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Optical spectroscopy of hight n=10 Rydberg states of nitrogen
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A Doppler-tuned CQ laser was used to excite=10 ton=27 Rydberg-Rydberg transitions in a fast beam
of atomic nitrogen. The fine structure nf=10, L=3-8 Rydberg levels is partially resolved in the spectrum,
giving experimental information about nitrogen Rydberg levels witkd. The observed fine structure is well
described by an effective potential whose empirical coefficients are adjusted to fit the data, giving estimates of
the quadrupole moment and dipole polarizabilities f Ror the highest- n=27 levels studied, the spectrum
shows evidence of a transition to a new coupling regime where thiaygerfine structure is larger than the
Rydberg fine structurd S1050-294{@6)01307-9

PACS numbgs): 32.30.Bv, 32.10.Dk, 32.10.Fn

I. INTRODUCTION 10°° for n=10 Rydberg levels. In the study of atomic nitro-
gen reported here, this allows resolution of levels vithip
All atoms have many excited levels in which a singleto 8.
electron is excited to a level characterized by large values of
orbital angular momentur, =4. In spite of this, relatively Il. THEORY
few of these high- Rydberg levels have been resolved spec-
troscopically. In part, this is because the nonpenetrating

highL states have small quantum defects and can only bg , :
resolved in high-resolution spectroscopy. Also, however, sell'St discussed by Shortley and Frig@l and by Racali10]
n connection with configurations such @Sf. In such a

lection rules prevent their observation in visible wavelengths” ©S : . .
with conventional absorption and emission spectroscopyconfiguration, the coupling betwedn, and S in the open
The few conventional spectroscopic observations are usualf§'€!l core is likely to be stronger than the electrostatic cou-
obtained with high-resolution far-infrared emission spectrosP!ing between the core and the excitedlectron, and this in
copy. In the case of atomic nitrogen, for example, the On|yturn is mpch stronger than the coupling to the excited elec-
published spectroscopic observation of excited levels with rON's spin. Consequently, the good quantum numbers for
of 4 or more is the study of —4F emission lines near 4 SUCh a configuration are expected to be
m [1]. S e

In recent years, a new experimental technique has been Je=letSe, K=Jotl, J=K+Sg. (1)
developed which should allow observation of a wide variety, . iha approximation in which the coupling to the excited

of these hight R_ydberg levels. With this technigue, the Ry- electron spin is negligible, the pair of levels characterized by
dberg states of interest are formed by charge exchange N8 mond.. L. andK. with
[} 1 1

fast atomic beam and detected by resonant excitation with a
Doppler-tuned CQlaser, followed by Stark ionization of the J=K=+1
laser-excited atom]. The frequency resolution of the laser 2

excitation is sufficient to resolve the fine structure of indi- 5y degenerate. Because of this, th& coupling scheme is
vidual highL levels. Since selection rules allow &lllevels  gften referred to as “pair coupling,” and the levels denoted
to be excited, a wide variety of high-levels can be spec- py jLK only. As the angular momenturn of the excited
troscopically resolved with this technique. The method was|ectron increases, this scheme is expected to become even
first applied in studies of heliufi8], but has since been used mgre exac{11].

to study molecular hydrogef,5], and atomic sulfur(6], The Rydberg states of nitrogen have the configuration
neon[7], and carbon and oxygd®]. In principle, it can be  2p2nL which is also expected to display tijieK or “pair-
applied to any atom or molecule with a stable positive ion.coypling,” as discussed for the case b&=3 by Eriksson

The use of the C@laser limits the technique to detection of [12] and more generally by Gronlurid3]. The ground state
levels withn=9,10,11, but it should be possible to extend of the N* ion is a3P level, with J.=0, 1, or 2. Each of these

this range with other lasers or slightly more complicatedcore levels may bind a Rydberg electron and lead to an entire
schemes. The range bfthat can be resolved depends on themanifold of Rydberg levels, as illustrated in Fig. 1. In gen-

size of the fine structure. The typical experimental resolutionsra), these will be characterized By, n, L, andK, and we
of 0.005 cm® corresponds to a quantum defect of aboutgenote them here by

