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ULTRAHIGH-RESOLUTION (1+1) PHOTOIONIZATION SPECTROSCOPY OF KrI:
HYPERFINE STRUCTURES, ISOTOPE SHIFTS AND -LIFETIMES FOR THE

n=5,6,7 4p°ns RYDBERG LEVELS

* .
T. Trickl ), M.J.J. Vrakking, E. Cromwell, Y. T. Lee and A.H.

Kung

Materials and Chemical Sciences Division, Lawrence Berkeley
Laboratory and Department of Chemistry, University of califor-

nia at Berkeley, California 94720

ABSTRACT

High-resolution measurements of the hyperfine structures
and isotope shifts are reported for KrI n=5,6,7 4p5ns Rydberg
levels, obtained using an XUV laser with a bandwidth of 210 MHz
in a resonant two-photon-ionization scheme. Use of known 12
frequenc;es yields an improved absolute calibration of the Kr
energy'levels by more than one order of magnitude. The nuclear
quadrupole hyperfine structure indicatesvthat the 4p56s and
.4p57s states are described by a pure jj-coupling schene,
whereas the 4p55s states depart from a pure jj¥coupling schene
by 0.37(6) %. The magnetic hyperfine structgre shows that the
4p5ns states are mixed with 4p5n'd states. The isotope shifts

can be described as pure mass effects within the precision of
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our experiment. For the 4p56s and 4p57s states lifetimes were
determined which differ markedly from theoretical literature

values.



I. INTRODUCTION
The spectroscopy of.kfypton has been studied previously in

very high resolution by interferometric methods, by magnetic

resonance and by laser spectrosc;opy.l_25 The 605.78 nm line of

86Kr was chosen as the primary wavelength standard.26 The

element has six stable isotopes, 78Kr_(0.35_%), 80Kr_(2.27'%),.

82kr (11.56 %), Z3rr (11.55 %), %%kr (56.90 %) and 8%kr (17.37

27 Among these, only 83Kr has a non-zero nuclear angular

%) .
momentum, I=9/2. Various visible and near-infrared transitions
of these isotopes and the hyperfine structure of the metastable

83 6, 12, 13,

55[2P3/2] J=1 state of Kr have been evaluated.>’

17, 22, 23, 25 For these transitions the Kr isotope shifts are

1

10-16, 23 +ypically smaller than 0.005 cm ».

rather small,
Therefore, very careful peasurements by interferometry or laser 
spectroscopy are necessary to determine the shifts and to
dete:mine the contribution of the nuclear mass and in par-
ticular the much smaller effect of the nucléar'volume to these.
shifts. Some irregularities of the nuclear volume effect were
found.lo’ 11, 15, 19, 23

All the accurate measurements mentioned above used
transitions between the excited sfates, frequently starting
from metastable states which can be populated in measurable
quantities in a discharge. Thié was necessary because
transitions to the ground state of Kr are in the vacuum

ultraviolet region of the spectrum where high resolution

sources were not available. Selection rules excluded the



preciseAstudy of many states optically connécted to the ground
state. Furthermore, the absoiute frequency of thc’kr
transitions relative to the ground state is only'known to
within + 0.15 cm L. 70 28 Hence, 1in order to complete the
mapping of the spectroscopy of Kr it is esséntial to obtain.

precise spectroscopic information with reqéfd to the ground

state of Kr.

Récently, we have developed an ultrahigh-reéolution
photoionization spectrometer, consisting of a single~frequency
broadly4tunable VUV-XUV laser source28 and a pulsed moleculér
beam apparatus. Thc source provides continuously tunable
radiation from 74nm to the visible wiﬁh a spectral resolution
of smaller than 210 MHz and a photon flux exceeding 1010 per
pulse at 10 Hz. This makes possible for the first time the
study of high resolution spectroscopy and dynamics of atoms and
molecules in the VUV;XUV region.

