a’ (v =12-14)
levels are almost an order of magnitude higher than for
the =9, 15, 16 levels. The energy differences between
the a'(1r=9, 12, and 13) levels and the a (=10, 12, and
13) levels are much smaller (as small as 20 meV) then
between the a’(r=10, 11, 14, 15) and other a state vibra-
tional levels. This could indicate a higher probability
for a collisional transfer which would give a higher
quenching cross section for the =12 and 13 levels.
There is not a good energy match between the a’ (14)
and any a state vibrational level, although it might match
some part of the rotational band. Thus, the high quench-
ing cross section for the a’ (14) level is not well under-
stood at present. Furthermore, we do not obtain a high
quenching rate for the a’ (9) level although the energy
difference between the @’ (9) and a(10) level is about
20 meV. Similar considerations of the energy levels
of the d and e states also will not explain why only the
r»=12-14 levels are quenched more efficiently than the
other vibrational levels.

From this work the lifetimes of the Asundi levels are
now known to be very close to those previously esti-
mated by us.? In fact, the Asundi lifetimes are about
20% to 30% longer lived than the nearby d and e states.
The problems that this similarity can cause may be
seen in the case of the a’ (12) level. The nonlinear least-
squares computer code used to extract the lifetimes
from the a’' (12) decay curves indicates that two similar
lifetimes are present but it cannot distinguish two life-

I Chom Dhiuw VAl I8 Ao 4” arF o
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times differing by only 30% very precisely. Therefore,
we can be reasonably certain that our previous tentative
conclusion that we had observed a mixture of the d, e,
and a' lifetimes is corroborated by this work. The 0.2
eV separationof these e and a' states precludes using
an electron beam energy difference to separate them in
order to determine their lifetimes in the present ap-
paratus. In other cases where the d and/or e states
overlap the Asundi bands, the long lived component is
absent in this work, In refitting the optical emission
functions from the previous work!? with the new com-
puter code, an additional threshold is observed when-
ever the long lived decay component is present. The
additional thresholds found in these emission functions
are consistent with our calculated thresholds for the
v=11, 13, 15, and 16 vibrational levels of the 2>l state.
We believe that the long lived decay component of the

a Ml state observed in the present work and in the previ-
ous work on the d and e states!'? is quenched by colli-
sions with ground state CO molecules and also colli-
sionally transferred to either the a’3Z*, 4%, or the
e’z state.
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