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THE EXCITATION OF MERCURY BY ELECTRON IMPACT
CHAPTER |
INTRODUCTION

Recent advances in the physics of the upper atmosphere and laser
technology have promoted a renewed interest in the study of collision pheno-
mena. Technological improvements in photomultipliers and allied electronic
detection apparatus have made possible rapid and accurate measurements of
collision parameters. The study of the excitation of mercury by electron
impact provides useful information concerning the collision properties of a
two-valance electren, heavy atom. This knowledge is of special interest
since the states of the mercury atom experience nonvanishing coupling be-
tween L and § and hence are not pure states, but instead are singlet-triplet
mixtures. Because of this mixture property the quantum number S is no longer
valid and intense intercombination transitions may occur. In addition the 6D
states experience an inversion of the singlet and triplet energy levels which

may be ascribed to the effects of configuration interaction.

]
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Because of these properties and many others (e.g. availability,
spectral range, efc) mercury has been the subject of intensive study. Since
1928 numerous investigators (1-5) have studied the excitation processes in-
volving electron-atom collisions in mercury. Relative and absolute measure~
ments have been carried out describing the infensity of spectral emission as a
function of the energy of the incident electron. The most recent of the abso-
lute measurements are those of H. M. Jongerius ©) for transitions in the wave
length range 248.5 nm to 579.1 nm. The present work has yielded relative
and absolute measurements of the emission cross section for 45 spectral transi=
tions in the wavelength interval 365.0 nm to 1128.7 nm. Theoretical calcu-
lations have been employed to determine the spontaneous transition proba=
bilities for several transitions. These values encble one to calculate the
probability of excitation to a particular excited level, which results from a
ground state atom experiencing an electron collision. Such probabilities,
or direct excitation cross sections, were calculated for the 715, 73P2, 6302,

\7

fi15eV. The

and 6 s of mercury at an incident eleciron energy o
values obtained in this manner are compared to the theoretical calculations
made by E. T. P. Lee @) ; using the Born and Born-Oppenheimer approximations.
The theoretical transition probabilities are also used to determine the intensity
ratios of speciral lines eminating from a common upper level. The calculated

ratios are compared to those obtained experimentally and observations are

made regarding their agreement.
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Theory

An electron traveling through mercury vaper experiences collisions
with the constituent atoms. The coliisions can be classified as being inelastic

or elastic, dependent upon whether or not a significant quantity of energy is

I'rnntfnrrnt-l ta tha intarnal matian Af tha nautral atom Inalactic cnlliciane ara
gansrerrec 1o The internQl meonien o nhe neuira: arem. SIQSTIC coliitions are

further divided into four sub=cases; ionization u

single excitation, double ex~

~

citation, and ionization-excitation. This work wiii deal exclusively with the
single excitation process. |

The excitation process is described by employing the concept of
cross section, which is proportional to the probability of excitation. The num-
ber density of neutral atoms excited to the jth state by electron impact is

given as

SN() = N@@(/eS)Q() , (M)

where N(g) is the number density of ground state atoms, (I/e$) is the electron
fiux, and Q(j) is the direct excitation cross section for the jth levei. The
variation of the excitation cross section as a function of incident electron
energy is called an electronic excitation function. This is usually obtained
by observing the loss of kinetic energy of the incident electrons to the internal
motion of the neutral atoms. The relation between the number of electrons,
which lose an amount of kinetic energy equal to that of the jth level, and

the energy of the incident electrons determines the functional dependence. The
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collision process can also be investigated by observing the radiation emitted
as the excited atoms return to states of lower energy. The functional relation
between the intensity of a spectral line and the incident electron energy is
called the optical excitation function. The two types of excitation functions
differ significantly because the excited level can be populated by additional
mechanisms. In addition to direct population by electron impact, the jth
excited level experiences a gain in population through radiative transitions
from upper levels (cascade gain), and nonradiative collisions of excited atoms
with electrons, neutral atoms, and other excited atoms, (superelastic collisions).
The level also experiences a population decrease through radiative transitions
to lower levels and through superelastic collisions such as those previously
described. The optical excitation function will consist of the sum of the elec-
tronic excitation function of the jth level and the excitation functions repre=
senting the levels which contribute fo its population by cascade transitions.
The influence of superelastic collisions is made negligible by carrying out
ine experimenial invesiigaiion under conditions of iow eleciron and aiom
der;sifies ; thus insuring a single electron~atom collision. process.

The steady state population equation for the jth excited level,

under the assumption of single atom=-electron collision processes, is given as

Cascade loss = Electron impact gain + Cascade gain.

The gain of population through electron impact is proportional to the direct
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excitation cross section, therefore the direct cross section can be expressed in
terms of the cascade contributions to and from the jth level. It is experiment-
ally possible to determine the number of photons per cm of electron beam
emitted in a particular radiative transition from the jth level to a lower level.
Hence, it is common experimental practice to define an effective excitation

cross section, in terms of these determinable

tion, h vantities

la]
- H sy

Qb = ke o

where J (j,k) is the number of photons emitted per cm of electron beam in the
| % k transition, and the definitions of |/e and N(g) remain unchanged from

the previous case. One can also consider the apparent excitation cross sec=
tion for the jth level which is the sum of the direct cross section and the cas-
cade contributions from higher levels. The apparent excitation cross section
is proportional to the effective excitation cross section and is defined by the

relation
Q') = Qfj,k)B(, k) , 3)

where B(j, k) is the theoretical branching ratio. The branching ratio is simply
the ratio of the total transition prohability, for radiative transitions from the
ith level to all lower levels, to the transition probability of a radiative transi-
tion from the jth to kth levels.

The collision process is described by three quantities, which
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correspond to different steps of the analysis. The initial experimental measurements
yield effective excitation cross sections which are proportional to the intensities
of the observed radiative transitions. These are converted into apparent excitation

cross sections by multiplication with the theoretical branching ratio. The appar-

cascade contribution from the apparent cross section results in the formation of
the direct excitation cross section. The latter quantity describes the effective-
ness with which the jth excited level is populated by collisions of electrons with
ground state atoms. The direct cross section is of prime importance and the ef-
forts of this work will be directed to evaluating this quantity for various excited

states of mercury.



CHAPTER It
MERCURY STRUCTURE

Mercury, with an atomic number of 80 and two valance electrons,
{corresponding to a ground state term 615) ; has a spectrum characterized by
intense intercombination transitions. The transitions, which violate the

AS = 0 selection rule of pure L=S coupling, arise because the rule is
valid only under the assumption of vanishing spin-orbit interaction. Atoms
with large atomic numbers experience a non-vanishing coupling between
their spin and orbital angular moments, resulting in levels which possess

both singlet and triplet components. The degree of deviation from the pure

efficients, which describe the state. A detailed analysis of the problem
will be carried out in the following section and the resulting wave functions

will be used to calculate the transition probabilities of several states.

Singlet=Triplet Mixtures

One studies the effects of singlet=iriplet mixing by treating the
7
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spin-orbit interaction energy as a perturbation to the non-relativistic hamiltonian
of the atom. In this analysis one adopts the usual approximation that, the in~
fluence of spin-other orbit interactions will be negligible, when compared to

that of the spin-self orbit interaction. Therefore the resulting hamiltonian is

givenas H = Hy+ " where
— 2 .
Hy = Z_, P*/2m - Ze2/r + Z e2/r]2 , (@)
electrons pairs
and
Hy = ). zoLs . 5
electrons

One chooses a representation in which Hy is diagonal and then
diagonalizes the energy matrix to obtain the eigenvalues and eigenfunctions
which describe the perturbed state. Hy commutes with L,S,J, and M, there=
fore the energy matrix is set up in the coupled representation. The basis
functions for this representation are obtained in the following manner. As an

Initial step the wave functions in the decoupled representation,

B (LSMMg) = & (M) X (M) ©

are obtained by forming the anti=symmetric product of the spin and orbital
wave functions for the (6s)(n) configuration. The resulting wave functions
are then mixed by means of Clebsch~Gorden coefficients to yield the wave

function in the coupled representation,
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. _ LSJ
Y (LsIm) —ZML:MS Cmem | 2 sMmg. @

The resultant functions are used to set up the energy matrix for the (6s)(nf) con-
figuration, which yields the terms 3L2+]’ 3L£, ]L,E,' and 3L1_}' itit well
known that the energy is independent of the value of M, and Mg, therefore
since the LSJM state is a linear combination of the LSM; M states, with dif-
ferent ML' Mg, but the same values of L and S, the energy will be independent
of the value of M. Hence, one need only to evaluate the terms for the largest
value of M for which all of the states exist.

The energy matrix, displayed in Table I, has non~diagonal ele~
ments connecting the 3"1 and IL! states. Thus in order to obtain the
eigenfunctions and eigenvalues corresponding to these levels, one must
solve a 2 x 2 secular determinant. The eigenvalues of the secular equation

will correspond to the energies associated with the perturbed levels, hence

the resultant energy levels are given as

£y = EQL,,) = A- K--]Z—Rp Q @)
] 1 2.1 2

E, = E@; ) = A=-— + /(K+ ¥+ o (441) )

2 Ly ! Pn.Q L S

- N 132, 1 2

E3 = E(]LX) = A Zﬁnﬁ /(K'*'anf) +z£(x+]),pn£ (10)

By =BG ) = A-K-g (0H)p . ()

nd
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TABLE |

ENERGY MATRIX IN THE COUPLED REPRESENTATION

A is a constant whose magnitude is equal to the sum of the (6s)(ng)
configuration energy and the corresponding coulomb energy, K is the (6s)(ng )

exchange integral,and Pp, is a radial integral involving the spin orbit coup-

ling constant .
3 3 1 3
L£+l Lz Lz L -1
A-K+]"
Lz.’.l Tmnﬁ
1 /—
-K -7 2(gt1)
3 AmK=Zo, |=— oy
%
]L WL(}L‘H) A+ K
2 2 Py
K] A-K-{0+]
UL[Q_'I \ﬂé ) pnz




1

The eigenvectors corresponding to E(3L1) and E(1 ,) are evaluated and are placed

Lg
side by side to yield the inverse of the transformation matrix, which diagonalizes
the 2 x 2 block. The elements of the transformation matrix are the coefficients

used in forming the perturbed eigenfunction as a linear combination of the unper-

turbed functions. The perturbed eigenfunctions
'3 = 3, ) +b /Al ' 12
ECREEE LRI (12)
and

Yy ) = Ye,) +Q\Y(IL‘) | (13)

are a mixiure of the singlet and triplet states. The degree of mixing is indicated

by the value of the mixing coefficients a, and b which are defined through the

relations
~Jr.2 ,.2 -
a = (P +q) +q , b= I} (14)
S &
where
1 1
P=5p VW) , q=7p +K (15)
ng nf
and

N= SR ra2eg? (16)



12

The magnitude of the mixing coefficients can be obtained by employ-

®)

ing empirically determined values of the term energies * ', and solving the resulting
equations, (c.f. egs. 8-11) for the parameters, K and , ! which are used in
their determination. One notes immediately that the coefficients are over deter=

K, and A.

mined since four equations define three unknown quantities, o !
One must solve the equations so that the three parameters assume the best possible
fit with respect to the experimental energy levels, and then place a range on the
acceptable fitted values.

For instance in the case of the (6s)(6p) configuration this analysis
yielded a "best fit" value of b =0.20. On the other hand, if pnz is determined
exactly in terms of one of the energy spacings and K is determined from the re-
maining two energy differences, then the coefficient assumes the value b =
0.120. One can estimate a range of acceptable values by determining the

values of K and Py ¢ (and ultimately that of b), for which the percentage dif-

ference between the calculated and experimental values of the energy levels

the (6s)(6p) mixing coefficient lies within the values b =0.120 and b = 0.210.
This estimate leads to a mean value of b =0.165% 0.045. One can apply a
similar analysis to the (6s)(7p) configuration. In this case the "best fit"

value of the mixing coefficient was determined as b =0.52. One also esti-
mates the range of acceptable values as that which lies within the values

b =0.46 and b =0.62. The ambiguity (or rangej, preseni in ihe magnitude
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of the mixing coefficient results from the approximate nature of the theory. The
magnitude of the range gives one an estimate of the accuracy of the theoretical
model, which in the present analysis is a single configuration approximation.