In this paper hyperfine splittings, isotope shifts and
lifetimes of a series of Kr 4p5ns states are reported. These
results are obtained by direct excitation from the ground
state, in a wavelength range between 94.5 nm andAiEBQG nm. The
nuclear qucdrupole hyperfine splitting is interpreted in terms
of a change of the coupling between the atomic core and the
orbital electron, as a function of the principal quaﬁtum nuﬁber
of the latter. It is found that the 4p56s and 4p57s

configurations can be described in a pure jj—coupling.scheme,
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whereas the 4p555 configuration shows a slight departure from
jj-coupling. The magnetic hyperfine structure is analyzed in
terms of individual contributions from the ¢orefh61e and the
orbital electron. An application of jj-coupling models shows
that there must be some mixing of the 4p5ns_configurations with
nearby 4p5n'd configurations. In.studying the isotope shifts,
our measurements reveal no conclusive departure from a pure
mass effect. Therefore, contributioﬁs from the volume effect
must fall within the error limits of our experiment. The
lifetimes of the 4p565 and 4p57s statés were determined
experimentally for the first time. They differ markedly from
results of theoretical calculations. The photoionization

spectra were calibrated by the I. wavelength standard and yield

2
absolute frequencies for the krypton level manifold, which are

approximately 20 times more precise than before.

II. EXPERIMENTATL

The narrow-band pulsed dye laser system is described in a
separate publication.29 Briefly, a cw dye laser (Coherent
Radiation CR 699-29 Autoscan) is pulse-amplified in four

amplification , stages. The amplifier dye cells are side-pumped

by the second harmonic output of a single-longitudinal-mode Nd-
YAG laser (Quantel YG 592 with injection seeding). Typical

output powers in the wavelength.region between 564. and 616 nm



are 60 to 120 mJ/pulse. The bandwidth measured is about 95 MHz.
Frequency doubling yields UV pulse energies of up to 40
mJ/pulse. Vacuum ultraviolet (VUV) light is generated by four-

29 pable T lists the

wave frequency mixing in a pulsed jet.
states of krypton that were:invegtigated, as well as the
amplifier dyes, VUV generation schemes and mixing gasses used.

The VUV light is sepafated from the more powerful UV in a
1 m vacuum monochromator (McPherson, model 225) in order to
avoid power broadening and AC Stark shifts. The curved
monochromator grating refocusses the laser beam into the
photoionization chamber where the laser beam intersects a
pulsed krypton beam 16 cm from the nozzle and at a diameter of
about 3 mm and less, as determined by an aperture in the UV
beam. The pulsed atomic beam.source is differentially pumped
and operates with a nozzle-skimmer distance of 100 mm and a
skimmer diameter of 1.0 mm, resulting in a relative Doppler
width sv/v = 1.0%10"2. The krypton backing pressure behind the
0.2 mm wide nozzle was adjusted to minimize line distortions
due to saturation broadening. For the strongest transitions the
absorption was found to be near 100 % at an atomic beam
diameter of roughly 1.5 mm for backing pressures > 1 bar.

The excited atoms were photoionized with a ;eéond laser
(Quanta Ray DCR 2A or PDL). The wavelengths used for this laser
are given in Table I. When probing states with lifetimes long

compared to the laser pulsewidth the second laser was delayed

with respect to the VUV-pulse. The second laser was attenuated



to approximately 0.5 mJ/pulse when short lifetimes of the
excited atoms made temporal overlapping of the first and second
laser pulses necessary. Under this condition no power
broadening was observed. The minimum linewidth observed was
0.007 cm~! (210 MHz) full-width-half-maximum.

The different isotopes were‘separated using a time-of-
flight mass spectrometer. Spectra for pairs of isotopes were
measured simultaneously by setting two boxcaf—gates to selected
mass peaks. The.ﬁass resolution could be improved by reducing
the diameter of the first laser beam with an apefture, though
the ion signal was then reduced to a rather low level. Thus
many of the spectra show fluctuations. Accurate line-positions
were obtained by averaging over several scans.

Hyperfine structure scans of 83Kr were mostly recorded
using a quadrupole mass analyzer. This was necessary to
suppress contributions from stronger lines of more abundant
neighboring isotopes.

The DC Stark shift due to the ion extraction field
strength was examined and found to be about 70 MHz in the VUV

for the 7s[2P ] J=1 state at about 100 V/cm and less for the

3/2
other states. Therefore the DC Stark effect was negligible in
the calibration scans, which were performed at extraction
fields < 25 V/cm.

Rough wavelength measurements were done by using thé
Autoscan wavemeter, which has a resettability of 0.003vcm—1. A

more refined calibration was achieved by an interpolation of



the fringes of a 300 MHz reference etalon. The slight drift of
the free spectral range of this etalon was corrected using 12

absorption spectra, which were recorded simultaneously.

