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Preface

The objuctive of this experimzntal =ffort was to obtain pressure
dependent 2nergy measurements of the even paritly Rydberg levels in
krypton. Knowledge of these energies and the pressure dependent
benhavior of the data would provide information important for the
daveiopment of Taser sources.

Unfortunately, the presence of impurities in the krypton-hzlium
mixture used went undetected for too long a period of time at the
peginning of the effort. This time delay rasulted in having to settle
for energy level measurements at a singie pressure.

Accurate energy mzasurements ware nonetheless obtained. Tnirty
giffzrant electron transitions were identified, nineteen of which had
not Deen previously reported.

In perfecrming the experimant, 1 received a great deal of help from
several people. I am especially grateful for the assistance I received
from my spensor, Dr. Bish Ganguly. Many thanks are also owed to Mr. Jim
Ray from the glass-biowing snop for his patience and coocperation in
getting the discharge tube to operate properly. I also wish to thank my
advisor, Dr. Roh, for putting up with me and my infrequent visits.
Finally, I have to mention my indebtedness to LTC Kussmanoff for his

h2lp in getting m2 through & difficult summer.

Mikal S. Kandola
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Abstract

An optogalvanic detection scheme, in conjunction with a single-step
pulscd Taser excitation has been used to measure the energy of even
parity Rydbazrg levels in krypton. The excitation scheme starts from the
5s[3/2j2 and 5s'[1/21C metastable statass, which hava2 been populated in
a He-Kr discharge tube.

Members b2longing Lo the even parity series ap[l/2j1, np[5/2]3,
np. 3/231, np[3/2]2, nf{5/233, nf[3/212, np'{3/231, and np'(1l/2]1
nave been observed and their 2nergies measured with an accuracy of 0.9
cm'l. The 4f'[5/272 term was also observed end it has been found tfo
originate from the 5s[3/2]2 ma2tastable level, in violation of
seiection ruies.

Measured cnergies ware compared to either calculated or previously
measured values. Calculated 2nergizs ware determined with tne Rydberg
formula using quantum defects extrapolated from the known low-lying

Tavals.
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OPTOGALVANIC MEASUREMENT

. OF CVEN PARITY RYDBERG LEVELS ]

IN KRYPTUN GAS

el

[. Introduction ':

T
L 3
-
Background '
Tne rare gas atom krypton has thirty-six electrons and is the final ]
entry in the first long pariod of 2lements. Like the other rare guses, ﬁ
its outer shell is completely filled with electrons. Conseguently, the

normal state of krypton is 150 . That is, the quantum numbers J, L, and

s are ail zero. When one of the six electrons in the outer 4p shell

N

is excited to @ higher energy leval, the state or term value of the atom
core 1s cnanged. The new statz, determined from the remaining five p
elactrons, is 2PJ and J is 2ither 1/2 or 3/2. The excited electron
mey take on a value of n gyreater than or equal to four for d and f

states, and five for s and p states. Known energies of these excited

states are shown in the energy levsi uiagram of Figure 1.

A continuing effort is being made by researchers to obtain
measurements of the higher energy levels. Since the compilation of
krypton energies by the National Bureau of Standards in 1952, and -
Humpnreys and Kaufman in 1969, the progress in the field can be

summarizeu by four recent papers:
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(1) a study of the even high-lying np

and af' Jevels using
photoionisation detection of krypton matastable atoms in an atomic beam
wnich huve been excited with a tunable UV laser (Dunning and Stebbings,
1974y,

{11) & recording of the vacuum uv absorption spectra of the
ns{3/231, ns'{1/2j1, nd{1/2]1, nd[3/2]1, and the nd'[3/2]1 Rydbarg
saries {Tanaka and Yoshino, 1979);

(111) a two-step leser excitation investigation of seven odd ns
and nd  Ryuberg lavels from a bzum of krypton metasteble atoms using
tne field ionisation detaction metnod (Delsart and others,
1981:4241-4254) ;

(iv) a two-step laser 2xcitation invastigation of © th the oad
nd(3/272 and nd{7/233, =znd evan np{5/273, af[7/2]d, end nfl9/2]J
Rydberg levels using 4 helium-krypton discharge and optogalvanic
detection (Delsert and others, 1681:3355-3361).

Various typss of spectruscopic techniques hava been used to obtain
tne energy levels of the excited atom. The most recent additions to the
Tist of energy levels have been determined using the optogalvanic
tachnique. The optogalvanic spectroscopic technique used in this work
1s similar in many respects to the generation of excitation spectra. In
the former, howevar, no optical m2asurements are required in monitoring
the spectra. Conseguently, problems associated with scattered
excitation 1ight and background lignht are not a factor in the
sensitivity of tne mecsurements (King and Schenck, 1978).