Alternately one can determine the magnitude of the mixing coeffi~
cient from the experimental g=factor. In this procedure the magnitude of the
mixing coefficient is given directly by one experimental number. This elimi-
nates the need for a "best fit" analysis, which ultimately introduces a range
into the magnitude of the coefficient. The elimination of a range of acceptable
values also eliminates a means by which one can check the self consistency of
the theory. A. Lurio ) and R. |. Semenov (10) v determined the value
of the (6s)(6p) mixing coefficient from experimental g factors. Their reported
values are b = 0.1725 and b = 0. 180 respectively. Lurio also determined the
mixing coefficient by means of fine structure analysis (two parameter theory)
and from lifetime measurements. The fine structure analysis yielded a value
of b =0.1582 while a value of b =0.1714 resulted from the investigation of
good agreement.
In addition, all of these values lie within the range of acceptable values pre-
dicted by the fine structure analysis. Therefore the forthcoming analysis will
employ a mean value of the (6s)(ép) and (6s)Zp) mixing coefficients, which
takes into consideration the values obtained from the various methods. The
mean value of the (6s)(6p) mixing coefficient is determined as b = 0.165 1 0.045,

webhmawa aloa - P
i (1= i

PR SRR DU B R R of U o
CIC 1 [V ] 1 1 [}

TR S
CIeiiniincyu fucture anatysis.
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The D states are in contradiction to the theory outlined above, in that
experimental observation shows that the 1p levels lie below the 3y levels on an
energy scale. This discrepancy could be due to the neglect of configuration in-
teraction and spin~other orbit interaction in the present approximation. Wolfe (an
has introduced the spin-other orbit interaction, as a fourth parameter, into the
theoretical expression. In principle, one can use Wolfe's formula to obtain a
unique determination of b. A major drawback of this approach is that it does
not clearly illustrate that the spin-other orbit interaction, which is presumably
small, is of sufficient magnitude to account for the "anomalous inversion" of
the 1p and 3y states. One may be just introducing more parameters to fit
the experimental results, without adequate justification. As an alternative ap=
proach one computes the value of b by employing both the g~factor and Wolfe's
formula, and then examines the variation of these values to obtain the final
selected value. Wolfe's formula yields a value b =0.557 for the (6s)(6d) mix~-
ing coefficient, while the experimental g-factor reported by Th. A. M. Van

[ (]2) ..;e}.l sim ~f

~ e =~ sl ~L 0
V!ec. Y G5 d vGQiue Or v.o/

ge7c t
(AN o

0.01. The selected value corresponds to
that reported by Semenov, and has the magnitude b = 0.568 : 0.017, which

has a range that includes both of the previous values.

Transition Probabilities

For an afom in an excited level A there exists a definite probabil-

ity, per unit time, of experiencing a spontaneous transition, with the emission
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of radiation, to a lower level B. The transition probability is defined, in the

usual manner as

4 3

A(A,B) =64y ¢ S(A,B) (17)
3h 25, +1

where ¢ is the energy difference between A and B expressed in cm—], his
Planck's constant, S(A, B) is the line strength of the transition, and Ja is the
total angular momentum of the upper level. The line strength can be expressed as

a sum over the components a,b of the dipole matrix element, such that
> 2
s 8=, @lpl bl " . (18)

The wave functions obtained in the previous section are employed in the calcu-
lation of the line strengths for the (6s)(ng) > (6s)(n'y') transitions.
The strength of the line for the transition (6s)(n{) - (6s)(nf) is

given as
2
S(a jm; a'i'm’) =Zm m’ | (ojml P o tj'm") | (19)

where non-vanishing matrix elements exist only if m changes by -1 or 0. The
formulae of Condon and Shortley (13) are used fo evaluate the matrix elements,
with the observation that the sum over m (from m = - to m = +j) of the subma-
trix elements, merely introduces a factor of 2J4 +1 since it is independent of

m. The expression for the line strength becomes
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S(ai; o)) = @A +1) (a1 PlaP)?2G,i, @)

where

Z(j, i*) = (N @i+3); Z(,1) = 16+ Z(,i-1) =i@i-1) .

The submatrix element can be evaluated by using the formulae of Condon and

Shortley and the assignment j; = S, |,

= '

L, i = J. This procedure yields

the expression

2

|Gaiiplai) f=ousn( mpipioay®, @)

which contains a one electron submatrix element. The element is readily

evaluated as
ST 2 Doy 1 2
| ( '62.2:P:’6 22)| -9(2,2) |(P(n22)| er | P(n 22))| . (22)

The quantities G and g, which appear in the above expressions, are functions
of the quantum numbers and are determined by the recursion formulae of Condon
and Shortley.

The values of the radial integrals were obtained from a cclculatién
by Mishra (M), which employed the S.C.F. wave functions of mercury.

The line strengths involving singlet-triplet intercombination transi-
tions, (heretofore prohibited), will have non-zere values, which are propor-

 tional to the strengths of the corresponding allowed transitions. The constant of
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coefficients, e.g.

L,y 9

b2

S(3|_£ ; ]LL) b3 S(1
The transition probabilities corresponding to the transitions of primary importance
in the cascade analysis are listed in Table I. The values of the (65)(7s) + (6s)(6p)
transition probabilities were obtained using the medium value of the mixing co-
efficients obtained in the previous section, while those corresponding to the
(6s)(6d) » (6sX6p) transitions employed the coefficients reported by Semenov.
In addition probabilities for the (6s)(7p) + (6s)(7s) transitions were calculated
using the mixing coefficients obtained from fine structure considerations.

The values of Table Il are used to obtain the theoretical branching
ratios for particular spectral transitions. The branching ratio is defined as the
ratio of the total probability for a transition from the jth state to all lower
states to the probability of a transition from the jth to the kth state, i.e.

Bk =2 1o AGA (24)
Al k)

The magnitude of the branching ratio describes the efficiency with which the
ith excited upper state redistributes its population to the kth state through ra-
diative transitions. Knowledge of the branching ratio is a prerequisite for a

meaningful analysis of the radiation produced in collision processes.



TABLE 1I

SPONTANEQUS TRANSITION PROBABILITIES

Transition A(j, k) Transition A, k) Transition A, k)
(108 sec']) (108 sec”1) (]O8 sec—])
73s5-63p, 1.1 63D,-63p, 0.54%0.02 73p,-735 | 0.44
73s-63p, 1.2 63D,-6%P, 3.3%0.02 73p-73s | o.18
735-6%p, 0.52 63D,-61p 0.1610.04 73pp-73s | 0.23
73s-61p 0.002 * 0.001 73p,-77s | 0.043% 0.008
71s-61p 0.29 7'p-71s | 0.18
715-63p, 0.13%0.07 71p-73s 0.15%0.03
73p,-61s | 0.12*0.03
71p-6's 0.37

Note: The fransition probabilities for the 735-63P2’ 1,0 transitions are insensitive to changes in the mag-
nitude of the mixing coefficient.

[
co



CHAPTER 1l

RELATIVE MEASUREMEINTS

Experimental Apparatus

The experimental apparatus used in the investigation consists of
three components: (1) a vacuum system and source of mercury atoms, (2)
an electron gun to provide a constant flux of electrons into a field free col-
lision zone, and (3) auxiliary equipment to detect and record the collisional
radiation.

The vacuum system was constructed of glass and evacuated by
means of an adequately trapped oil diffusion pump and mechanical forepump.

7

The vacuum chamber was initially evacuated to a pressure of 2 x 107 Torr and

was sealed off during the measurements. During this time the residual gas

5

pressure was estimated to be less than 5 x 107 Torr, therefore the effect
of superelastic collisions involving impurity atoms was negligible. The num-

ber density of mercury atoms was determined by reguiating the temperaiure

of a mercury droplet situated in an appendage fo the chamber. The relation

19
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between the temperature of the droplet and iis saturated vapour pressure was ob=
tained from the values of the Ernsberger and Pitman. > The number density of
the atoms is obtained by assuming that, for the temperature range 12°C to 30°C,
the mercury vapcur behaves as an ideal gas. A block diagram of the experimental
apparatus is displayed in Fig. 1.

The mercury atoms are excited by a beam of univelocity electrons
directed into a field free collision chamber. The beam is produced by an elec-
tron gun of pentode design displayed in Fig. 2. An indirectly heated oxide
coated cathode provides a source of electrons, which are accelerated and col-
limated by focusing grids acting as a pin hole electron lens. The collimated
beam passes into a cylindrical faraday cup, bounded at its rear by a metal
screen. A second smaller cylinder which acts as an electron collector, is situ=
ated to the rear of the screen and is concentric to the faraday cup. The col-
lector is operated at a positive voltage, with respect to the chamber, in order .
to minimize the effects of secondary and reflected electrons. A small window
in the side of the faraday cup allows the radiation to be observed at right
angles to the electron beam.

Although the energy of the incident electrons is continuously
varied by a programmed D.C. power supply, the electron beam current into
the collision chamber is held constant by a degenerative feed back system.

The system samples the chamber current by monitoring the voltage developed
across a small resistor

nlarad in tha ratiirn nath fram tha eallician chamhbhara
p PrQCS0 N TAS TOTUIN PATS V0N TNC LOISITN CRUGMCSE
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collector system. The feed back system remains passive until the beam current
exceeds a pre-defermine_ad level, at which time an electronic comparator con-
verts the difference between the actual and the desired current values into a

voltage signal. This signal is amplified by a chopper stabilized D.C. ampli-

fier, which is operated with negative feedback to insure its stability. The out-
. . . . ]
put signal is applied to the first grid of the electron gun and adjusts the focus-

ing characteristics so as to stabilize the beam current. Because the cathode of
the electron gun is operated at a negative potential, with respect to the fara-
day cage, it is necessary to isolate the control signal. Therefore the signal
from the operational amplifier is used to modulate a 50 KHz carrier. The modu-
lated signal is amplified and then demodulated in a capacity coupled diode
demodulator, which is referenced to the cathode potential. After adequate
filtering, to remove any remaining carrier signal, the control signal is ap-
plied to the first grid of the electron gun. A detailed diagram of the constant
current control unit is displayed in Fig. 3. The ability of the device to regu-
late the beam current is dependent upon the fixed bias of the first grid and

the focusing voltage placed upon the second grid. The short term current
stability is better than . 1% while the long term stability (e.g. 2 hours) is
approximately 2%. For electron beam currents within the range of 5 to 40
microamperes the incident electrons have an energy distribution of 0.4 to

0.8 eV. The distribution is determined by retarding potential measurements

and the appearance of fine structure in the excitation function of the 546.1 nm
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transition of mercury. The appearance of such structure has been related to the
energy distribution of the electron beam by S. Frisch (16) 4nd 1. P. Zapesoch-
ny (17),

The coilisional radiation passes out of the collision chamber at a
right angle to the beam and is modulated at a frequency of 1 KHz by a me~
chanical chopper. The light is focused upon the slits of a 0.5 meter Ebert
scanning monochromator, which selects a particular spectral transition for
observation. The emerging light is detected by a high gain photomultiplier,
placed in an evacuated cryostat which is attached to the monochromator.

The signal produced by the radiation from the excitation tube is
of very low intensity, therefore one must employ a method of detection which
enhances the signal to noise ratio of the information signal. The method em-
ployed in this investigation utilizes A,C. modulation techniques. The radia~-
tion from the collision chamber is modulated at 1KHz by a rotating wheel, with
equally spaced holes. The output signal from the photomultiplier consists of
high frequency pulses occurring in groups, whose frequency is determined by
the mechanical chopper. The intensity of the light incident upon the photo-
multiplier determines the number of individual pulses which occur during an
"on" period of the chopping cycle. However the amplitude of the individual
pulses appears to be independent of the light intensity. Therefore an inte~

grating amplifier is used to convert the photomultiplier signal to one whose

Thte %o mmme -
111i5 i35 GCCOini—
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plished by integrating over each "on" period of the chopping cycle. The inte-
grating preamplifier, shown in Fig. 4, consists of a low noise cascode pream-=
plifier and an RC integrator, which creates a shaped wave whose amplitude
varies with the photomultiplier signal. The values of R and C are selected
s0 as to insure a linear response of the system for light signals of low inten=
sity (i.e. low photomultiplier current). The stronger signals; which represent
a greater number of events, will then be shaped in a similar manner. The sig=
nal is then amplified by an amplifier which is tuned to the modulation frequen=
cy of 1KHz, and has a gain of 60db. A detailed diagram of this device is dis=
played in Fig. 5. After sufficient amplification, which is controlled by
means of an input attenuator, the signal is directed to a phase sensitive de=
tector.