ITT. RESULTS AND DISCUSSTION

Tables II to V summarize the results for the absolute
calibrations, hyperfine parameters, isotope shifts and excited
state_lifetimes.for the 4p6(1SO) —-_—— Ss'[zpl/z] J=1,

6s' [°P ,1 J=1, 5s[2P ,1 J=1, 6s[°P ,1 J=1, 7s[ %P ,) J=1

1/ 3/ 3/ 3/

transitions. The typical accuracy of the measurements ‘of
relative Kr line-positions with the continuous iaser is 2 MHz
in the visible for small differences and 3 MHz for the largest
hyperfine intervals. Typical experimental results are given in

83

Figures 1 and 3, which show the Kr hyperfine structures for

all transitions measured and the isotope shifts for the

496(150) -—=> 4p5 7s[2Pp ,] J=1 transition, respectively.

3/

A) Absolute calibrations of EEKr line-positions

A large number of very precise interferometric

measurements have been reported for transitions between excited

86 86

states of Kr because of the significance of Kr as a primary

wavelength standard. Most of these measurements were re-
examined and summarized by Kaufman and Humphreys.7 Their table

of excited state frequencies has an internal coherence of 10"4



&

to 10”3 cm™ 1. However, the absolute calibration is only given

1

to within + 0.15 cm —, limited by the accuracy of VUV data by

Petersson._z8

Careful calibrations of our continuous-wave dye laser
provide a considerably more precise determination of the
absolute 86Kr level positions. Thevresults are listed in column
1 of Table II (no calibration could be carried out for the

Ss[2P 51 J=1 state, since the VUV generation in this

3/

~experiment involved mixing with the Nd-YAG laser, the

wavelength of which is not calibrated). The error analysis
takes into account uncertainties in the center-of-gravity

absorption lines and "noise" of
30

determination for the broad 12

the wavenumbers as given by Gerstenkorn and Luc, as well as

1

the absoldte calibration error of the I, atlas of + 0.0010 cm

2
after offset subtraction.31 Furthermore, a +9 MHz shift of the

pulse-amplified visible beam with respect to the cw ring dye
laser and a small Doppler shift due to a 97.5° angle between

the VUV beam and the atomic beam are corrected for. Two I2

lines next to the Ss'[2P 51 J=1 and 65'[2P 5] J=1

1/ 1/
frequencies, respectivgly,'depart markedly from the + 0.0010

cm—l'error margin. For the 6s' case this was confirmed by
comparing the overlapping region of parts II and III of Ref.
30.

The corresponding Kr transition frequencies given by
Moore32 and by Kaufman and Humphreys7 are included in Table II.

The average offsets with respect to our data are 0.805(11) cm_1



and 0.0679(61) cm—l, respectively. The small standard devia-

tions of these averages are indicative of the'accuracy of our
evaluation. It is therefore recommended to subtract 0.0679(61)
cm—1 from the energy values in Table II of Ref. 7 to obtain an
improved set of VUV reference lines between 80,000 and 110,000

-1 .
cm .

B) 83Kr Hyperfine Structure

A selection of scans of the 83Kr hyperfine structure is

shown in Fig. 1. The hyperfine structure contains contributions
from the magnetic interaction between the nuclear magnetic
moment By and the magnetic field at the nucleus produced by
orbital electrons (A parameter), as well as from the
electrostatic interaction between the nuclear quadrupole moment
and the gradient of the electric field at the nucleus produced
by orbital electrons (B parameter). The hyperfine energies of

the multiplet are given by33

_ [} 3/4 C(C+1) - T(I+1)J(J+1)
Ww=hA35+B 2I(I-1)J(23-1) (1)
with C = F(F+1) - I(I+l) - J(J+1).

The A and B parameters derived from a least-squares fit of
the hyperfine splittings observed in the present experiments
are summarized in Table III along with the only two pairs of

literature values available for comparison.

10



i) B-parameters

When an electron.is promoted out of a 4p6 Kr ground state
configuration to a ns orbital, there are two possible J=1
states which can be occupied, designated 3P1 and_lpl. The

wavefunctions of these states can be expressed as a

superposition of wavefunctions corresponding to either a

2 g 2 :
Pj=3/2 or Pj=l/2 core:
¥(°P)) = cos(5) * V(3 =3/2,3,=1/2)
+ sin(s) * v(3 =1/2,3,=1/2)
| (2a).
¥('P)) = -sin(s) * (3 =3/2,3,=1/2)
+ cos () * W(jp=1/2,js=1/2)
| (2b)

where jp and_js represent the angular momenta of the 4p5 core
and the ns orbital electron, respectively. Similarly the
wavefunctions of these states can be expressed as a

superposition of wavefunctions corresponding to LS-coupling as:

v(’p,) cos(e) * ¥ (>P)) + sin(e) * v ('p)) (3a)