Tne concept benind cptogalvanic spectroscopy has been known for

some time. Early work with the effects of radiation on the lifztimes

and concentration of metastable atoms was performed in the 1920's

¢




@

(Meissner and Miller, 1953). Briefly, the'optoga]vanic effect is beased
on the fact tnat irradiation of a low-pressure gas discharge tube with
monochromatic light will produce a changs in the voltage across the tube
when the incident light is resonant with a transition occurring in the
discharge (Green and others, 1976:727). When the radiation absorbed
produces transitions to higher states from which ionization occurs more
easily, the discharge voltage will decrease, since the elactron
temperature required to maintain the ionization rate is decreased
(Bridges, 1977:352). This voltage signal is readily detectable with
measurement electronic equipment.

In view of the measurements for odd krypton Ryuberg lz2vels obDtained
by Delsart using a two-step optogalvanic process, measurements for the
even levels should be possible using a variation of his appruach.
Considering the extent of known even krypton levels, a contribution to

the 1ist would be of interest to the scientific community.

Problem Statement

The objective of this effort is to record and identify even parity
krypton Rydberg series terms approaching the first and second ionisation
1imits which are at 112914.47 and 118284 - cm'1 3bove ground level,
respectively. The energies of all observed terms will be determined.
The spectrum scan will begin at approximately 110000 and 115200 cm'1 for
series approaching the first and second ionisation 1imits, respectively.

Starting the scan at these levels will provide me2asuremants overlapping

the highest known np series terms.
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Approach

Measurement of the even parity krypton spectra will be made using &
single-step optogalvanic spectroscopic tachnique. Krypton metastable
atoms of odd parity, created in a4 low-pressure discharge, will be
excited to high-lying even parity states when pumped by the frequency
doubled output of a tunable dye laser. The krypton spectra will be
recorded simultaneously with tnat from a neon calibration lamp to
provide energy reference points througnout the scan in order to

determine the energies of the unknown levels.
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11. Theorx

j-1 Coupling

In some atomic systems and electron configurations, certain
interactions are larger than others; whereas in other atomic systems and
electron configurations aifferent interactions predominate. The type of
vector coupling that is used to model atomic systems consequently
depends on what interaction is the strongest.

Two types of coupiing generally considered in spectroscopy are the
L-S and the j-j coupling schemes. The former takes place when the
spin-orpit interaction is weak compared to the electrostatic, the latter
wnen tne electrostatic interaction is weaker. Another type of vector
coupling, appropriate for the rare gas atoms, is j-1 coupling. This
type of coupling takes place when the electrostatic interaction is weak
compared to the spin-orbit interaction of the parent ion, but is strong
compared to the spin coupling of the external electron. In this case,
the orbital angular momemtum, 1, of the external electron is coupled
with the angular momamtum, j, of the jon core yielding an intermediate
quantum number K. K is then coupled with the spin of the electron, s,
to give a total angular momentum, J (Racah, 1942:537).

Because j-1 coupling is intermediate to the L-S and j-j coupling
schemes, another notation was needed to accurately describe what was
happening physically. An example of this notation for a state in
krypton is (2P3/2)np[3/2]1. The capital letter in parentheses, P, with

its superscript, 2, and subscript, 3/2, represents the pareant ion term,

its multiplicity, and its total angular momemtum, ra2spectively. The

el M
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possible values of j are 1/2 and 3/2 corresponding to terms approaching
the first and second ionisation limits, respectively. The letters n and

p represent the principal and orbital quantum numbers of the external

electron. When the parent term nas a j value of 1/2, «n apostropne is
us=d with the orbital quantum number. The half-integral value in square
brackets with its integer valuad subscript represent K and J, tne 'ﬂ
intermzdiate and total angular momentum quantum numbers. Possible

values of J are given by J =K + 1/2.

Quantum Dafact of Rydberg Atoms

The study of the spectra of nighly excitad atoms has revealed that
tne outar electrun penetrates less into the core of the atom as the
orbital angular momentum becomes larger and that the electron energy

(ii states approach those of hydrogen. For an atom with N+1 electrons, the
atomic model formed is that of & nucleus surrounded by a core of N
electrons outside of which is a single hydrogen-like electron (White,
1934:90).

The quantum defect, u, provides a measure of the penetration into
the core and becomes smaller as the electron orbital quantum number, 1,
gets larger. It also indicates a chaﬁge in the value of the principal
quantum number, n, which yields an effactive quantum number n* where
n* = n - u,

The value of the quantum defect can be determined using equation

(1), the well-known Rydberg formula (White, 1934:387).