At the same time a 1KHz reference signal is created by a photo=-
cell, which detects the light from a small lamp placed diametrically opposite
to the aperture, through which the radiation from the excitation tube passes.
The reference signai is ampiified and then fed fo the phase sensitive defecior,
(c.f. Fig. 6). The signal from the tuned amplifier is selectively rectified by
comparing it with the reference signal in a bridge network. The output from
the bridge is proportional to the amplitude of the photo~multiplier signal.
Maximum sensitivity is obtained by adjusting the phase of the reference sig=
nal so that it coincides with that of the photomultiplier signal, when they are

appiied to the bridge network. The remaining noise occurring in the D.C.
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output is reduced by passing the signal through a low pass filter.  The output
is then displayed on an x~y recorder as a function of incident electron energy,
and is a relative measurement of the effective excitation cross at various elec=
tron energies.

The entire electronic detection system was thoroughly checked and
found to be a linear, with respect to the total range of photomultiplier signal,
to within 3%. In addition it was determined that the signal output was linear
with respect to variation of the entrance slit width of the monochromator over
the slit range of .125 mm to 1 mm. Prior to making any measurements of the
mercury spectrum, the radiative output of the excitation tube was recorded as
a function of wavelength. This precaution allowed the identification of any
spectral lines caused by impurity atoms. This procedure failed to uncover any

impurity lines within the wavelength region of spectral interest

Optical Excitation Functions

Optical excitation functions for 40 transitions of the mercury spec~
trum were obtained in the manner described in the previous section. The curves
were obtained under conditions of low electron beam current and low atom num=

. . -13 3
ber density, e.g., | < 30 microamperes, and N(g) < 4 x 10 atoms/cm®.
These precautions tended to insure the occurrence of single electron-atom
collisions. The relationship between light output as a function of beam cur=

rent and number density was observed for the 8lp-735  and 735 - 63P2 1.0
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transitions and the results are displayed in Figs. 7 and 8. These transitions were
chosen in part because the 8P level and the metastable 63P2,0 levels would
be very sensitive to the reabsorption of radiation as it passes out of the cham-
ber. In addition Fabrikant and Cirg (18) have experimentally observed that
stepwise excitation from the 63P0 level has a large cross section for high elec~
tron densities, i.e. it is of the order of 10-16 cm2. Therefore the 735 -
63P2’ 1,0 transitions would be especially susceptible to a quadratic dependence
upon current or pressure. The relationship between light output and beam cur=
rent, (pressure), proved to be a linear in both cases for the range of beam cur=
rent, (pressure), used in the experiment. On the basis of these results it was
assumed that the remaining transitions would not exhibit a quadratic dependence
since each was observed under the conditions which proved to be satisfactory
for the critical 8'P and 63P2' 1,0 levels.

A discrepancy, corresponding to a few eV, exists between the
theoretical and experimental onset potentials. This matter was thoroughly
invesiigated by Jongerius, and was aiiribuied io ihe infiuence of space charge,
contact potentials, and field penetration. It was observed that these effects
caused excitation functions to commence at a voltage which was larger than
the theoretical onset by 2 1/4% 1/8 volts. The excitation functions presented
in this work have been adjusted for the effecis of contact potentials and fieid
penetration by adjusting the experimental onset potentiai to coincide with
T

ine theoreficai vaive. This corresponds to a constant shift of the voitage scaie
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towards lower voltages. Because of the continuous nature of their ocquisition,
the curves have not been specifically corrected for space charge elfects. How-
aver, this correction would only affect the voltage values at which the various
maxima of the curves would occur, but not their relative heights.

When the observed transitions were adequately resolved from in=
tense adjacent spectral lines, the various transition series usually exhibited
similarly shaped curves. The complete resolution of the observed transitions
was only possible for approximately 30% of the excitation functions. Many of
the functions although not completely resolved, are of significantly greater

.
intensity than the adjacent lines, and therefore present a nearly true represen=
tation of the desired excitation function. For many of the weaker transitions
it was necessary to increase the resolution of the monochromator to 1.6 mm ,
hence their excitation functions are thoroughly distorted by the failure to
isolate them from the lines of the ionized mercury spectrum and/or strong
lines corresponding to normal or unassigned mercury transitions.

The lowest possible excited state for an ionized mercury aiom has
an onset potential of approximately 16 eV. Therefore one would expect no
distortion of the excitation functions, due to the observation of Hg Il lines, be-
low this energy. The excitation functions of seven Hg Il transitions have been
observed by Schaffernicht (9) to possess a broad maximum occurring af either
55 or 90 eV., hence maximum distortion of the curves would occur at

H P Ce sl e e 1 5 L [ . 1 .»
ner energies. Joince rne 1onizZarion Cross secrion or mercury IS relanvely
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large (of the order of 10-16 cm2), there also exists the possibility that recombi-
nation processes make up a significant coniribution to the population of the
excited levels. Although no quantitative work has been carried out along this
line, one observes distortions of some excitation functions at energies greater
than the ionization potential (10.43 eV), but below the fheqrgtical onset of
the Hg 11 lines. It would be expected that the importance of an ionization
recombination process, as a mode of population; would increase for states
with large principal quantum number. The general characteristics of the ex=
citation functions are described in the following sections. The non=principal
lines will be discussed first so that one may attempt to form conclusions con=
cerning their general shape. This necessity arises because many of the levels
confribute, by cascade transitions, to the population of the states, which are
of primary interest. The information gained through this examination will

be used in the interpretation of the excitation functions of the 63D3, 63D2,

735 and 7]S levels.

Triplet S and P Levels

The excitation functions corresponding to triplet levels
nSp (n = 8,14) are displayed in Figs. 9 and 10. Many of the spectral lines
of the n3P - 735 transition series were not resolved from adjacent lines of
the Hg Il and Hg | spectrum. Because of this, the shapes of the low inten=

sity lines are distorted, thereby making it difficult to form very definite
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conclusions concerning the general characteristics of the triplet excitation func-
tions. However, the lines which are less susceptible to distortion, because of
their proximity or intensity, exhibit the ncrmal triplet characteristics. They
possess steep maxima neor the onset voltage and experience a rapid decrease
with increasing electron energy. This shape is in agreement with that observed
for the excitation functions of the triplet levels of helium.

Conteminating radiation, due to lack of resolution, was present
for almost all of the cbserved transitions. Because of their relative intensities,
the 83P2 - 735 {690.7 nm)and 103P2 « 735 (535.4 nm) transitions were least
affected by the poor resolution, (e.g. the 83P2 - 735 transition at 690.7 nm
produced light which was approximately 25 times more intense than the adja-
cent lines at 692.4 nm and 689.7 nm). The excitation functions corresponding
to the 93P2 - 735 (582.1 nm), HSPz =73 (512.1 nm), 123P2 - 735 (498.1 nm)
and ]43P2,] - 7% {482 .7 - 483.2 nm) transitions experienced somewhat great-
er distortion. The 93P2 function was not resolved from the Hg | line at 583.8
nm, while that of the 113P2 level was observed together with an intense Hg I
line occurring at 512.9 nm. In addition the ]23P2 and ]43P2,] levels yielded
functions which were contaminated by the 498.1 nm and 482.6 nm lines of
the Hg I spectrum. The excitation function of the 123P] (499.2 nm) level
was resolved from all known Hg | and Hg 1 lines. 1t experienced a relatively
sharp peak near its threshold, and decreased rapidly with increasing elec-

ack was much broader than that observed for the 83P2 and

tron energy. The
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103P2 curves. The broadening of the peak for levels of high principal quantum
number may result from the extremely close spacing of the energy levels, and
the finite energy distribution of the incident electrons. The curves represent=
ing the 93P (587.2 nm), 93P, (585.9 nm), 113P} g (513.8 - 514.0 nm) and
]33P2,’. (489.0 - 489.7 nm) transitions were thoroughly distorted because of
the presence of numerous lines of the Hg Il and Hg | spectrum, which were of
comparable intensity and could not be resolved from the desired transitions.
The transitions from these levels produced light which was of extremely low
intensity, hence the curves experienced large distortions. However one
does observe a peak occurring near the onset of each curve.

The n’S levels also possess distinct maxima near the onset of
their excitation functions. The excitation functions of the 835, 935, and
1035 levels are displayed in Fig. 11. The g3s - 6lp (502.5 nm) transition
was totally resolved from adjacent lines, therefore one expects the curve to be

a true representation of the excitation function. The trace exhibits a rela=

with increasing electron energy. At this time no valid explanation can be
proposed for this apparent flat appearance. The 93 - 41p (414.0 nm) and
10% - 61p (381.6 nm) transitions were of low intensity, hence the true
shape of the frace was readily distorted by the influence of neighboring

Hg Il and Hg lines. The excitation function of the 935 level was distorted

by the presence of specirai iines occurring ai 414.03 nm, 415.6 nm, 412.5 nm,



FIGURE 11. OPTICAL EXCITATION FUNCTIONS; nS = 6P (0 - 90 eV)
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and 412.0 nm, where the latter two belong to the Hg Il spectrum. Similarly the
curve of the 1035 level was distorted by the failure to resolve it from an Hg
line occurring at 382.0 nm, and a very strong Hg Il line at 380.6 nm. How -
ever, in both cases the curves displayed maxima near their onset potential,
which were characteristic of triplet levels.

Although many of the curves ex
spectral resolution, one can propose that the triplet excitation functions gener-
ally possess a sharp maximum near their onset potential and decrease rapidly
with increasing electron energy. The characteristic shape of the curves is

similar to that which was obssrved for the triplet excitation functions of helium.

Singlet S and P Levels

The excitation functions of the n'S and n1P levels are displayed
in Figs. 11-13. The excitation functions of the nlp - 73S and n!P - 715
transition series should exhibit similar shapes since the transitions eminate
from a common upper level. Many of these curves were distorted by the
presence of adjacent Hg and Hg Il lines, which could not be resolved. Nev-
ertheless the curves representing the 8'P and 9P levels showed reasonable
agreement. The glp - 71s (671.6 nm) and 81P - 735 (607 .3 nm) transitions
yvield curves which are slightly distorted by the presence of the 671.5 nm

and 608.9 nm lines of the Hg Il spectrum. Both curves exhibit a shallow peak
near their onset which is followed by a broad peak occurring at approxi-

mately 20 eV. Likewise the 91P - 715 (623.4 nm) and 91P - 735 (567.6 nm)
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transitions yielded curves which were of similar shape. The former transition
was not resolved from the 624.2 nm and 622.0 nm lines of the Hg | spectrum,
while the latter was distorted by a relatively intense Hg Il line occurring at

1 1

567.7 nm. This similarity was not evident in the case of the 10°'P = 7S

(580.3 nm) and 10lp - 735 (5317 nm) transitions. Both lines were chserved

A\ 1 1e

under a condition of total resolution, hence they should be a true representa~
tion of the excitation function. One observes that the initial peaks occur
at approximately the same energy and perhaps are the result of a common
excitation mechanism. The broad peak experienced in the 10]P -71s
transition does not materialize in the corresponding intercombination transi-
tion. This discrepancy can not be quantitatively explained, but one can
suppose that its foundation lies in the singlet~triplet nature of the 10'p
level. The 111P - 7' (555.0 nm) and 11'P - 735 (510.2 nm) transitions
also exhibited a discrepancy in their relative structure. The former transi-
tion was not resolved from an Hg Il line which occurs at 557.1 nm while

the intercombination fransition was resoived from ali surrounding iines.