I

v('p,) = -sin(e) * WLS(3P1) + cos(e) * ¥ (') (3b)

11



The relation between § and ¢ is given by

cos (§) = ‘ 2111 cos(e) - ‘2111 sin(e) (4)

where 1 is the angular momentum of the core hole (1l=1). Since

the Kr Rydberg states are expected to be very closely jj-

coupled, the 3P1 and 1P1 states are commonly referred to as

jp=3/2 and jp=1/2 states, respectively.
From expressions for the B-parameters in sp-configurations
the following formulas can be derived for the B-parameters in

1

the 4p5ns(3Pl, Pl) states as a function of the B-parameter in

the 4p5ns(3P2) state and the coupling coefficient c = cos §

. . S >
B(3P1) = 1/2 B(3P2){c2 - al2(g7)e 1-c2y (5a)
B(lPl) = 1/2 B(3P2){1 -c? s 45(3—,)c 1-c2) (5b)

where S and R' are relativistic corrections, which we take for
nuclear charge Zi ~ Z-4 = 32, 33

The gradient of the electric field at the nucleus caused
by the orbital electrons is due to the 4p hole in a 4p5ns
configuration. If the charge distribution of the ns electron is

perfectly spherically symmetric this electron should not

contribute. As a consequence, one would expect that the
12



quadrupole hyperfine structure does not depend on the principal
quantum number n. Within experimental errors this can actually
be observed in our experiments. By adding up equations (5a) and
(5b) it follows that our data imply values for B(3P2) of -
453(16) MHz (5s) and =-449(64) MHz (6s), which are both in good.
agreement with the 5s value of Bk3P2) of -452.1572(21) MHz
determined from atomic beam magnetic resonance experiments.6 In
absence of measurements of the 3P2 quantities for the 6s and 7s
configurations, we assume for our evaluations that the 5s value
6f B(3P2) is valid for the other two states as well.

The B(°P,)/B(’P,) ana B('p,)/B(’P,) ratios following from
our experiments are listed in column 1 of Table VI. The values
of the coupling constants ¢ which correspond to these ratios
are shown in column 2. Excellent agreement is observed between

the coupling constants derived from the B-parameters of the 3P1

and 1Pl states, as illustrated in Fig. 2. The observed B-

parameters can thus fully be understood by the observation that
for the 4p56s and 4p57s configurations the J=1 states can be
described in a nearly pure jj-coupling scheme, whereas for the
4p555 J=1 configurations the non-unity coupling constant shows

that there is some mixing of jp=3/2 and jp=1/2 configurations:

in the 3P1 and lP1 states.

Our coupling parameter c for the 4p555 configurations

differs from results obtained by other methods. Aydin reported

a coupling coefficient obtained from the lifetimes of the 3P1

and the 1Pl states, after considering the spin-orbit

13



interaction in first order perturbation theory and
diagonalizing the energy matrix.34 His result a = sin ¢ = -
0.717 corresponds to ¢ = 0.9879 (Eq. 4). This value is
confirmed by values derived from g—factors.35 From Sears and
McKellar's g(3Pl) = 1.2428(2) >® we calculate c = 0.988105(62)
using the instructions of Ref. 34. Closer agreement with our

coupling parameter c is obtained by using the improved lifetime

data of Matthias et al.,44 which give ¢ = 0.9914 .

ii) A-parameters

The magnetic field at the nucleus produced by the orbital
electrons contains contributions frqm both the 4p hole and the
ns orbital_electron. Using the principle of energy sum rules,
Goudsmit37 has given. expressions relating the A-parameters for
sp configurations in jj-coupling to contributions from the s-

and p-electrons. A more general treatment by Breit and Wills

includes intermediate coupling and relativistic corrections.38
For the 4p5ns case one has
]s=1/2, jp=3/2, J=2:
3 =
A("P,) = 1/4 a_ + 3/4 3y 372 (6a)

14



Jg=1/2, 3p=3/2, I=1:

A(3P1) _ 2 sin2(6) ;?osz(Sl a_ +f_ 0052(5) ap,3/2
+ 3 s}n2(8) ay 1,3 * J2 sin(s)cos (s) an
(6b)
1.51/2, jp=1/2, J=1: |
A(lpl) ;-2 cos? (5) ;?inz(sl ag +f' sin? (6) 3y 3/
+ % CO52(5j ap,1/2 - fg-sin(s)cos(a)va; (
: ' 6c)

where cos(s) and sin(é) are defined by Eqgs. (2a) and (2b)..For
§=0 Egs. (6a),'(6b) and (6c) agree with Goudsmit's expressions.
The level assignments of the 3Pl.and 1P1 states is opposite to
the one.bbereit and Wills -8 (see e.g. Ref. 4). Equations
(6a), (6b) and (6c) were derived under a one-electron
approximaﬁion. This may lead to discrepancies fqr strongly
perturbéd levels. However, Breit and Wills state that for

- nearly pure jj-coupling the experimental data are usuaily
accurately described by the model.

..The parameters a and a; are interdependent.

p,3/2' %p,1/2
From the relations of Ref. 38 we get

B F(1/2, Z;)
®p,1/2 T ° F_(3/2, 2) %p,3/2 (72)
G (1, Z.)
" - _ 5 r 1
% T T 16 F_(3/2, Z;) %p,3/2 (70)

15



where F. and G. are relativistic corrections listed by

Kopfermann, 33 and Zi = Z-4 = 32 for a Kr p—hole.4"33
Following from these expressions the A parameters would

essentially be due to four one-electron contributions, namely

a a and a as well as the coefficient’cos(S)55

q4p,3/2’ ¥ss’ %6s 7s’

which describes the intermediate coupling of the 5s states. As
we will point out later, the 6s and 7s states are in part mixed
with 4d and 54 levels. Thus, we derive I and ais values for

3 1

P, and P, separately as proposed by Breit and Wills for the
38

case of large fine structure splitting. The results of our
calculations are given in Table VII.

For the 4p555 configuration we observe excellent agreement
of the theoretical model and our experimental data..ap’3/2 and
ag, are calcﬁlated from Eq. (6a) and the sum of Egs. (6b) and
(6c) taking A(3P2) from Ref. 6. A third quantity is evaluated
from the difference of Egs. (6b) and (6c). If we take cbs(&)Ss
= 0.99619(57) from Table VI this procedure yields A(3P1) -
A(lPl) = 0.019292 cm_1 which is nearly identical with the
experimental value of 0.019321(83) cm-l. A calculation of
cos(6) from the experimental A(3P1) - A(lpl) yields a complex
number for Z;, < 32.227 (Zi determined by interpolation of
Kopfermann's Tables 33). For'Zi = 32.227 we get cos(é’)és =
0.99693 which is close to the value obtained from the BS

parameters. All coefficients of Table VII were calculated for

Zi = 32.227 .

16
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At this point, we do not see a simple explanation for the
obvious discrepancies between thesz coupling coefficient
derived from our A and B parameters and the ones from other
work. There is little influence from experimental error on the
value. We found that the most critical quantities of the model
are the relativistic correction factors for the A parameter
parametrization as a function of Z. However this isvclearly not
the case for the‘B parameters. v
3

derived for the “P. state (Egq. (6b))

6s 1
differs substantially from the one calculated for 1Pl (Eq.

The value Qf a

(6c)). This difference is indicativevof“the presence of
configuratioﬁ mixing which was shown by Aymar and Coulombe in a
parametric study of the Kr 4p5(55+6s+7s+4d+5d+6d),levels.40
Their resﬁlts indicate that the 4p56s and 4p57s configurations
are mixed with 4p5nd configurations, whereas the 4p555
configuration can be considered pure.

Withogt this mixing one would qualitatively predict a
strong decrease‘of the as parameter as a function ef the
principal quantum number n, because it contains a factor <1/r3>
(r being the distance between the electron and the nucleus).
Indeed, we find ass(lPl)/aSs << 1. In contrast to this, the a

6s

and a,g parameters for the 3P1 states have roughly the same

magnitude as ag,- For both states strong interference by nd

" levels can be expected, particularly by the near-resonant

4p54d[2P3/2] J=1 and 4p55d[2P3/2] J=1 states, respectively.

Husson et al.l’ used the intermediate coupling

17



wavefunctions for the Kr 4p5(5p+6p) configurations calculated
by Aymar and Coulombe (private communication in Ref. 17) to
calculate the matrix elements of the effective hyperfine‘
Hamiltonian needed to obtain the A-parameters of the 4p55p
states. Their agreement with experimental results is much
better than in an approéach using.pure configurations. Similar
good.agreément was-obtained by Liberman for Ne 2p53s, 2p54s and

42 A treatment of this kind is

2p555 and Xe 5p5(6s+5d).41’
beyond the scopevof the present paper. We are, howeVer,
considering additional experiments on the hyperfine structure
of Kr 4p5nd levels, in conjunction with calculations on mixed
configurations Kr 4p5(55+65+7s+4d+5d+6d).