1=E+R/ (n*)2 (1)
_l)

4

: donization limit (cm
E : energy of 2lectron state (cm
R : Rydberg constant (cm'l)
R(Kr) = 109736.6

n* : effective quantum number

Anz2lysis of the energies and quantum defects of krypton indicates
that, in general, a 1inear relationship exists between these two

param2ters in the form

u : quantum defect for energy E

Ug = quantum defect at reference energy E0
a : slope of u versus E

EO : energy level associated with uj (cm'l}

E : energy level for which u is desired (cm'l)

A plot of the quantum defect versus energy is shown in Figure 2 for
the np{3/2], np[3/2]1, and np{5/2]3 series using known energy
Tevels in krypton. Knowledge of the quantum defects for two or more
energy levels in a series for small values of principal quantum number n
thus allows the slope to be calculated. Using this slope, a , the
energies for levels with higher values of n in the series can be
calculated. 1In the case of one-electron atoms, semi-classical

considerations have shown that the quantum defect must be an increasing

8
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function of energy for states that do not penetrate much into the core,
e.g., f states, end a decreasing function of energy for penetrating
states, e.g., p states (Biraben and others, 1982:2601). This
relationship can be seen in Figures 2 and 3. A point that must be
considered in calculating energy levels 1is thet of possible
perturbations caused by the interaction of different energy levels.
Perturbations are treated in the next section. Perturbations can affect
energy levels and the intensity of transitions. Figure 3 shows a plot
of quantum defect versus energy for the nf(5/2]3 and nf[3/2]2 krypton
series for known levels. Some perturbation effect is seen to cause a
departure from the linear relationship previously mantioned. These
perturbations add some uncertainty to the calculation of higher energy

Tevels when they are not accounted for.

Parturbations

The nature of perturbation between two levels can be thought of
basically &> a repulsion. The magnitude of this effect increases as the
difference in energy between the levels decreases (White, 1934:390).
Two levels will perturb each other when both levels have the same
parity, and when both levels have the same J value. These Tevels may
belong to the same or different electron configurations. In krypton,
perturbations are found to occur between series of the ame parity and J
value that approach different ionisation limits, for example betwean

p-p', and f-f' levels (Dunning and Stebbings, 1974).
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Selection Rules and Relative Lin2 Intensities

Regardless of the type of'vector coupling used to describe an
atomic specias, certain general selection rules must nold if an electron
transition is to be allowed. For j-1 coupling, tne selection rulas are:
L) =0, AK=0, *1, A3 =0 ,2% 1, wherethed = 0 to 0 transition
is forbidden. Transitions must aiso involvs & change in parity, e.g.,
oc¢d to 2=ven or even to odd (Faust and McFarlane, 1942:2011).

From an approximation in the analysis of the spectra of the rare
gases, it is found that all Tevels should be doubly degenerate, that two
levals with the same value for K but different values of J have
approximataly the same energy {Snortley and Fried, 1938:749). This pair

structure of levels with different J values have all the characteristic -

-

properties of doublets, including those for line intensities {Racah,
1942:537). General observations of line intensities for doublet spectra

indicate that the strongest lines correspond to electron transitions for

]
1
ad

1

which 1 and J change in the same way. When there exist more than one
1ine for which this is the case, the transiticns involving the larger
values of J are strongest (White, 1934:118).

These general observations have been verified numerically for

relative line strengths between various excited levels of Neon, Argon,

Krypton, and Xenon under the assumption of the j-1 coupling scheme,
using the method of Koster and Statz (Faust and McFarlane, 1964:2011).
Tne relative line strengths obtained for s-p and s'-p' electron
transitions are tabulated in Tables I and 11, respectively. These
relative line strengths are appropriate for optogalvanic spectra when

they are used to compare cdjacent energy levels for which the energy




UPPER LEVEL

LOWER
LEVEL
p(1/210 | pl1/2]1 | pl3/2)1 | pl3/232 | p(5/232 | p(5/2]3
5(3/21 2 5 1 9 F
s[3/2]2 F 1 9 1 14
NOTE: F DENOTES A FORBIDDEN TRANSITION

Table I. Relative Intensities for s-p Electron Transitions

UPPER LEVEL

LOWER
LEVEL
p'[1/210 p'[1/20 p'[3/2]1 p'(3/2]2
s'[1/2]0 F 2 4 F
s'[1/2]1 2 4 2 10

NOTE: F DENOTES A FORBIDDEN TRANSITION

Table II. Relative Intensities for s'-p' Electron Transitions
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separation is very small, In the present case, the difference in
waveinngtns for pumping to those levels is on the order of 10 angstroms.
The udsorption cross section of the metastable atoms is then
eppruximat=1y the same for tnese closely separcted pumping wavelengths.
Tne probabilities for the various trensitions aere calculated by builaing
up a wave function for the rare gas in questicn (j-1 coupling) using
Clepscn-Gordon or 3-j coefficients, end 2veluating matrix elements of an
2lectric dipole operator between the two desired scates (Koster and

Statz, 1961:2054).
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ITI. Experimental Procegure and Equipment

System Description and Jperation

A block diagram of the experimental setup is shown in Figure 4. A
1ist of all equipmant used in the experiment is provided in Appendix A.
The Nd:Yag laser is operated at a pulse rete of 10 Hz. The dye laser,
working with DCM dye (6030-6820 angstroms) is scanned at a rate of 0.1
angstrom/second. Tne scan was initiated at a visible wavelength of 6615
angsiroms which allows observation of the first neon calibration line at

6598 angstroms. At least seven other neon calibration lines are -

iR,

expected to be observed. These lines are &t wavelengths of 6532, 6506,

6402, 6332, 6334, 6304, and 6266 angstroms.