Both curves exhibited a broad peak at approximately 80 eV. The reason for
the great dissimilarity in their shapes is at this time still unknown. The ex-
citation functions corresponding to the 12P and 14P levels were badly
distoried for boih iransition series. The lines were of very low intensity and
theytcould not be resolved from numerous Hg Il lines which lay in the imme-
diaie vicinity. Also it was not possibie to resoive the 12*P function from

those of the 103P] 0" 73S transitions.
7
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The transitions 13!P = 715 (529.0 nm) and 131P - 735 (488.3 nm)
yielded excitation functions which were distorted by the presence of the 529.4
nm Hg Il line and the 489.0 nm Hg line respectively. The poor resolution
caused the curves to exhibit a wide variation with respect to their relative
shapes. The curve of the singlet transition possessed a relatively sharp peak
at approximately 20 eV while the intercombination transition yielded a curve
with @ broad maximum of about 85 eV. This discrepancy can not be explained
on the basis of previous experimental work.

The numerous discrepancies concerning therelative shapes of the
n!P excitation functions, makes it difficult to form a general conclusion re-
garding the structure of a singlet curve. The states of large principal quantum
number were especially susceptible to contradictions, however one notes good
agreement for the curves representing the 8P and 91P levels. The structure
of these curves is comparable to that observed by other investigators (20),
On the basis of this agreement it is proposed that the singlet levels are charac=
terized by curves which possess broad maxima ot energies of 2 to 5 times the
onset voltage.

The excitation functions describing the n'S levels (Fig. 11) ap-
pear to possess both singlet and triplet characteristics. In addition to sharp
pecks near their onset they also exhibit broad maxima appecring at higher

excitation voltages. The excitation function corresponding to the 8ls - 6]'P
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possesses two sharp peaks, which occur at a sufficient energy above the threshold
so as to create the speculation that they are the result of cascade transitions
from the 83P] and n3P] (n > 9) levels, which experience singlet-triplet mixing.
The broad peak . occurring at approximately 30 eV. is attributed to the direcf
excitation of the 8'S level and cascade transitions from the n P lavels. This
analysis can be extended to the curve representing the 915 - 6P (410.8 nm)
transition. This transition was not completely resolved from adjacent lines oc-
curring at wavelengths of 411.5 nm (Hg Il) and 410.3 nm (Hg). The initial
sharp peak occurs at an energy above the thresheld voltage, which is compar=
able to that required to excite the n3P] levels. Therefore one may propose
that it is the result of intercombination cascade transitions from the n3P] le-
vels. As in the previous case the trace exhibits a broad maximum occurring
at approximately 30 eV and decreasing gradually thereafter. One notes a
small shoulder appearing in both of the curves which occurs at approximately
15 eV. It is also noted that the excitation functions for the n!P (n=8,10)
levels exhibited diffuse peaks at approximateiy 12 to 15 eV, hence one may
speculate that the structure of the n'P curves is in part responsible for the ap=

'p (380.2

pearance of the shoulder. The curve corresponding to the 10ls-6
nm) transition experienced a large amount of distortion due to the presence of
a strong line of the Hg li spectrum (380.6 nm). The curve exhibited a peak

near its onset which was considerably broader than those discussed previously.

The distortion due to the presence of the Hg Il line prevents one from forming



47

very definite conclusions concerning its shape, at large electron energies.

D Levels

The excitation functions of the n1D - 6P series (n=6,9) could not
be resolved from those of the noD = 6P series. The curves representing the
combined transitions are displayed in Fig. 14. The excitation function cor-
responding to the 8D level was distorted by the failure to resolve its spectral
line from an intense Hg Il line occurring at 391.4 nm. The remaining spectral
lines were of sufficient intensity so as to insure that the shapes of the curves
were true representations of the excitation functions, (e.g. the 63D] , 6] D2
- 63P2 transitions were 80 times more intense than the Hg | line occurring at
366.6 nm). All of the excitation functions exhibited maxima at approximately
15 eV to 20 eV and experienced a gradual decrease thereafter. The observed
broad peak is characteristic of the singlet levels rather than of the triplet
states. The energy distribution of the electron beam used in the experiment
was too large to permit further resolution of the peaks. Although no firm
conclusions can be drawn as to the roles of the various population mechanisms,
one may speculate that the initial sharp peak of the 63D, 61D excitation

function is produced by cascade transitions from the 3P levels.

Leveis of Primary inferest

Four of the principal transitions of the mercury spectrum are con-

. 1. e "~ [N fa 1) ] s z - 2 - . =_3 1
sidered in Fig. 13, which dispiays the excitation functions for the 7°S, 715,
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6302 ,and 63D3 levels. The excitation function should consist of a superpasition
of the electron excitation function for the initial level (e.g. 738)' and the exci-
tation functions of all processes which tend to populate this level, (e.g. cas=
cade contributions). The onset potential of each excitation function is unique,
therefore the optical excitation function can be decomposed into curves, which
represent the confributions to the population of the level under investigation.

The visible mercury triplet 7% - 63P2’ 1,0 has a common upper
level, hence the excitation functions for the three transitions were observed to
be similar. The 755 level produces an excitation function which possesses seve=-
ral sharp maxima near the onset potential and decreases rapidly thereafter. The
shape of the curve was not influenced by adjacent spectral lines because of
the extremely high intensity of the primary radiation, (e.g. the 73s - 63P'2
radiation occurring at a wavelength of 546.1 nm is 400 times more intense
than the adjacent 545.7 nm line)“. The fine structure of the curve is shown

on an expanded energy scale in Fig. 16. The initial peak of the curve is at=

supposition follows from the fact that the incident electrons do not possess
sufficient energy to excite the higher levels, which would ultimately populate
the 758 state by cascade transitions. The energy difference between the first
pack and the second pronounced pedk coiresponds to the energy difference

between the 755 and 73P levels. This suggests that the structure is the result
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of cascade transitions from the 73P levels. The peak is not further resolved be-
cause the 73le 1,0 energy level spacing is less than the energy distribution of
the incident electrons. The remaining peaks are analyzed in a similar fashion
and attributed to cascade transitions from the nP levels (n > 8). There exists
a diffuse peak at about 12 eV which is above the ionization potential of

the atom, yet below the threshoid of the lowest Hg |l excited state, hence it
may possibly be due to an ionization recombination process.

The structure of the optical excitation function of the 71s - 63P]
transition possesses sharp peaks near its onset potential, but also experiences
a broad maximum which occurs at approximately 30 eV. The spectral line
corresponding to this transition lies at a wavelength of 407.8 nm and could
not be resolved from an adjacent Hg Il line, which occurs at a wavelength of
408.1 nm. The Hg Il line is considerably less intense than the primary line,
hence the excitation function is a nearly true representation of the 7ls -
63P] transition.

The sharp pecks cccurring near the curve's onset possess charac=
teristics which have been attributed to triplet excitation functions. Since
intercombination transitions from the n3P] levels have a relatively large
transition probability, one must examine this mechanism as a possible popu-
lation mode for the 7'S level. The first peak lies “0.1 eV below the excita-

tion threshold of the 73P] level, but one can not discount the possibility that
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considered because (1) the incident electrons possess a finite energy distribution
(0.5 eV) which is comparable to the magnitude of the energy difference, and
(2) the onset potential was adjusted so as to coincide with the theoretical
value and hence it was not determined with sufficient accuracy to account for
a discrepancy of a few tenths of an eV in the energy scale. The work of Jon-
gerius has produced a 71s - 63P1. excitation function from which the energy
difference, between the onset potential and the first peak, is determined to
be 0.59 eV. This value is 0.13 eV less than the difference between that of
the 7'S and 73P] levels, and is comparable to the error limits placed upon
the experimental value of the onset potential.

The second and third sharp peaks occur at energies above the on=
set, which are greater than the energies of the 83P] and 93P] levels with
respect to that of the 71S level. Thus it is also possible that these peaks
result from cascade fransitions from the 3P] levels.

The broad peak occurring at approximately 30 eV may result

from the population of the 715 leve ectron impact and casca
tions from the n'P levels. This supposition follows from the observations that
the singlet P curves generally possessed a broad peak at higher energies,
and that the maxima of the excitation functions for levels populated by a
non=exchange mechanism are relatively broad.

A second intercombination transition is examined by considering

. a. .o r . LY ) /31\ s1n . e, i N LY L
The excirarion runcrion or tne o w2 =0'r mransitTion. I1ne curve exnioirs Q
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relatively sharp peak near the onset voltage and broader maxima at approximate~-
ly 15 eV. The initial peak occurs at approximately 1.1 eV above the threshold
voltage and possesses sharp triplet characteristics. Thus one may ascribe its
presence to the population of the 63D2 level by cascade transitions from the
lower triplet P levels. The remaining broader maxima may be attributed to the
fact that the 6302 level is mixed with the 6102 level, due to the presence of
non=-vanishing spin orbit coupling. The mixing allows the excitation function

of the triplet D state to assume many of the characteristics peculiar to singlet
levels (e.g. broader maxima).

The last primary transition to be considered is the 63D3 - 63P2
transition which occurs at a wavelength of 365.0 nm. Because of the extreme-
ly close proximity of the 63D2 - 63P2 transition (365.4 nm) there exists some
doubt as to whether the curve was totally resolved, (it is estimated that a
maximum of 25% of the 63D2 light could have also been observed), there=-
fore the two transitions are listed as corresponding to a single excitation
function. With better resolution the 63D2
served to produce radiation which was approximately one tenth of the inten-
sity of the 63D3 - 63P2 transition at an energy of 15 eV. Therefore the ex-
citation function corresponds primarily to the true excitation function of the
6303 level. The 63D3 level does not experience singlet-triplet mixing,

hence it is represented by a curve which exhibits narrow peaks near its onset
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primarily through direct excitation by electron impact and cascade transitions
from the n3P2 levels. The energy distribution of the electron beam was too

gross to resolve the individual contributions.

Comparison with Other Investigators

The structure of the optical excitation functions, presented in the
previous sections, is in general accord with that reported by other investiga=
tors. In numerous cases, the curves representing the n3S, n3P, and n!P levels
are distorted, due to inadequate spectral resolution. Nevertheless one observes
that the triplet states are generally represented by excitation functions which
possess steep maxima near their onset. This behavior has been observed by nu-
merous investigators, to exist for collision processes which involve electron
exchange, (i.e. the multiplicity of the excited state differs from that of the
ground state atom). The excitation function of the 735 level exhibited several
sharp maxima near its threshold. The appearance of the fine structure was in
close agreement with that observed by Jongerius. Since the magnitude and
resolution of the individual peaks are dependent upon the energy distribution
of the incident electrons, the present results are in agreement only with those
experimental results which were obtained under similar experimental condi=-
tions. A recent investigation of this structure by Zapesochny (2]), vtilizing
an extremely univelocity electron beam (i.e. AV =0.08 eV), has extended
the resolution of the various maxima displayed in this work. The lower singlet

P states (i.e. small principal quantum number) are characterized by excitation
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functions with shallow peaks near their onset and broad maxima at approximately
30 eV. The experiments of Thieme (22) and Schaffernicht (23) yield curves for
the 8]P and 9P levels which possess the broad maxima, but are devoid of the
initial shallow peak. The excitation function for the 9P = 735 transition re-
ported by Jongerius exhibits a slight plateau, occurring at an energy compar-
able to that of the shallow peak reported in this work. The faiiure of the early
investigators to observe an initial peak may be atiributed to a wide energy dis-
tribution of the incident electrons, which tended to mask the fine structure of
the curves.