It should be noted that Aymar and Coulombe claim that the
level designation for the 65[2P3/2] J=1 level in Ref. 7 is

incorrect and that the assignments for the 65[2P
40

3/2] J=1 and

4d[2P3/2] levels should be interchanged. This would obviously

influence the parametrization of the A-parameter (equation 6b)
for this level. However, Table VII does not seem to show any
anomalous trends for the A-parameter in going frém the

5s[%P

] J=1 level through the 6s[2P.,.] J=1 level to the
2 gn - 2

3/
7s[2P3/2] J=1 level.

3/

It is important to see how these results influence our
discussion of the B-parameter. Our present'conviction is that
the conclusions concerning the coupling between the atomic core
and the orbital electron are valid, since the analysis should

not be affected very much by the inclusion of a small

18



contribution to the quadrupole interaction by an nd orbital

electron.

iii) Line-intensities for 83Kr

For three of the five transitioné studied, our observed
hyperfine line strengths are in reasonable agreement with the
theoretical predictions. The relative intensities are
calculated to vary as 2F+1 for both unpolarized and linearly
pdlarized light.(J and F being the upper state quantum

numbers). Only for the transitions to the,GS[ZP ] J=1 and

3/2

7s[2P 2] J=1 levels we see a different pattern. In these cases

3/
the strength of the central component is only roughly half that
of the neighboring ones (F=7/2 and F=11/2). At this point we

have not come up with an explanation for this effect.

C) Isotope shifts

Our isotope shift measurements were carried out by taking
the épectra of 8%kr and the isotope under consideration
simulténeously. The shifts are rather small, as is also
observed for measurements in the visible and infrared spectral

10-12, 23

regions. The spectra for the 4p6(1so) —_—— 7s[2P

3/21

J=1 transition are shown in Fig. 3, and the results for all

transitions studied are listed in Table IV. The quality of our

19



data for the transition to the 5s[2P ] J=1 level suffers from

3/2
weak XUV power and, consequently, low signal at the conditions
set for the necessary time-of-flight mass resolution. Thus, we
did not include these shifts in the table. The evaluation of
the data indicates the Ss[2P3/2] J=1 level has slightly smaller

shifts than the Ss'[2P 5] J=1 level.

1/
There are two effects which lead to the observation of
isotope shifts. The first effect is due to thé finite mass of
the nucleus. This shift is usually written as a sum of two
terms, the simple Bohr shift describing one-electron (hydrogen-

like) atoms and a specific mass effect to account for electron

correlations:10

Mnags (M1 My) = Avpopy (M My) + Avgy (M), M) (8a)
where
m (M,-M
: A'/Bohr(Ml’_Mz) = _giﬁzﬁ_ll E ‘ . (8D)
: 12
and . .
. AVSM(Ml,MZ) = K AuBOhr(Ml,Mz) (8c)

with K being an electronic constant.

The second effect is a volume effect, found especially in
heavy elements, due to the non-zero nuclear volume. It is
expressed as the product of a state—dgpendent electronic factor
43

EV and an isotope-dependent nuclear volume factor V(M):

AVvolume(Ml’Mz) = Ev{v(Ml) - V(MZ)} (9)

20
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In the first column of Table VIII the average ratio of the
experimentally observed shift and the simple Bohr Shift is
printed for all states investigated. The ratios are
significantly smaller than unity indicatiﬁg a strong specific
mass effect with a negative consﬁant K. It is observed that as
the energy of the excited state with respect to the ground
state increases, the electron correlation decreases and there
is a greater tendency to follow hydrogen-1like behavior.

The present éxperiments are not conclusive about the
presence of a volume-effect. In columns 2 until 5 of Table VIII
the ratios

[AV oy (M, 86) /AY (M,86) ]

Bohr
* *
[Avexp(M ,86)/AVBohr(M ,86)]av

R(M) = (10)

are given for all transitions investigated and all mass-
combinations (M,86). Here, AV(Ml’Mz) is the isotope shift
between masses Ml and M2. If the observed isotope shifts can be
explained in terms of a mass effect only, the value 1 will
appear for all these ratios; whereas departures from a pure
mass effect will show up as departures from unity. No

conclusive departures from the value 1 are observed, indicating

that within our experimental error all isotope shifts can be

explained as mass effects.