The first krypton line expected is known to lie at an energy above
the 55[3/2]2 metastable level that corresponds to a transition of 3310

angstroms (6620 angstroms for the dye laser). A prism is used to

spatially separate the visible and uv outputs from the autotracker.
Using a mirror, the visible and uv beams are focused into the neon
calibration lamp and through the positiv; column of the discharge tube, lj
respectively., Because of a drift in spatial positioning with the ' %
wavelength scan, these beams had to be checked periodically. The AC

component of the discharge tube voltage was coupled to the oscilloscope

15
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and to the boxcar through a 2 nF blocking capacitor and bandpass filter. %
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y 4
BOXCAR CHART
SCOPE AVERAGER RECORDER
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Figure 4. Experimental fquipment Setup




Figure 5. Optogalvanic Response from Discharge Tube

Wwhen the incident uv light is resonant witn ¢ krypton transition,
tne discherge is parturbed and subsequently returns to its steady state
after an optogalvanic response such as that shown in Figure 5. It is
tris signal that is sent to the boxcar integrator. The integrator
sampling sequence is triggered by the iaser sync pulse which corresponds
to tne point at which tne optogalvanic signal begins to increase out of

the noise background in Figure 5.
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The laser system us?d in the experiment was a Quanta-Ray DCR-2A-10
Nc:Yag laser and frequency doubler. The linewidth is approximately 0.8
em™! at 1.06 microns. The output of the frequency doubled Nd:Yag wes
directed into a model PDL-1 Pulsed Dye Laser, also manufactured by
Guanta-Ray. Exciton DCM dye was used during the experiment. The dye
laser was operated at approximately 4 mjoules/pulse at a wavelength of

6400 angstroms and dropped to approximately 3 mjoules/pulse on the lower

end of the scan.

SHG Autotracker

An Inrad 5-12 Second Harmonic Generator with KDP-C crystal and
Servo-Driver was used to frequency double the yisib]e dye laser output.
AR beam sampling assembly senses the uv output and adjusts the phase
match angle through a feedback loop to maintain maximum conversion

efficiency, which is approximately 15%.

Boxcar Integrator

A Princeton Applied Research model 160 Boxcar Integrator was used
to sampie and average the optogaivanic signal from the discharge tube.
The 100 kohm high impadance input was used. A sync signal from the
pulsed laser triggers a time base ramp that initiates the opening of the

sampling gate, the aperture time of which was 12.5 microseconds.

18
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Note: A1l units in centimeters

Figure 6. Krypton Discharge Tube

Discharge Tube

A sketch of the discharge tube used in the experiment is shown in
Figure 6. A 6% krypton, 94% helium mixture at a total pressure of 1.5
torr was used. Research grade gas was used for both constituents of the
mixture. The mixture and pressure chosen were those for wnich the
peak-peak noise voltage appeared minimal. Under these conditions, and
with a discharge tube voltage and current of approximately 450 volts
(DC) and 0.65 mamps (DC), respectively, the noise voltage was 40 mvolts
peak-peak. The voltage appliad to the tube was typically 600 volts

(DC). A 100 kohm current Timiting resistor was used.
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Iv. Series‘ldentif1Cdtion

Procedure for Calculation of Transition Energies

Wnen the wavelength of the uv light incident upon the discharge
tube is resonant with a krypton absorptive transition from a metastable
lavel to a higher level, an optogalvanic signal is produced. The energy
of tne photon which produces the transition, or the transition energy,
corresponds to the energy of a krypton leval above that of a metastable
Tevel.

Since known and calculated values for krypton energy leveis have

units of cm !

, the pnhoton or transition energies used to identify the
observed transitions will be referred to using these units. These
energies are determinaed with the use of tne neon calibration Tines. It
should be noted that the neon lines corraspond to transitions resulting
from incident visible 1ight.

The energies of the neon levels abov2 ground are well-known (Adams
and others, 1950). The recorded neon transitions are initially
identified according to their wavelengths which were read from the dye
laser wavalength scale and written onto the scan recording. 0Once
identified, the energies of the nzon lines are used to determine the
scaling factors. The scale between successive neon Tevels, cm'1 per
division, was determined by teking the quotient of =nergy difference and

the separation of tne peak positions. The value of this scale factor

for the visible is then doubled to obtain a uv scale factor.

20
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The energy separation between a particular krypton transition and a

calibration line was obtained by multiplying the appropriate uv scale

factor by the distance between the calibration line and the krypton Tin2 )
peak positions. The energy separation is then either added to or
subtracted from the uv energy of the calibration line used. It is added _’4
when the krypton line appears on the uv side of tre calibration line. °
The uv 2nergy is equal to twice the energy of the neon line. An offset
of half a division corrasponding to the pen separation had to be taken |
into account when determining the distance between krypton and neon -!
lines.
K
Identification of Series Terms 1
In order to determine the actual energy levels of the observed ‘
lines, the energy of the metastable level from which the electron ]
W transition occurs must be known. There are two metastable levels to Q
consider; namely, the 5s[3/2]2 and 5s'71/2]0 1levels (Delsart and ;{'-'1
otners, 1981:4242). Tne energies of these two levels are 79971.8 and ~ _1

85191.6754 cm'l, respectively (Humphreys and Kaufman, 1969:1618).