The relative shapes of the n'S excitation functions presented in
this work, exhibit excellent agreement with those reported by Schaffernicht
(24), Zapesochny (25), and Frisch (26), Schaffernicht presents an analysis
of the population mechanisms which is in accord with that proposed in this in-
vestigation. By noting the energies at which the maxima occur, he is able to

attribute the initial sharp peaks to the population of the nlS levels by cascade .

transitions allows him; to account for the triplet character of the initial peaks.
The broad .peak : occurring at approximately 30 eV is attributed to the di-
rect excitation of the singlet levels. Conversely Frisch and Zapesochny pro=

pose that the initial sharp peak occurring in the excitation functions of the

le gl

7'S,8'S, and ols levels, is the result of direct excitation of the singlet

oy ol 4. ul . .« . | . .
ition they attribute the remaining peaks, occurring near the
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curve's onset, to the effects of cascade transitions from the n'P levels (n > 7).
This supposition wouid require that the singlet excitation functions possess an
extremely steep peak occurring near their onset voltage and a second diffuse
peak at approximately 30 eV. For the case of the 7!S level, they observed
that the excitation function had an onset potential of 7.9 €V and exhibited

its initial peak at 8.7 eV. Additional sharp peaks were observed at energies
of 10.0 and approximately 11. eV. From the investigation of the 73S excita-
tion function, it was noted that the 73P, 83P,. and 93P levels yield excitation
functions which are characterized by sharp peaks occurring at 8.9, 9.6, and
10.4 eV respectively. In addition, these levels possess respective threshold
energies of 8.6, 9.4, and 9.8 eV. Therefore the peaks of the singlet curve
occur at energies which are less than those of the triplet functions by 0.2 - 0.6
eV. On the basis of these facts it is concluded that the initial peak does not
result from intercombination cascade transitions, (e.g. 73P] - 715). The

7'p and 8'P levels have critical potentials of 8.8 and 9.7 eV respectively

it was proposed that the initial peak results from the direct excitation of the
7]S level while the remaining peaks are caused by cascade transitions from
the 7]P and n]P (> '8) levels.
The error present in the determination of the energies at which
the maxima occur was reported as +0.25 eV. This was attributed to the energy

N L i . . . . . . 1 fe.a . . ' :
disiribution of the incident eiecirons. in addition, the experimentai onset
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voltages of the curves were adjusted so as to coincide with the theoretical value
by subtracting 2.3 £ 0.1 eV from the observed threshold voltage. One also
notes that the curves were not adjusted for the effects of space charge. Its
influence would tend to introduce a voltage correction, which is dependent
upon the accelerating voltage of the electron beam 7). The analysis proposed
by Frisch and Zapesochny is dependent upon energy differences of 0.2 -~ 0.5
eV, which are comparable to the error present in the voltage measurements.
Therefore on the basis of the cited work, one can not definitely discard the
possibility that the sharp maxima result from intercombination cascade tran-
sitions (e.g, 79P; - 715).

The relative shape of the excitation function corresponding fo the
6303 - 63P2 transition, showed excellent agreement with the curve obtained
by Jongerius. The 6303 level does not experience singlet-triplet mixing,
therefore the curve exhibited the characteristic triplet shape, (i.e. sharp
peak near the onset and a rapid decrease thereafter). The two distinct maxi-
ma ware not rasolved in the early
were fused into a single steep peak . occurring immediately after the onset
of the curve. The excitation functions for many of the n3D2,] and n D,
levels were not resolved in this work. The intercombination transition
63D2 - 6P was investigated in order to cbtain the excitation function of

the 6302 level. The shape of the curve was in general agreement with that
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that the initial sharp peak is the result of direct excitation by electron impact,
while the broad maximum is indicative of strong intercombination transitions
from the n'P levels. The curve presented in this work does not yield informa-
tion which would contradict this analysis. Yet one must also note that the
63D2 state is a mixture of singlet and triplet components, thus the broad maxi=-
ma may represent the singlet structure of the level.

The excitation functions of the n302,] levels could not be re~
solved from those representing the n]Dz levels. Therefore the resultant curves
exhibited dominant singlet characteristics (e.g. broad peaks at 20 - 30 eV).
These levels were resolved by Schaffernicht who reported that both the n3D2
and n]Dz states were characterized by curves which possessed broad maxima
at approximately 30 eV. The failure of the n3D2 levels to exhibit the normal
triplet characteristics lies in the mixed nature of the state. Thus the curves
possess characteristics which are representative of the singlet component of

the level. It was also observed, by Schaffernicht, that the unmixed n3D]

onset, and decreased rapidly thereafter.



CHAPTER IV
ABSOLUTE MEASUREMENTS

Absolute measurements of the effective excitation cross section,
Q(j, k), for a spectral line, can be determined through a direct comparison
with a calibrated tungsten ribbon source. The cross section is proportional

to the rate of spectral emission from the jth excited level; and is defined as

Q(j, k) = IJ('|,lll<) ' ‘ (25)
e

where J.(j, k) is the rate of photons emitted per cm of beam, | is the .electron
beam current, N(g) is the number density of the ground state atoms, and e is
the electronic charge. The electron beam current is readily measured and
the number aznsity of the ground state atoms follows from the ideal gas law.
Therefore it is necessary to devise a method which will insure an accurate
measurement of the rate of photons emitted, per unit beam length, in the j+k

transifion.

Experimental Procedure

60
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The radiation emitted by the excited atoms undergoing transitions
leaves the excitation tube at @ 900 angle to the electron beam. It is focused
with unit magnification, horizontally upon the slits of the monochromator. The
imaging lens possesses a suitable field stop so that the image just fills the rec~
tangular grating of the monochromator. This procedure insures that all of the
light entering the entrance slit will be detected, therefore the influence of
scattered light will be minimized. The emerging light totally illuminates the
cathode surface of a high gain photomultiplier tube, which is placed directly
in front of the exit slit. This geometry eliminated the introduction of inaccura-
cies due to sensitivity variations over the cathode surface. Thermal noise was
reduced by cooling the photo tube to -178°C, and additional noise (e.g.
fluorescence of the inner walls) was minimized by operating the cathode at
ground potential. These precautions allowed the signal to noise ratio to be
maintained at a value greater than five, for even the weakest signals. The
photomultiplier output was measured by a D.C. microammeter, which was
modified to operate at 2 Kv above ground potential. Ina
ments were taken at large incident electron energies (e.g. 50 eV) so that small
variations in the incident electron energy would not introduce significant
changes in the radiative output.

The speciral transitions were observed at wavelength resolutions
of £0.2, 1 0.4, and ¥ 1.6 nm, corresponding to slit widths of %, -‘]1-, and 1

mm respeciively. The effective solid angle, through which the beam’s
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radiation is collected by the monochromator, is equal to the area of the system's
entrance pupil divided by the square of the distance from the beam to the pupil.
The area is determined by employing a series of diaphragms; of various diame-
ters, as aperture stops. The ratio of the effective pupil area to the area of the
aperture stop is equal to the ratio of the intensity of the unobstructed iight to
the intensity of that which passes through aperture stop. The latter ratio was
directly proporﬁond to the square of the aperture stop diameter. The actual
number of photons which are detected by the photomultiplier, at a right angle
to the electron beam, is proportional to the photomultiplier signai and to the
spectral response of the detection system. This condition is expressed through
the equation

3K = 44 C(3)0eQ) 26)
2(cc) T(2)

where @ (cc) is the effective solid angle subtended by the collision chamber,
T( 2 ) is the transmissivity of the optica! system, C(x ) denotes the photon
efficiency of the phofomuifipiier tube, and i(cc} is the photomuitipiier cur-
rent. The efficiency of the photomultiplier tube is determined, as a function
of wavelength, by direct comparison with a tungsten ribbon lamp, manufac-~
tured and calibrated by the General Electric Company. The number of pho-
tons, eminating from the ribbon iamp, which are incident upon the photoca~
thode will be proportional to C( ) ), and to the photomultiplier signal, I(s!).

he D.C. current through the ribbor was adjusted so that the sourcs acauired
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true brightness temperatures of 1500, 1550, and 1600°K. The quantity J{sl) is
defined as the rate of emission of photons from a unit area of the ribbon into a
unit solid angle normal to its surface. This quantity was calculated by employ-
ing Planck’s radiation law and the emissivity coefficients of tungsten, reported
by Larabee (28) . The light from the ribbon lamp was focused upon a small
rectangular aperture, whose dimensions and optical distance corresponded to
those of the electron beam. After leaving the aperture the light passes through
a right angle prism and is focused upon the monochromator slit. Thus the light
incident upon the slit comes from a small area of the tungsten ribbon which can
be determined from the magnification properties of the optical system. The
total rate of emission of photons normal fo the ribbon is given by the product
of three quantities, (1) the rate of photon emission per cm? per sterr, J(sl),
(2) the effective area of the ribbon, A(sl), and (3) the solid angle subtended
by the standard lamp lens, g (sI). Since the rate at which photons are inci~
dent upon the photomultiplier is proportional to the resulting signal, one ob~
iains the expression

J61) = C( r) 16D (27)
Q 6l AGDH T'(A)

where T*() ) is the transmissivity of all optical devices which are employed
in the standardization process, and i(si) is the photomuliiplier signal. in this
manner C( A ) is determined in terms of experimentally determinable quanti-

fies. Therefore fhe raie of photons, emitied per cm of eiectron beam, is
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given as

J(i,k) =4 aJGDAGH o6l) . T'(A) . I(cc) . {28}
alce) T(A) 16D

The ratio of the transmissivities of the two optical systems reduces to the trans-
missivity of the lens-prism combination, which is unique to the standardization
system. This quantity was determined, as a function of wavelength, by cal~
culating the value for wavelengths greater than 500 nm and employing rela-
tive measurements to determine the functional relationship.

The measurement of the cross section corresponding to the transi-
tions 73P2 - 735 (1128.7 nm) and 7]S - 6]P (1013.9 nm) were obtained by
replacing the photomultiplier tube with a camera and using type |~Z Kodak
spectroscopic plate as the detector. The type |-Z emulsion was hypersensi~
tized so as to extend its sensitivity to 1200 nm. The plate was attached to
the exit slit of the monochromator and adjacent portions of it were exposed by
the two sources for equal periods of time. The standard lamp was operated at
a true ribbon temperature of 12009K so that its intensity would be comparable
to that of the collisional radiation. The values of the emissivity of tungsten
at 1200°K were obtained by extrapolating the emissivity data of J. C. De~
Vos @) The plate was processed immediately after its exposure and the
photographic density of the two images was determined. The difference in

photographic density is related to the intensity ratio of the two sources and
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hence provides the means of comparison.

Effective Excitation Cross Sections

In this manner, measurements were made of the effective excitation
cross sections for 45 speciral trandtions of mercury. The measurements were made
at an incident electron energy of 50 eV and the optical excitation functions
were used to determine the values at an energy of 15 eV. The results of the
absolute measurements are grouped according to their transition series and are
presented in Tables HI~VIil. Limits of experimental error are placed upon the
values on the basis of two criteria (1) experimental repeatability and (2) readi-
bility of the measuring devices. The error introduced into the determination of
the number density is estimated af 3%. This estimate is an upper limit and
takes into account the possibility that the collision region is up to 6°C warmer
than the prevailing room temperature, (thermionic measurements by Hanle (30),
made under similar conditions, have shown temperature differences of approxi=~
mately 3°C). The electron beam current was known to 1% accuracy and the
photomultiplier output was judged to be accurate to within 2% for strong lines
and to within 15% for extremely weak spectral lines. The error introduced
by uncertainties in the ribbon lamp properties (e.g. emissivity of tungsten)
and through the measurements of the optical constants (e.g. solid angles and

transmissivity) are mutualiy independent and therefore should be combined

guadratically. This analysis results in an estimate which lies below the re-

peatibility of the measurements, therefore the limits of accuracy are determined
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TABLE ill

EFFECTIVE EXCITATION CROSS SECTIONS n'P - 71s

Wavelength Upper Level Q(j,k) at 15V
(nm) (107" cm?)
671.6 gip 9.2%1.3
623.4 olp 6.5%1.2
580.3 IOiP 0.8310.17
554.9 nlp 0.43%0.08
539.3 12'p 0.27 £0.04
529.0 13'p 0.2570.06
5219 14lp 0.1520.04
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TABLE IV

EFFECTIVE EXCITATION CROSS SECTIONS n'P - 735

Wavelength Upper Level Q(j, k) ot 15ev
(nm) o 19 cm2)
607.2 glp 54%0.8
567.6 9lp 43707
531.7 10'p 1.3%0.2
510.2 nlp 0.13%0.03
497.0 12'p 0.1410.03
488.3 13'p 0.19%0.04
482.2 14'p 0.16 £ 0.04
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TABLE V