As was also observed by Champeau and Keller13 and by

15 83

Jackson, the Kr line centers do not necessarily lie on a

21



smooth curve connecting the line centers for the. other

83

isotopes. The Kr offsets observed in the present experiments

are listed in column 6 of Table IV and are significant only for

the 5s[°P ,1 J=1 state.

1/

D) Lifetime measurements

Lifetime measurements were performed for the 6s and 7s
states by systematically delaying the second laser with respect
to the VUV pulse. The results are listed in Table V along with
experimental and theoretical literature valueé for comparison.
Our measurements should form a basis for improvements on the.
theoretical predictions which currently yield widely different

40, 45

and clearly erratic predictions. Lifetimes for the S5s

states were not determined because they are éignificantly

shorter than the resolutions of our laser pulses.44
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FIGURE CAPTIONS

1)

2)

3)

83Kr hyperfine structures observed for the transitions

4p6(180) — 55'[2P3/2] J=1 (a), 6s'[2P3/2] J=1 (B),

5s[%P.,.] J=1 (C), 6s[2P,,.] J=1 (D) and 7s[°P
3/2 3/2 3/

(E). In all cases the three hyperfine components are from

,1 J=1

left to right: F=11/2, F=9/2, F=7/2 (splitting of upper
state). The lines of spectrum C are wider because of the
VUV generation scheme applied (see Table I). The extra
smaller features on spectra A and B are due to neighboring
mass ions leaking through the quadrupole mass analyzer.

The horizontal scale is only relative.

The ratios 2B(3P1)/B(3P2) and ZB(1P1)/B(3P2) as a function
of the coupling constant c (see Egs. 5a and 5b). Ex-
perimentally observed B(3P1)/B(3P2) and B(lPl)/B(3P2)
ratios are used to determine the coupling constant ¢ for
the Kr n=5, 6, 7 4p5ns Rydberg levels. It is observed that
the B-parameter sensitively probes the transition from

nearly pure (4p555) to pure (4p565 and 4p57s) jj~-coupling.

Isotope shifts for the 4p6(1so) —_—— 7s[2P

transition: 80Kr (a), 82Kr (B), 83

78

3721 I=1

Kr (C), 84Kr (D) and

86Kr (E) (' "Kr is not shown because of a very poor signal-

to-noise ratio). Isotope shifts are determined by

27



86Kr and the isotope under

measuring spectra of
consideration simultaneously. The periodic ripples in the

spectra are the result of 60 Hz noise pick-up.

28
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TABLE I: SUMMARY OF EXPERIMENTAL CONDITIONS (see text)

86 1 ) -1 Wavelength
State V(" Kr) [em ] a Voisible [em 7] Amplifier dye | VUV generation |Mixing gas| JIonizing
v Laser [nm]
2 _ _ -1 b)
5s{ P3/2]J—1 80916.757 17578.4 Rh 590 3% (9394 cm Co 266
Yisible
SS'[2P ]1J=1 85846.694 17169.3389 basic Rh 610 2x2Vv . ., Xe 355
1/2 visible
+ Vvisible
2
6s| P3/2]J—1 99894.040 16649.0067 Rh 640 3 x Voisible Ar 266
6s'[2P J1J=1 | 105146.294 17524.,3823 Rh 590 3x2v, . Xe 560
1/2 visible
7s[2P 1J=1 105770.695 17628.4492 Rh 590 3 Vo, . Xe 560
3/2 visible

a)

of the present paper.

b) Approximate Nd-YAG laser frequency.

This «column corresponds to the energy given in ref. 7,

corrected by -0.0679 cm-l, as recommended in section III
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TABLE II: ABSOLULE CALIBRATION OF 86Kr:

Comparison of absolute frequencies from Iz—calibrations to literature values

1

State v [em 1] v (Ref. 32) [em 11 |av(Ref. 37) [en '] | v(Ref. 7) [em '] |av(Ref. ;) [cm ']
551 (%2, ,19-1 85846.7000(79) 85847.501 0.8010 85846.7624 0.0624
65" 2, ),]9=1 | 105146.3095(138) | 105147.13 0.8205 — -
6s[°p, ,19-1 99894.,0337(73) 99894.83 0.7963 998941081 0.0744
7s1%p, . 10=1 105770.6962(73) 105771.50 0.8038 105770.7632 0.0670

P32
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TABLE ITI: HYPERFINE PARAMETERS .