Since the probability of transition from a state is proportional to
the statistical weight, g = 2J + 1 , of that state, transitions from
the 5s[3/2]2 1level are expected to occur more often (Herzberg,
1937:160). HNonetheless, both levels are considered. Two sets of
energies for each of the observed series are thus calculated by adding
the transition energies to those of the metastable levels.

Candidate series for the observed lines are determined using the
selection rules for j-1 <coupling. Initial identification of the

candidate series terms can then be made by comparing the measured data

21
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to either known or calculated values. Accurate energy measurements for
Tow-lying even parity krypton levels have been made by Humphreys and
Kaufman (Humphreys and Kaufman, 1969), and the National Bureau of
Standards (NBS, 1952).

Energies for levels that have not been previously measured can b2
calculated using the Rydberg formula, equetion (1). A least squares fit
is used to determine the slope, o , in equation (2), of the quantum
defect versus energy plot for the candidate series.

Complete assignment of the observed series is not always possible
based on knowledge of the energy levels. This is because the error in
the maasurements is larger than the fine structure splitting. Under
these circumstances, assignment is made based upon the intensities of
the observed Tines and the relative intensities predicted by the
s2lection rules and the results of Faust and McFarlane presented in

Tables I and 1I.
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V. Results and Discussion

Observations

The spectral scan permitted observation of thirty transitions.
Terms belonging to the seven series identified are 9p[1l/2]1,
9-13p(5/233, 9-13p[3/2j2, 7-10f[3/2j2, 7-10f[5/233, 9-10p'{1l/2}1,
9-11p'13/231, and 4f'[5/2]2. A1l cbserved transitions were allowed
wlcorgéing to selection rules except for tnat one corresponding to the
3f'(5/2j2 level. Figure 7 is a partial energy level diagram of krypton

illustrating wnich transitions were observed.

fnergy Levels and Recorded Spectra

Based on the rationale for series identification discussed in the
last chapter, the m2csured transition energies of the lines and
Calculeted values for the quantum defect, u, and effective quantum
number, n* | are given in Tebles III-IX. Values for known or
calculated transition energies are also included. The known energies
used in identifying the lines were determined by Moore of the NBS (NBS,
1952). A correction factor of - 0.76 em™ ! has been used to adjust
these values (Tanaka and Yoshino, 1979:163). Figures 8-11 are

reproductions of portions of the recorded spectra.
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Series Id. :};f
(1) np'[3/2]1 e
(2) nD'[1/2]1 E _#
(3) 4f'[5/2]2 N . @
(4) 9pl1/2]1 o
(5) npl[5/2]3 E L
(6) nD[3/2]1 R ‘
(7) npl3/2]2
(8) nf[3/2]1 G o
(9) nfl{5/213 Y ‘ .]
1 :
o
(6) (7) O
— = o
—_— C:l
[ (] n=9 M

|

5s'[1/2]0

5s[3/2]2

Figure 7. Krypton Energy Diagram for Observed Transitions
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np{1/231

n Energy (cm'l) u n*
9 30208.9 2.6653 6.3347 -
Measured Data
© _
n Enargy (cm'l) u n*
9 30208.31 (K) 2.6650 6.3350 T
Known Data -

Table III. Kr Transition Energies for np[1/2]1 Series -
from 5s[3/2]2 Metastable Level ~

25




npr5/2]3
n Energy (cm'l) u n*
9 30237.9 2.6304 6.3696
10 30925.8 2.6246 7.3754
11 31378.4 2.6243 8.3757
12 31694.6 2.6232 9.3768
13 31623.2 2.6250 10.3750
Measured Data
n Energy (cm'l) u n*
9 30237.79 (K) 2.6306 6.3695
10 30923.9 (C) 2.6272 7.3728
11 31377.9 2.6257 8.3743
12 31694.2 2.6247 9.3753
13 31923.4 2.6240 10.3760
Known and Calculated Data
Table IV. Kr Transition Energies for np[5/2]3 Series
from 55[3/2j2 Metastable Level
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np[3/2]1

n Energy (cm'l) u n*

)
9 30264.0 2.5995 6.4005 )
10 30941.8 2.5943 7.4057 - o
i 31390.0 2.5931 8.4069 o
12 31701.3 2.5979 9.4021 ' i
13 31928.6 2.5974 10.4036 A’f
Measured Data R
|
« -
¢ n Energy (cm'l) u n* q
9 30263.98 {K) 2.6006 6.3994 T
P
10 30940.5 (C) 2.5967 7.4033 - “