EFFECTIVE EXCITATION CROSS SECTIONS n3p - 735

Wavelength Upper Level Q(j,k) at 15 eV
(nm) (10717 cm<)
546.1 63p, 70 ¥ 8
435.8 63p, 5 %6
404.7 6P, 19 F 2
1128.7 73p, 250 * 80
690.7 8%, 4.1 % 0.6
582.1 9%, 0.34 * 0.08
585.9 93p, 0.44 * 0.08

587.2 93P, 0.31 £ 0.07
535.4 10°p, 0.40 * 0.08
538.5-538.9 109 4 0.09 * 0.02
512.1 113, 0.39 * 0.06
513.8-514.0 1%, 4 0.21 ¥ 0.05
498.1 123, 0.3 ¥ 0.07
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TABLE V Continved

499.2 12%p, 0.21 * 0.05
489.0-489.7 1339, | 0.16 * 0.04
482.7-483.2 14%, | 0.18 ¥ 0.04

Note: The cross section for the IO3P],0 - 735 transitions was resolved from that

of the 12]P - 7]S transition.
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L TABLE Vi

EFFECTIVE EXCITATION CROSS SECTIONS. nS - 6P

Wavelength Upper Levet Q(j, k) at 15eV
(nm) (10719 cm?)
1013.9 7's 64, * 1.3
491.6 gls 1. *1.s
410.8 9ls 271 0.3

380.2 10's 0.72 * 0.11
502.5 835 0.15 * 0.06
414.0 935 0.10 * 0.03
381.6 108 0.15 * 0.05
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TABLE VII

EFFECTIVE EXCITATION CROSS SECTIONS nD - 6'p

Wavelength Upper Level Q(j,k) at 15 eV
(nm) (10-19 em?)
579.0-579.1 6%,, 6'D, 2. 15,
577.0 63D, 28t 3,
434.3-434.7 73, 7'D, 18 % 3.
390.1-390.3-390.6 8D, 1, 8D, 48 * 0.8
370.1-370.2-370.4 9°D, 1, 9'D, 1.2 £ 0.2




72

TABLE Viil

EFFECTIVE EXCITATION CROSS SECTIONS nD - 63P2 ;nlS - 63P]

Wavelength Upper Level Q(j, k) at 15 eV
(nm) (10717 cm#)
365.0 63D4 75 113
365.5 63D, 591 1.2
366.3 630, 6'D, 57 11
407.8 71s 13.% 15
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by the experimental repeatibility.
The repeatibility of twelve ribbon lamp calibration measurements
varied within the limits of 2 to 10%, with the larger variation occurring for

regions of low detection sensitivity.

Comparison with Other Investigators

The effective cross sections, (e.g. Tables lll to VIII), presented
in this work are compared to those determined by Jongerius, Hanle, and
Thieme. The measurements are compared at the electron energies reported
by the authors, in order to minimize the introduction of inaccuracies. The
measurements of Jongerius are reported at an incident energy of 15.4 eV while
those of Hanle and Thieme are reported at 60 eV. The shapes of the optical
~ excitation functions were employed to normalize our values to these energies.
Table 1X displays the absolute measurements of the four experiments.

The absolute cross sections of the present work are consistently
larger than those reported by Jongerius, with the exception of the 63D3 -

& chmd 63D] , 6! Dy - 63P2fronsiﬁons. The percentage of differences ranges
from 8 to 65 per cent, and lies outside of the reproducibility limits placed on
the separate measurements. On the other hand the measuremenis of Hanle and
Schaffernicht, and those of Thieme at 60 eV are from approximately 2 to 4
times larger than those of the present work. The appearance of a wide range

of disagreement in the comparison suggests the absence of a systematic ex=

perimental error in the results of the present work.
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TABLE IX

COMPARISON OF EFFECTIVE EXCITATION CROSS SECTIONS

All cross sections are expressed in units of 10719 cm?
Transition | Q(j,k)at 15 eV Q(j, k) ot 60 eV

This Work Jongerius  {This Work  Hanle and Thieme

| B Schaffernicht
75-6%%,| 7017 |4s5ts5 | 25%3 67 57
735 - 6%, | 59%6 B6l4 2122 82 --
75 -6%| 19*r2 [3X1.3 |68X.7 | 38 31
715-63P] 13515 [9.6t1 | 1at2 - 56
gls-6lp | 1*1.5(8.4%0.9 16221 | -- 20
ols-6lp | 2.7%0.3]2.0%0.25|4.120.5] -- 9.4
glp-73s | 5.4%0.8]-- 7.0t1.0) - 18
olp-73% | 4.3*+0.7]3.0%0.4 |6.951.0| 13 -
63p5-6%, | 75%13 |78FY9 19517 | - -
63y6'p | 28%3 |43  [20%3 52 58
olp-71s | 6.5%1.2{-- 10%2 - 25




TABLE I X Continued
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6o,

-6'P |42Ff5 | 36F4 304 105 92.
630,
&%,

-8%p, | 5.721 | 63%1.2] - -- -




76

The measurements of Hanle and Schaffernicht were made with an
electron beam current of 445 LA and with a saturated mercury vapor pressure
corresponding to 26°C. The radiation was detected by a photo cell, and a
Hefner candle was used as a standard light source. The data was presented
in tarms of the number of light quanta passing through a unit area, (1 cm?),
at a perpendicular distance of 1 meter from the beam. The measurements were
reported for 1 cm of beam length, 10-10 amperes of beam current, 10-3 Torr
Hg pressure and an electron energy of 60 eV. The measurements of Thieme were
normalized to the absolute value of the 735 - 63P] cross section reported by
Hanle and Schaffernicht. Therefore the two experiments were not mutually
independent. Fischer (31) measured the absolute cross section of the 735 -
63P| transition under more favorable experimental conditions (e.g. a beam
current of 41 u A and a vapor pressure corresponding to 19°C). Employing
a ribbon lamp as a standard source he measured a value which was approxi=
mately 2,6% smaller than that reported by Honle. The values of the absolute
cross seciions are very sensifive to the calibration procedure (i.e. the defer-
mination of the detector sensitivity). Therefore one could speculate that the
larger cross sections resulted from errors in the absolute calibration. This
supposition is supported by the fact that Thieme's excitation cross section mea=
surements for heiium exhibit serious disagreement with the more recent mea=-
surements. Thieme's measurement of the 3p cross section at its peak value is

. s oo . . . AT 1) W
approximateiy 20 times iarger than that reported by Miiier W</, The description
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of the calibration procedure, in the cited works, did not provide a sufficient
insight to the procedure so that the origin of the discrepancy could be located.

The absolute measurements reported by Jongerius are much smaller
than those of the early experimentors. Jongerius employed technological ad-
vancements in his experimental technique which are similar to those used in
this work, (e.g. high gain photomultiplier detector). The experiments employed
similar methods for determining the absolute cross sections, with the exception
of the calibration procedure. Jongerius replaced the excitation tube by the
ribbon lamp which produced recorder indications which were 104 to 109 times
larger than those produced by the collisional radiation. This ratio was reduced
by employing smaller than usual fixed monochromator slits, and neutral density
filters during the ribbon lamp exposure. Nevertheless a typical measurement
of the 404.7 nm line (used as the comparison standard) yielded recorder indica-
tions for the ribbon lamp which were approximately 29 to 85 times greater than .
that produced by the excitation tube. It was reported that the ratio was much
greater for the central region of the spectrum, but it became more favorable
in the ultra-violet region. In the present work the standard lamp was situated
approximately 2.7 meters from the entrance slit of *he monochromator and a: |
diaphragin was positioned at the standard lamp lens. In this manner the light
intensity from the ribbon lamp was reduced to a level comparable to that ob-
served for the principal transitions. The ratio of the recorder indications for

H H thbhan {rme YT TRPNY PN RRRUIY IS AUy SIS PRSP X
the eXC!fcficn f :bb\lll !\dllll.l fluufuutc’d us u ltu H.ILIU Ul waveiengirin,
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and were most favorable for the principal transitions of the Hg spectrum. The
404.7 nm line was characterized by a recorder indication for the excitation tube
which was from 3 to 37 times larger than that of the ribbon lamp. Twalve mea-

surements at ratios lying within the above limits, were averaged to yield a mea-

central region of the visible spectrum, (e.g. the 546.1 nm line yieided a recor-
der indication for the ribbon lamp which was from 1to 6 times larger than that
of the excitation tube). It must also be noted that the ratio of the recorder in-
dications was much greater for extremely weak spectral lines.

An examination of Table IX shows that the measurements of the pre-
sent work are consistently larger with the exception of the 63D3 - 63P2 (365.0
nm) and 6301, 6]D2 - 63P2 (366.3 nm) transitions. One may speculate that
the origin of these discrepancies, lies in part within the calibration techniques
used in the two laboratories. The method employed by Jongerius has the ad-
vantage of simpie opticai reiationships (e.g. the soiid angie subtended by the
collisicn chamber and ribbon lamp are identical), but it exhibits the major
disadvaniage of producing a consistently iarge ratio between the recorder in-
dications corresponding to the ribbon lamp and excitation tube. Because of
this the individual measurements are made under dﬂissimilar operating conditions

for the detection apparatus.

Intensity Ratios of Lines Originating from a Common Upper Level
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The intensity. of a spectral line is given by the expression

1= NG Alik) . he, 29)
Az k)
where N(j) is the population of the upper level, 1 (j,k) is the wavelength of

the radiation, emitted in the | + k transition, hc is a constant equal to 1.99 x

10=1'6 erg-cm, and A(j, k) is the spontaneous transition probability. From the
form of this expression it is evident that transitions eminating from a common
upper level will have their intensities occurring in a ratio which is independent
of the population of the upper level. This ratio is also related to the experi~
mentally determined effective excitation cross sections through the relation

I _ Q@K A Gm) - (30)
= Qim0

The theoretical and experimental intensity ratios have been deter-

mined for the visible mercury triplet, which has the 735 level common to all

of the transitions. The results of this investigation are display,

alona with
, along with

the experimental ratios reported by other investigators in Table X.
The ratios were shown to be indepzndent of the incident electron

energy by Ende (33)

, therefore the results are presented at the energies repor=
ted by the authors. The more recent measurements of Jongerius and this

paper exhibit a significant deviation from the predicted theoretical values.

Iln ~rAntract tha av
ARG O A H RO FHER IR 4
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TABLE X

INTENSITY RATIOS OF THE VISIBLE MERCURY TRIPLET

Investigator 17%,6%,) 1735, 6p,) 1(7%s, 6%P)
Theory 70 100 46

{this paper)

Experiment 9513 100 BE3

(this paper)

Jongerius 100 100 38

Thieme 72 100 40

Ende 60 100 49

Hanle and 82 100 46

Schaffernicht




8i
agreement with the theory. The early measurements were made employing photo-
graphic emulsions as detection devices. Because of the difficulties associated
with their calibration one would question Ende's claim of 5% accuracy.

The present work investigated the mechanisms of self absorption of
the emerging light by atoms in the 6%p states, and stepwise excitation of atoms
from these states, as possible factors which tended to distort the experimental
ratio. The variation of lighi output as a function of pressure was observed to
obey a linear relationship for the 735 - 63P2, 1,0 transitions. In addition an
estimate of the order of magnitude of the absorption coefficient yielded an ex-
tremely small value. The cross section for stepwise excitation from the 63p
levels was estimated by Fabrikant to be of the order of 10716 cm2 for the case
of high electron current densities. The occurrence of a stepwise process would
be indicated by a quadratic dependence of the light output upon the electron
beam density. No such dependence was found to exist for the electron current
range used in the investigation. The absence of these perturbing effects seems
to indicate that the origin of the discrepancy lies outside of the realm of
experimental technique. However, the apparent <icogreement between the
theoretical and experimental ratios may be fortuitous. This possibility exists
because the theoretical values were calculated under a single configuration
approximation which ignores the existence of non-diagonal electrostatic and
spin-other orbit interactions connecting different configurations. The inclusion

of a configuration interaction term into the wave functions could lead to an
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appreciably different ratio. At present no detailed calculation has been carried
out to estimate the magnitude of this effect.