1

3/2

" State A [em ) B [cm ] A (Ref. 1) [cm—l] _B(Ref.lz) [cm_l]
5s'[2Pl/2]J=1 ~0.024678(55) ~0.00387(32) 0.02467(1.5) ~0.00372(10)
6s'[2P1/2]J=1 -0.017405(96) ~0.00023(55) — —
53[2P3/2]J=1 ~0.005357(63) —0.00369(;;; -o.o;;;;(z) ~0.00353(10)
6s{2P3/2]J=1 -0.004751(53) -0.00725(88) — —

7s1%p., . ]J=1 0004622 (45) ~0.00681 (60) o —
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TABLE IV: ISOTOPE SHIFTS (all values in cm'l)

83

State v (78) - v(86) Vv (80) - v(86) v(82) - v(86) > (83) -~ v(86) v (84) - v(86) Kr. offset
SS'[ZPl/Z]J=1 -0.00689 -0.00526 -0.00348 -0.06434 -0.00148 -0.00174(20)
6s‘[2Pi/2]J=l -0.02337 -0.01811 -0.01183 -0.00938 -0.00561 —0100049(30)
6s[2P3/2]J=1 —0.61724 -0.01211 -0.00831 —0.0;;;;i ————— | —ﬁ.00443 +0.00118(40)
7s[2P 1J=1 -0.02304 -0.01699 —0.01136 -0.00907 -0.00552 -0.00052(50)

3/2
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TABLE V: LIFETIMES

OF Kr RYDBERG STATES (all values in nsec)

"Ref. 45 (th.)

State This paper Ref. 40 (th.)
6s[2P. . 1J=1 33 17 .7 2.6
3/2 - i 3 . .
6s'['P, ,,19-1 50 + 5 12.3 19.8 - 24.8
2 ;
75178, 51971 117 + 12 10.1 3.2 - 3.6




TABLE VI: ANALYSIS OF B PARAMETERS (see text)

3 R
State | B /B( P2) c Caverage(n)
5s[%P. ,.1d=1 CCp,)| 0.257(21) 0199621(57)
3/2 1 : 0.
0.99619(57)
55'[°P) 1,191 ('R))  0.245(19) 0.99617(57)
2 3 ' +0.000022
6s(%p, ,,13=1 CP) | 0.481(6) 0.9999787 000902
+0.000018
0.9999827 (000
2 1 +0.000014
6s' (%P, ,19=1 ('p))  0.0153(365) 0.9999867 0" 20001
2 3 +0.00015 | +0.00015
75[%p, ,,09=1 Ce) | 0.451(4) 0.99985%0 2005 0.99985%0 2007

34




TABLE VII: MAGNETIC HYPERFINE COEFFICIENTS CALCULATED FROM THE

A PARAMETERS ASSUMING ONE—ELECTRON CONTRIBUTIONS

s 4p,1/2 = ~0-036987 (80) em”t (@)
. a4p,3/2 = ~0-006807 (15) em ™t
an = 0.002132 (5) cm !
ag = -0.012132 (44) cm ¥
cos(8)Ss = 0.99693 (60)
a . (°py) = -0.01496 (21) cn 1 (B)
aGé(lpl) = -0.000644 (4) cm ¥ (P
a7s(3pl)- = -0.01537 (18) cn1 (P)

(a) numbers in brackets represent error bar due to experimental
uncertainties.
(b) for the evaluation of these quantities we took the

c = cos(§) values from Table VI.
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TABLE VIII: ANALYSIS OF ISOTOPE SHIFTS

(see text)

a)

State . (Avexpﬂﬁf86) ) | R(78) R(80) R(82) R(84)
AVBohr(Ml’86) av.
5s'[2P1/2]J=1 0.124 0.98(6) 1.03(8) 1.05(1) 0.92(19)
63'[2?1/2]J=1 0.355 0.96(2) 1.01(3) 1.04¢4) | 0.99¢6)
6s[2P3/2]J=1 0.265 1.00(3) 0.95(4) 1.01¢5) | 1.0509)
7s[2P3/2] 0.339 0.98(2) 0.99(3) | 1.02¢4) | 1.01(7)
a)

For the 53[2P

3/2

Averaged over all pairs (Ml,86) with M

1J=1 a value of 0.103 was found.

78, 80, 82, 84
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