1] 31389.2 2.5953 §.4047 '
4
12 31702.2 2.5941 9.4059 ]
13 31929.4 2.5933 10.4067 -.f?
Known an< Calculated Data Lf;s
Table V. Kr Transition Energies for np[3/2]1 Series N
from 5s[3/2}2 Metastable Level T
. j
o
1
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np(3/242

n Energy (cm'l) u T

9 30271.5 2.5905 6.4095
10 30945.8 2.5850 7.4150
11 31393.5 Z.5836 8.4164
12 317041 2.5873 5.4127
13 31930.7 2.5866 10.4134

Measured Data

n Energy (cm'l) u n*

9 30271.06 (K) 2.5910 6.4090
10 30944.3 (K) 2.5397 7.4103
11 31392.3 (C) 2.5369 8.4131
12 31704.5 2.5858 9.4143
13 31931.0 2.5851 10.4149

Known and Calculated Data
Table VI. Kr Transition Energies for np[3/2]2 Series

» .
B T S

from 5s[3/2]2 Metastable Level
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nf(3/2]2

1

n Energy (cm™ %) u n*

7 30684.3 .02927 6.97073
& 31214.9 .03047 7.96953
9 31578.6 .03072 8.96928
15 31333.4 .03131 9.963869

Measurad Data

n Energy (cm'l) u n*

7 30684.24 (K) .02936 6.97064
8 31215.1 {C) .03001 7.97000
9 31578.7 .03039 8.96961
10 31838.6 .03040 9.96960

Known and Calculated Data

Table VII. Kr Transition Energies for nf{3/2]2 Series

from 5s[3/2]2 Metastable Level
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nf[5/2]3

T
-
-9
]
e
L

Y, W

N )8

.
IA,LA "

n Enargy (cm ) u n*

7 30694.0 0.01425 98575
3 31220.9 0.01659 98341
9 31583.9 0.01324 98076
10 31342.4 0.01320 98650

Measured Data

n Eneryy (cm'l) u n*

7 306093.68 (K) 0.01475 .98525
8 31220.39 0.01661 .98339
9 31584.00 0.01291 1.98709
10 31841.64 0.01665 .98335

Taple VII

Known Data

Kr Transicion Energies for nf[5/2]3 Series
from 5s5{3/2]2 Metaestable Level

. . o
.‘J'A, ‘,;4‘-'4.‘.

"_A,u P

.
PN S ]



r. - - v Lma sae e aean Bon e e e - a e e e pee g e e Jh A SR Ben b v Aee SEE e a i G A Ae St i A TR v

ap'3/2)1 "Ji

-]

n Enargy (:m'l) u n* ] ;

9 30383.7 2.6356 6.3644 C ]

-" .‘

10 31071.4 2.6322 7.2673 B
11 31525.0 2.6337 §.3602

Measured Data
¢ n En=rgy {cm'l) u n*
9 30381.4 (C) 2.6383 6.3617 .

10 31069.3 2.6360 7.3634
11 31524.8 2.6346 8.30654

Calculateag Data

Table IX. Kr Transition Enargies for np'[3/2]1 Series
from 5s'[1/2;0 Metastable Level
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ap'i1/211

from 5s'[1/2]0 Metastable Level

n Energy (:m'l) u n*
9 30395.1 2.6222 6.3778
10 31078.8 2.6187 7.3813
Measured Data
n Energy (cm'l) u n*
9 30389.7 (C) 2.6286 6.3714
10 31074.4 2.6267 7.3733
Calculated Data
Table X. Kr Transition Energies for np'[1/2]1 Series
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np'[{5/2;2

n Enerqgy (cm'l) u n*

4 31410.1 0.012862 3.98718

Measured Deta

n Energy (cm'l)

4 31409.42 (K) 0.01301 3.98699

Known Data

Table XI. Kr Transition Energies for nf'[5/2j2 Series
from 5s[3/232 Metastable Level
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Comparison With Known Data

Comparing the energy Tevels just obtained to known data led to an
initial identification of fourteen lines belonging to seven different
series. Five of the lines could be exactly specified. These lines
correspond to the terms 9p[1/2]1, 9p_ 3/2]J2 and 10p{3/2]2, 9p[3/2]1,
and 4f'[5/2]2 . The resolution of the remaining data prohibited
assignment of the proper J values because the fine structure
separation was less than the accuracy of the measurements, 0.9 <:m'1
Five members of the series identified as np[3/2]1 and np[3/2]2 were
resolvable in the recorded data. The 9p[1/2]1 and 4f'[5/2]2 terms
appearad only once over the range of the scan. The rest of the fourteen
lines were tentatively assigned as belonging to the following terms:
9-13p(5/2jd=2 or 3 , 7-10f{3/2}Jd=1or 2 , and 7-10f[5/2jJ=2 or 3 .

A11 of these terms originated from the 5s[{3/2j2 metastable level.

Comparison VWith Calculated Data

Energy levels for the apparent series identified above as
npl5/2jJd, np{3/2J1 , and np[3/2]2 were calculated using the Rydbery
formula, equation (1), as mentioned in the previous chapter. The
calculated energies agree quite well with the measured data. A maximum
deviation of 1.4 cm™! is observed for tne 10p[5/2]J term.