Further studies were also carried out for the intensity ratios of spec-
tral {ines eminating from the 715 and n!P levels (n=8,14). The experimental
values are compared to f"ne theoretical intensity ratios and the results are dis-
played in Table XI.

One notes that the 715 and 8'P levels are characterized by ratius
which exhibit good agreement with the corresponding theoretical values. The
remaining n]P levels have ratios which show reasonable agreement, with the ex-
ception of the transitions originating from the 91P and 10'P levels. However one
should exhibit caution in forming definite conclusions concerning the apparent
agreement between the experimental and theoretical ratios for large values of
n. It is very probable that the high lying states experience a strong configura=
tion interaction with neighboring states. This possibility is neglected in the
theoretical model considered in this paper, therefore the theoretical ratios may

not b

o
Q
-t
-
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TABLE Xl
INTENSITY RATIOS OF LINES ORIGINATING FROM THE 7!S AND nlP LEVELS

Transition Wavelength Intensity Ratio Mixing Coefficients
(nm) Experiment  Theory (@2/b2)

7's-6'p 1013.9 2.0 0.9 35.8
71s - 63, 407.8
glp-71s 671.6 1.5 1.9 2.8
glp - 735 607.2
9lp-7ls 623.4 1.4 |- 13 19,
91p - 735 567.6

10'p - 71s 580.3 0.59 10. 12.
10lp - 735 531.7

nlp-71s 554.9 3.0 3.0 4.3
111p - 735 510.2

12p - 715 539.3 1.8 3.1 4.3
121p - 735 497.0

13lp~71s 529.0 1.2 3.1 4.3
13'p - 735 488.3

alp-7ts 521.8 0.82 3] 4.3

'p -~ 735 482.2

>

Note: The ratio of <12/b2 for the levels H]P, ]Z]P, 13'P and 14'P was ob-
tained from a theoretical estimate of the mixing coefficients. The values of

a2 and b2 are estimated to be 0.81 and 0. 19 respeciively.



CHAPTER V

CASCADE ANALYSIS

The experimental investigation, discussed in this paper, was car=
ried out under the conditions of low electron beam current and atom number
'densify. Under these conditions the influence of superelastic collisions is
negligible and for a steady state condition the decrease of population of the

ith level, due to radiative transitions, is equal to its gain in population, due

to cascade transitions from higher states and electron impact. The population

rate equation is given as

ADND = 2515 NOAGD+NE a0 o

where N(i) and N(j) are the respective number densities of the ith and jth
states, A(i,j) is the probability of a radiative transitions from the ith to the
ith state and A(j) denotes the total radiative transition probability for tran-
sitions from the jth level to all lower levels.

An expression for the direct excitation cross section in terms of

84
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the empirical effective cross sections, and the theoretical branching ratio fol-

lows from equation (31). The direct cross section is given by the expression
Ql) = Q') - 2, . Qi 2

where Q'(j) is equal to the product Q(j, k) B(j, k) and is defined as the apparent
excitation cross section. The apparent cross secf%on is uncorrected for the
effects of cascade contributions. Therefore, in order to determine the direct
cross section, the coniributions of all levels lying above the jth state are sub=-
tracted from it. For the case of electron excitation of helium the contribution
to the apparent cross section, from cascade transitions usually amounts to less |
than 15% of its total value. This criteria is not valid for some of the mercury
levels which were studied in this work. One observes that the levels can be
classified into two categories; (l) those levels which experience small popula-
tion gains through cascade transitions and (2) levels whose major population

mechanism is cascade from upper levels. States which typify each of these

Direct Excitation Cross Section, 63D3 Level

The cross section for excitation to the 63D3 state by electron im-

pact is expressed as,

3
Q(e’0y = Q'(E°Dy) - Zn:> 8 Q("3P2z:’ ¢ Dy @

" where the cascade contribution from the nF states (n > 6) is assumed to be
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negligible. The apparent cross section, Q'(63D3), was experimentally deter-
mined at an electron energy of 15eV, to be (7.5 1.3 x 10718 cm2. (In
this case one notes immediately that the branching ratio is unity.) The contri-
buticn to its population by cascade transitions was estimated through the follow-
ing reiation,

P Qn ,2—\ — st Q— 1.3— \ o~ 7
Qn°Py, 6°Dg) = A{n“Py, 6Dg) . Qfn

A(n3p,, 7%)

where n = (8,14). The transition probabilities were calculated by E. T. P,
. Lee using Slater type wave functions, and the effective cross sections of the
nP = 735 series cre those reported in this work. The individual contributions
of the n3P2 levels were summed to yield a value of (2.2 ¥ .5) x 10720 ¢ m2,
This procedure indicates that the cascade contribution to the 63D3 level is an
extremely small fraction of the apparent cross section at an energy of 15 eV.
Although this quantity is but an estimate of the true contribution, it indi-
cates that the true value should not exceed a few percent of the total cross
section. The direct cross section, at an incident electron energy of 15 eV,

is determined as (7.5 1.3) x 10-18 cm2.

Direct Excitation Cross Section, 63D9 Level

in @ manner similar to the previous case, one can express the

direct cross section for the 63D2 level by the equation,
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Q(6302) = Q'(63D2) - Z g QP 6302). (35)

The above expression assumes that the nF states contribute a negligible: amount to
the population of the c'>3D2 level. The apparent cross section of the state is
equal to the product of the effective excitation cross section, describing the
630,, - 6]P transition, and the theoretical branching ratio. The effeciive

2
cross section has a value of (2.8 % .3) x 10718 cm? ot an energy of 15 eV,
while the branching ratio has the calculated value of 25X 7 (cf. Tablell).
Therefore the apparent cross section becomes (7.0 £ 2.) x 10717 cm?. The
6302 level is a mixed state, possessing both singlet and triplet characteristics,
therefore one would expect the contribution from cascade transitions to be
larger than in the case of the 63D3 state, which is a pure triplet state. The
cascade contribution is estimated by employing a relationship similar to equa-
tion {34). However in this case transitions from the n3P] and n'P states are
also possible, hence their contribution is included into the estimate. The in-
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ions are summed and yield a value of (3.8 1 .9) x
cm . In this case the cascade transitions account for approximately 6 percent
of the total cross section. The total cross section is not greatly influenced by
transitions from high lying levels, therefore one would expect its value to be
a nearly true representation of the collision process. However, one must note
that its magnitude is dependent upon the values of the singlet-triplet mixing

a (ANTAN ~nd 12\ A NP o Y
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upon the atomic model used in calculating these quantities. Therefore the direct

2

cross section is estimated as (6.6 1 2.) x 10717 cm”,

Direct Excitation Cross Section, 73P7 Level

The spectral transitions, originating from the 73P2 level have wave
lengths which !ic in ihe near infra-red region of the spectrum. The low intensi-
ties of the lines prohibits the use of conventional photomultiplier tubes or solid
state devices as detectors. Fortunately the 73P2 - 735 (1128.7 nm) transition
lies within the sensitivity of a hypersensitized photographic emulsion, and can
be observed after a relatively long exposure (e.g. 5 hours for the normal operat-
ing conditions of the excitation tube). However, the order of magnitude of the
direct cross section to the 73P2 state can be obtained from transitions lying in
the visible region, by analyzing the cascade contribution to the 735 level. One
expresses the direct cross section for the 7% level in terms of its apparent cross

section and the cascade contributions as

3
Qe’s) = @'¢%s) -

The apparent cross section is determined by the product of the effective cross
section for the 735 - 63P] transition and the appropriate branching ratio. This
former quantity is equal to (1.4 b .2) x 10717 cm2 at an electron energy of

15 eV. The effective excitation cross sections listed in Tables 1V and V were

used to obtain the cascade contribution from the nP levels (n = 8,14). Their sum

yielded a value of (2.1 +.3) x 10-18 cm2 as the total contribution from all
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possible transitions. Contributions from states with n > 14 were estimated by
extrapolation of the available experimental data. 1t was observed that the
cross sections for levels with large values of n, (n > 11), followed the rela-
tion An™9, where q was determined as approximately 3. The quantity A repre-
sents a constant which is determined by fitting the experimental values to the
analytic expression. The summation of cross sections is replaced by an inte-
gral of the analytic expression which is evaluated within the limits n =14
ton =00, [tsevaluation yields an estimate of 2. x 10~19 em? for the cascade
contribution of the higher levels.

In addition, one observes that the cross sections corresponding
to levels with low values of quantum number n , experience a rapid increase
for decreasing values of n. Therefore extrapolation of the experimental
data to small values of n requires that all of the available data be used
to obtain a "best fit" graphical approximation. The criteria for the selection
of an extrapolated value will be the "best fit" approximation.

The 7P levels are the dominant cascade conitributors, therefore
their contribution is isolated from the remainder. The transitions involving
these levels lie beyond the sensitivity of the detectors used in this work.
Therefore, an estimate of their contribution to the population of the 735
tevel, through cascade transitions, is obtained from an exirapolaiion of the
experimental data. One obtains an estimate of the effective cross section
for the 757

- A 3 . g0 [ . L . - .
for the 77, - 7°5 iransifion inrough exirapoiation of the experimeniai
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values Q(n3P], 735). This procedure yields a value of 7.2 x 10-19 cm2
for the cascade contribution of the 73P| level, at an electron energy of
15 eV. In a similar manner the cascade contribution of the 71P level is
estimated from the extrapolation of the experimental values Q(n]P, 735).
The effective cross section, Q(?lP, .735), is estimated as 9.6 x 10719 cm?2.|

The effective cross sections obtained by direct experimental
measuremenis and exirapolation of the measured values are substituted into

equation (36). The expreszion for the 735 direct excitation cross section

then assumes the form
Q’s) + QE3p,, 7°5) +QE3Ry, 7%5) = 1.0x1077 em? (37

However, one notes that the branching ratios for the 73P2 and 73P0 states
are unity. Therefore, the effective cross sections are equal to the correspond-

ing apparent cross sections and equation (37) becomes
QEs) + Q') + Q3P = 1.0x 10717 em? . (38)

If the cascade contributions to the 73P2 and 73P0 levels are small, their ap~
parent cross sections are approximately equal to the corresponding direct
cross sections. Therefore one examines the cascade contributions, to insure
that they are negligible.

The 835 level is the major cascade contributor to the population of

- -'3'\ > ~ - - " . - ~ o a0 -
ihe 7 P, level therefore one investigates the magnitude of its contribution.

2
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To obtain an upper limit of its influence one examines the relation
Q@) = Q(ds,73p,) B(83s, 73P,) -Zn . Qr°P,83s) (39)

which describes the mechanisms which populate the upper level.  The di-
- 3 S . ; .. A

rect cross section of the 85 level is less than that of the 7¥S ievei, there-

. . =179 . JR .

fore one places an upper limit of 107 'Y cm* upon this value, (Q(7°S) caicu-

lated by Lee yields a value of 5 x 1019 cm? at 15 eV). In addition one

would expect the affect of cascade transitions into the 835 level to be less

than that for the 735 level. Thus one obtains as its upper limit the value,

Q(P,8%5) < 2.2x10"18 cm? | (40)
n>8 =

The branching ratio for the 835 - 73P2 transition has the calculated value
6 x 10'3, therefore one obtains an estimate of 4 x ]0_2] cm2 for the 835
cascade contribution.  This quantity is extremely small and will make up
only a small percentage of the total cross section. The 63D2 level has
optically allowed transitions between both the 73P2 and 63P2 levels. The

value of the cross section of the 63D2 - 73P2 transition is estimated through

the relation

Q®D,,7%,) = Al%D,, 7% . Q°D,,6%,) @41)

A6°D,,6%,)
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where Q(63D2, 63P2) is of the order of 10718 cm2 at 15eV. Meanwhile the ra=-
tio of the transition probabilities is determined as approximately 2 x 10_7, which
leads to an extremely small value for the desired cross section. Even though this
analysis leads o a rough approximation of the true value, one observes that the
cascade contribution is negligibly small. This analysis can be extended to the
other members of the 7P levels with similar results. Therefore one iustifies the
use of the approximation Q(73P) :Q’(73P) in equation (38).