Analyses of the remaining two seriss ware made considering all possible
egllowed zransitions from the 5s[3/2]2 matastable level witn no
successful results. Transitions from the 5s'[1/2]0 Tlevel were then

considered. The only allowed transitions from this level are to the
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even parity levels for which K = 1/2 or 3/2 and J =1 since K
cannot be negative and the J = 0 to 0 transition is forbiaden. The
intensity ratio for the two lines is approximataly 2:1 which is the same
as that indicated in Table II for s'[1/2j0 to p'[3/2]1 and p'{1l/2]1
transitions. Thus, the np'[3/2]1 and np'[1/2]1 Tlevels were
considered first.

Comparison of the calculated values with the maasured d7 o« agrees
reasonably well considering that only two data points exist from which
to determine the slope of the quantum defect versus eanergy plot. The
maximum difference in eneryy was 2.3 and 5.4 em™l for the 9p'[3/2]1

and 9p'(1/2]1 terms, respectively.

Relative Line Intensities

Assignment of a specific J value to the series np[5/2]d=2 or 3 ,
nf(3/2;J=1 or 2, and nf{5/2]J=2 or 3 was necessary to completely
specify tne rest of the observed lines. This assignment was made based
upon the intensities of the observed lines and the relative intensities
pracicted be selection rules and the results of Faust and McFarlane
presented in Table I. The intensity ratios for the np[3/2]j2 to
np(3/2)J1 , and the np'{3/2]1 to np'[1/2]1 1lines are 10:1 and 2:1,
respectively. This is a good agreement with those provided in Tables 1

end Il which are 9:1 and 2:1.
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The predicted relative intensities for the np[5/2]3 to np[5/2]j2

lines are givan in Table I as 14:1. Consequently, the line origina]]}
identified as np[5/2]J was assigned a J value of 3. In making this
assignment, there was a small disagreement between obsarved and
predicted relative intensities for the np[5/2]3 to np[3/2]2 1lines.
Tne observed intensity ratio is approximately 1.1:1 as compared to the
predicted 1.6:1. This result was much 2asier to accept tnan that
cbtainad if a J value of 2 was assigned to the line. That would make
tne precicted intensity rato 1:9 wnich would have been unacceptable.

An interesting feature which appeared once during the scan adds a
degree of confidance to the J = 3 assignment. This 1is shown in Figure
11. The p series lines illustrated all have principal quantum numbers
of n = 11. A small line is observed on the long wavelength side of what
has bea2n igzntified «s the 11p[{5/2)3 term. The intensity ratio for
these two lines is approximately 14:1, exactly that which is predicted
by Fsust and McFarlane. The calculated energy for the 11p[5/2]2 1ine,
however, indicates that it should appear on the short wavelength side of
tne 11p[5/2]3 term as it does for lower values of n. Some
perturbation appears to be in effect.

The J values for the nf[3/2]J and nf{5/2]J were assigned as
being equal to 1 and 3, respectively. This assignment was based upon
fairly good agreement of the intensity relations observed for the other
1ines which indicated that equal changes of J and K 1in the same

direction yield the strongest lines.
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The Forbidden Transition

The only observed forbidden transition, as was mentioned earlier,
was that from the 5s[3/232 metastable to the 4f'[5/2]2. (The reason
for selecting the J=2 term was because of the 1.56 em™ 1 energy
difference between measured and known levels for J=3.) This required a
unit change in the value of the angular momentum of the atom core from
3/2 to 1/2. A similar forbidden transition wes observed in xenon (Cook
and others, 1975:1455) where transitions from the mestastabie 6s'[1/2]0
to the npf1/2]1 and np{3/2]1 1levels occurred. The hypothesis
resulting from this work was that although j-1 coupling may be more
appropriate than eitner L-S or j-j coupling, it was still by no means
entirely satisfactory. An additional observation concerning both the
Krypton transition of this work and the cited forbidden transition in
x2non was that intensity rules were not obeyed. Recall that rather good
agreemscnt ihad been observed when determining the J values of the
observed lines for the allowed transitions. In those instances, a
change of J and K in the same direction produced the strongest 1ines.
In the present case, K incre2ases by one while J remains unchanged. Yet,
the intensity of the line in Figure 11 is relativaly strong. The
intensity rules would predict that the 4f'[5/2]3 1line would be
stronger if they were valid for transitions involving changes in the

core momentum. This dous not appear to be the case.

Error Analysis

The accuracy of the measurements based on the resolution of both
the neon calibration lines and the krypton spectra alone is 0.9 cm'1

Several measurements fall outside of this tolerance when compared with
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known or calculeted valuss. However, these deviations can be accounted
for. First of all, the accuracy of the calculated values depenas on the
number of data points used for determination of the slope, a , in
equation (2, and also on whether or not those levels were perturbed.
The largest deviations occur for the np'[1/2]1 and np'[3/2]1 seriss,
in that order. The reason for this is that the calculated values for
these levels have been extrapolated using only two data points. 1In
addition, the perturbation interaction between p anda p' leveis for
J=1 is reportedly large for the np'[1/2]1 Tdevels (Dunning and
Stebbings, 1974:2380j.

The effect of this interaction is also noticed in the levels for
the np{3/2j1 series even though five data points were used in the
extrapolation of quantum defects for the higher levels. The only other
levels which need to be mentioned are the terms 10p{5/2]3 , 10p[3/2]1,
and 10p{3/2]2 which all fall outside the 0.9 cm'1 accuracy figure.
The cause of this error is due to the large separation of the neon
calibration lines on eitner side of this group of 10p[KjJ levels. 1In
all other cases, the separation between calibration lines is typically
40 angstroms. The krypton lines in question fall approximately midway
between the 6506 and 6402 angstrom lines, the separation of which is 104
angstroms. For the case of the neon lines with the least separation, a
scale difference of 0.02 cm™l/division is observed between adjacent
regions. If this scale factor fluctuation can occur in a range of 40

angstroms, a similar fluctuation is likely to occur in a range of 100
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angstroms. Taking into account this fluctuation in scaling facior, a
recalculation of the energy of the 10p[3/2)2 level yields an energy

difference of approximately 0.94 cn™! from the known value,

Wi L. R

a s

o T

L )|

.!‘

3
|
-
R
v Y
-

(@

43

. . oLt

. N Y R I L . . R I

. o - : - N . ST st . .- - R T e T e e ST T ot
e e P o R scoBorcior Tonstis Mvontiilbons P P U S eGP U ST TR WA i A T e S T T I T T P R P Y




P T Ty Yyt e

VI. Conclusions and Recommendations

Conclusions

Of the thirty term values measured, nineteen had not been
previously observed. In almost all cases, the accuracy obtained was
0.9 cm”!

For the experimental equipment used, i{ was found that & random

2rror of + 0.02 cm'1

per division in the scaling factor existed over a4
range of approximately 50 angstroms in the neon scan. This error can be
attributad to small variations in the speed of the scan and of tne chart
recorder,

Tne error of the energies calculeted with the Rydberg formula were
in almost all ceses less than 1 cm'l . Tnree or more date points were
necessary to extrapolate values for quantum defzcts at higher energies
to &Chieve this accuracy.

Another factor 1limiting resolution for the higher energy levels was
the signal-to-noise ratio. Laser power was limitaed to that usead to
prevent damage to the crystal of the SHG Autotracker. Conseguently, the

discharge tube noise prohibitad resolution of the fine spectra

structure,

Recommandations

The identification of several series observed was based upon
intensities of the transitions when the fine structure could not be
resolved. Confirmation of the assignments can be made by observation of
the lower order terms where the fine structure splitting is larger. For

example, the splitting of the 6p[5/2]J Tlevel is approximately 5 em”L.
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Rzlative intensities of the lower order terms could be correlated with
those predicted by the intensity rules.

User of Rhodamine 610 or 640 dye will allow scanning through
wavelengtns capable of reaching tne first ionisation limit at maximum
laser power. Because of the rapid drop of signal intensity with
incredasing principal quantum number, however, the noisz level of the
tube will again be the limiting factor,

An analysis of tne discharge tube ncise characteristics for various
prassures, discharge currents, and gas mixtures would provide a much
higner degree of confidence that a minimal aoise level was actually

achieved. Different electrode and tube g=ometries could also be

consiaered.




cquipment List

¢4

Item

. Nd:Yag Laser
. Power Supply

. Second Harmonic

Generator SHG II

. Temperature

Controller

. Pulsed Dye Laser

. Dye Laser Controlier
. Dye Pump

. SHG Autotracker

. KoP-C Crystal

. Servo Driver

. Oscilloscope

. Programmable

Digitizer

. DC Power Supply
. DC Power Supply

. Boxcar Integrator

. Bandpass Amplifier

. Chart Recorder

. Discharge Tube

Appendix A

Manufacturer

Quanta-Ray
Quanta-Ray

Quanta-Ray

Quanta-Ray
Quanta-Ray
Quanta-Ray
Quanta-Ray
Inrad
Inrad
Inrad

Tektronix

Tektronix
Hewlett-Packard
Hewlett-Packard

Princeton Appliad
Research

Princeton Applied
Research

Hewlett-Packard
Mr. J. Ray

Power Propulsion
WP-AFB, OH
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Model

DCR-2A-10

DCR-2A-10

HG-2

HG-2
PDL-1

none
5-12
7904

7020
HP6234A
HP6525A
160

113

7132A
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Equipment List (Continued)

Item

s. Neon Calibration
Lamp

t. Laser Dye

u. Assorted Optics
Elements

v. Assorted Electrical
Components

Sebn S s &

Manufacturer Model
Unknown
Exciton DCM
L
J
4
1
q
o
1
4
:
y
(
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