Previous experimental evidence indicates that the 73S direct cross
section will be small, as compared to that of the 73p states. This claim is also
supported by theoretical calculations which predict Q(Z3P) = 100 Q(73S) at an
electron energy of 15 eV. Therefore equation (38) becomes

Q3py) + QE3P) = 1. x 10717 cm? (42)
The theoretical calculations of Lee show that the 73P0 cross section is approxi=
mately one-tenth of the 73P2 value, therefore the direct cross section of the

73P2 level can be estimated as 1 x 10-]7 2

cm®, at an electron energy of 15 eV.
AV, I» . . el Rn 3r~ re . )
A later direct measurement of the 7°P - 7°5 effective cross section

yielded a value of (2.5 .8) x 10-17 cm2, for incident electrons of 15 eV

energy. The branching ratio for this transition is unity, and, as was shown

previously, the population of the 73P2 level is not greatly influenced by

cascade fransitions. Because of this, one can estimate a value of (2.5 .8)

x 10717 cm2 for the direct excitation cross section.  This value exhibits

. L) a . . - . .o - _’RF
reasonable agreement with the vaiue obtained from the examination of the 7°5
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population mechanisms. Hence, this type of analysis provides a means by which

a previously unattainable cross section can be estimated.

Direct Excitation Cross Section; 7S Level

As in the three previous cases the direct cross section of a particular
level can be expressed as the difference between its apparent cross section and
the cascade contributions into the level. For the 7S level this relationship is

expressed by the equation
aels) = Q@'s) - Zn , Q@P,7's). (43)
2

The contribution to the total cross section from the n!P levels was obtained
through experimental measurements and extrapolation of these measurements.
The contribution of the n!P levels (n = 8,14) was measured as 1.8 x 10~18 cm?.
The effective cross sections of the n'P = 715 transitions with n = 10, 14 were
observed to obey the analytic expression An~q where q is approximately equal
to 4.5. Integration of this analytic expression yielded a value of 6 x 10720
cm? for the contributions from levels with a principal quantum number greater
than 14. The value of the 71P - 715 effective cross section was obtained
through extrapolation of the experimental measurements, and yielded a value
of 2,0x 10']8 em? at 15 eV. No intercombination transitions were observed,
therefore the contribution of the 73P] level was estimated from knowledge

of the quantity Q(73P], 735) and the relation
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Qe 7's) = QEdp,, 7%9) AGR,, 7SV/AGRR,, %) L )
Extrapolation of the experimental data yields Q(73P],735) =7.2x 10717 cm?
while the ratio of the transition probabilities was determined to be 0.24 (cf.
Table I1). This procedure yielded a value of 1.7 x 1019 cm? at an incident elec-

rgy of /. Since the 7°P; is the major contribution of the intercombi-

nation series, it is assumed that the remaining levels will contribute a negligible

amount. The individuai contributions were summed to give the equation
Qe's) = Q@'s) - 4.0*.8) x 10718 e’ 45)
Effective excitation cross sections were observed for two transi-
tions involving the 7'S level as the upper state.  The intercombination transi=
tion at 407.8 nm and the normal transition occurring at 1013.9 nm. The lat=
ter transition was cbserved by means of a hypersensitized photographic plate,
and yielded a value of (6.41' 1.3) x 10-18 crrn2 at 15 eV. The cross section
ofthe 7 S - 63P] intercombination transition, was measured at 15 eV and de-
termined fo be (1.3 .2) x 10~18 em?. The magnitude of the apparent cross
section is directiy dependent upon the vaiue of the theoretical branching ratio
and therefore upon the values of the singlet=triplet mixing coefficients. The
value of the branching ratio is very sensitive to the magnitude of the co-
efficients, and especially so for the intercombination transition. This can
be iilustrated by calculating the cross section for values of the mixing coeffi~-
cients determined by different means. From fine structure calculations (cf.
Chapter iij one can obtain vaives of a and b which lie in the range 0.978

to 0.993 and 0.21 to 0.120 respectively. The smallesi value of b would yield
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a branching ratio for the intercombination transition, of 5.5 and an apparent
cross section of 7.2 x 10718 em2, However, if one chooses to use the interme-
diate values a =0.98 and b =0.169 which are the average of the values ob-
tained from separate experimental and theoretical quantities, then the branching
ratio decreases to 3.1 and the apparent cross section becomes approximately 4 x
10718 cm2. Therefore the mognitude would be extremely sensitive to the choice
of mixing coefficients and vary from approximately zero to 3.2 x 10~18 cm2.
If one uses the apparent cross section obtained from the 71s - 6lp transition,
the analysis yields a result which is less sensitive to the value of the mixing
coefficients. Using the mixing coefficients described above, one obtains val-
ues of 1.22 and 1.45 for the respective branching ratios. This leads to ap=-
parent cross sections which lie within the range (7.8 - 9.3) x 10718 em?,
Hence the direct cross section will possess a value within the range (3.8 -
5.3) x 10718 emZ. Observation of the normal transition yields a better indi-
cation of the direct cross section than that provided by the intercombination
line. In either case the cascade contribution comprises an extreme

part of the total cross section.

Comparison With Theory

Estimates of the direct excitation cross sections for four excited
states of mercury were obtained through an analysis of the cascade contri-

butions to these levels. Theoretical calculations of the direct cross sections
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were carried out by E, T, P, Lee at the University of Oklahoma. The calcula-
tions were made employing the Born and Born~Oppenheimer approximations
for the case of inelastic electron~atom scattering. The results obtained by Lee
are displayed in Table Xll, along with the .experimental values obtained in
the previous section. The theoretical and experimental values exhibited good
agreement for the states which were not affected by singlet-triplet mixing le.g.
the 73P2 and 63D3 levels). However, a significant difference exists between
the theoretical and experimental values for the 6302 level . It is believed
that the discrepancy can be traced directly to the uncertainty present in the
mixing coefficients. The direct cross section was calculated through the ob-
servation of the 6302 - 61P intercombination transition. Since both states
exhibit singlet-triplet mixing the branching ratio is dependent upon four such
coefficients, each of which possess a range of acceptable values.

The largest discrepancy between the theoretical and experimen-
tal values occurs for the cross section of the 7'S state. The theoretical cal-
culaiion yieids a vaiue which is neariy 30 times larger than the corresponding
experimental value. The present value of the effective cross section of the
715 - 63P] transition is in general agreement with the value reported by Jon-
gerius. In addition the ratio of the line intensities, corresponding to the 71s-
6! and 7's - 63P] transitions, is in good agreement with that predicted by
theory. Also it is highly unlikely that the measurements of this cross section

couid experience such a gross error due to experimental inaccuracies. There-
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fore, the origin of this discrepancy must lie outside the realm of experimental
mis-measurement. One does note, however, that cascade transitions consti=
tute a major portion of the total cross section, and that the value of the appar-
ent cross section is very sensitive to the magnitude of the mixing coefficients.
Even with these considerations in mind, one cannot justify such a large dis-

crepancy with the information now available.
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TABLE XiII
COMPARISON OF EXPERIMENTAL AND THEORETICAL
DIRECT EXCITATION CROSS SECTIONS

Incident electron energy 15 eV.

Level Theory Experiment
(10-18 cm?) (10-18 cm?)

63D3 8.8 7.5

3

¢°D, 18 66

3

7%, 37 25

71s 110 4




CHAPTER VI

Optical excitation functions for 40 transitions of the mercury spec~
trum were obtained, under conditions of low pressure and low electron beam
current. Because of the complex nature of the spectrum, only 30 percent of
the transitions were completely resolved from neighboring lines of the Hg |
and Hg |l spectrum. The failure to experience adequate spectral resclution
caused the shapes of many of the weaker lines to be distorted. Thus it was dif-
ficult to form definite conclusioﬁs concerning the general shapes of the curves.
Nevertheless it was possible to conclude that the triplet levels are usually
characterized by sharp maxima near their onset and experience a rapid de-
cline theredfter. The 1p levels are characterized by curves which possess a
shallow peak near their onset and rise to broad maxima at approximately 30
eV. One notes a similarity in shape between the above mentioned curves and
those obtained for the excited states of helium. The I¢ levels are character-

ized by curves which are unique in that they possess steep peaks near their

onset and broad maxima, of comparable height, occurring at approximately

99
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30 eV. The initial peaks may be attributed to the population of the 1¢ levels
through intercombination transitions from higher 3p states, while the broad
maxima are characteristic of the direct excitation of the singlet levels by
electron impact. Much of the fine structure, which appears in the various
excitation functions, can be similarily atiributed to the population of the
levels by cascade transitions. The shapes of the excitation functions are in
good agreement with those obtained by other investigators, employing apparatus
of similar design.

Absolute measurements of the effective excitation cross sections
yielded values which were constantly larger, for the visible portion of the
spectrum, than those reported by Jongerius. It is speculated that the discrep=
ancy has its origin in the calibration techniques employed in the two labora=
tories. The measurements of the 795 - 63P2' 1,0 cross sections were used to
investigate the experimental intensity ratios of the visible triplet. These ra=
tios were compared to the theoretical ratios and a significant discrepancy was
disagreement was due in part to the inadequacy of the single con-
figuration approximation used to calculate the theoretical values.

In addition, ite effective cross section measurements were used,
in conjunction with the theoretical branching ratios to obtain estimates of the
direct excitation cross sections of the 6303, 6302, 73P2, and 7'S states. The
3p and 3p states are not affected to a large extent by the influence of cascade

iransitions, which constifuie but a few percenf of ihe fofai cross section. The
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63D3 and 73P2 cross sections exhibit good agreement with the theoretical values
at an incident electron energy of 15 eV.

The direct cross section of the 63D3 state was obtained through the
observation of the 6303 - 63P2 transition. Neither ievel experiences singlet=
triplet mixing, therefore the branching ratio is free from inaccuracies introduced
by the range of values of the mixing coefficients. The experiienial value of
7.5 x 10°18 cm? exhibits good agreement with the theoretical value of 8.8 x
10-18 cm2 at an electron energy of 15 eV.

The 6302 level is characterized by an experimental cross of 66. x
10718 cm2 which is approximately 3 times larger than the corresponding theore-
tical value. The disagreement is partly attributed to the range in the magni=
tude of the (6s)(éd) and (6s)(6p) mixing coefficients, which ere ysed in the
calculation of the theoretical branching ratio. It is possible to reduce the

range of the values by restricting the experimental observations to non=inter-

combination transitions.

that cascade transitions dominated the true value of the 735 direct cross section.
This apparent liability allowed one to obtain an order of megnitude estimate of
the direct cross section for excitation to the 73P2 level. The estimate of 1 x

1 -]7 2 m L 1 » .

107"/ cm” compared favorably to the actua! cross section, which was later

determined as (2.5 .8) x 10°17 cm2 at 15eV. The latter value exhibited

3.7 x 10717 o2

i K Citi .
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Contributions to the population of the 715 level by cascade transi-
tions constituted a major portion of the total cross section. The range of ac-
ceptable values of the (6s)(6p) mixing coefficients resulted in a large uncer-
tainty in the direct cross section obtained from the observation of the intercom-
bination transition. The direct cross section obtained from observation of the
intercombination transition varied from zero to 3.2 x 10~18 cm2 at an energy
of 15eV. The limiis of the variation were reduced by basing the calculation
of the direct cross section upon the absolute measurement of the 71s - 6]P
effective cross section. This procedure yielded an estimate of the direct

18 em? to 5.3 x 10"]8 cm? at 15

cross section which varied from 3.8 x 10”
eV. Neverthziess this value was observed to be approximately 30 times
smaller than the corresponding theoretical prediction. It is believed that the
origin of this discrepancy does not lie within the experimental measurements,
but instead is due to theoretical uncertainties present in the determination of
the branching ratio and the direct cross section.

ecause o
able values for the mixing coefficients, it is evident that valid estimates of

the direct excitation cross sections can be best obtained through observation

of non=intercombination transitions.
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