The general structure of high-atomic Rydberg levels is
xpected to be described by thgL'K” coupling scheme

* (Jc)nLK .
Permanent address: Department of Physics, Youngstown State
University, Youngstown, OH 44555, As an example, Fig. 1 shows the levels witk=10 and
"Present address: 304 East Tremont Street, Hillsboro, IL 62049.L =4—7, bound to each core state. There alg+2l possible
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treated as distinguishable from the electrons in the core ion.
The first few terms of this effective potential are given by
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wherer and()g are the radial and angular coordinates of the
Rydberg electron an¥{; is a second-rank tensor operator in
— the space of the core whose reduced matrix elements are
GHIK defined by
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The portion ofV . proportional toQ, the electric quadrupole
moment of thel =2 state of the core, results from applica-
tion of the Coulomb perturbation in first order. The matrix
elements ofX, in other core states are computed on the
assumption of puré S coupling in the core. The portion of
V¢ proportional toeg andasy , the scalar and tensor adiabatic
_ dipole polarizabilities of the core, results from the lowest-
4 order multipole terms of the Coulomb perturbation applied in
_ second order. The coefficientg and Cz combine higher-
order and nonadiabatic effects. Both the diagonal and off-
(N J diagonal matrix elements & within the space of Rydberg
states contribute to the Rydberg fine structure, according to

al

FIG. 1. lllustration of the pattern of high-Rydberg fine struc-

ture in atomic nitrogen. Each fine-structure level of th& bbre T

(J.=0,1,2 binds an entire series of Rydberg levels. The fine struc- E[(Jo)nLy]= ( Ecord Jo) — n2 +<\I’0|Veff|q’0>

ture of n=10 levels is shown in expanded scale to illustrate the

typical pattern. In the case of th@ levels, the numerals show the [(¥ | Verr| ¥ )2

values ofK =J.+L for each level. The scale of the figure is estab- + Z T E—g 7

lished by the core excitation energies, 48.7 ¢nfior J.=1 and 0

130.8 cmi* for J.=2. =El014 gl 4 El2] %)

values ofK in each case, with the differences in binding The result is in the form of a perturbation series/g;. The
energy of these levels determined mostly by the quadrupolfirst bracketed term represents the zeroth-order enérdy,
electrostatic interaction between the Rydberg electron anthe next term E!Y, is the expectation value of o in the
the ion core. Possible structure due to the Rydberg electroi-K-coupled states, and the last ter, in which the sum
spin is neglected in Fig. 1. is over all other Rydberg states, describes mixing between
A more detailed description of the Rydberg binding ener-different Rydberg series. If the Rydberg fine structure is
gies, which goes beyond the simple first-order perturbatiosmall compared to the core fine-structure splittings and there
theory of the central field approximation of Ref§,10,12, is no coincidental degeneracy between R¥dberg levels bound
13 expresses the nonhydrogenic interactions between the Ri@ different cores, then the contribution Bf is small. For
dberg electron and the positive-ion core in terms of an effecexample, in the case of the=10 nitrogen levels studied
tive potential,V¢. Defined within the subspace of Rydberg here, these terms have been calculated and found to be less
states of the system, i.e., those states where the ion core isti@n 0.01 cm® for all the n=10 levels studied here and,
its ground state, this effective potential contains the effectgherefore, only marginally significant at the precision of the
of the Coulomb interactions to all orders. In this approachpresent measurement. B&#H! andEY are relatively simple
exchange effects are neglected, and the Rydberg electron tis calculate:
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. ¢O, Laser states of N are formed at some level in this process. Only the
Dofleotor  Detection Channeltron small fraction formed im=10 levels is useful for this study.
/ Deflector Immediately after the charge-exchange cell, the unneutral-
Magnet | l N 41/ ized ion beam is deflected away by an electric field that also
i — — serves the purpose of Stark ionizing and deflecting out of the
/O /‘7—' o ‘ \ | T X beam any excited levels with>16. In the absence of laser
@”}ns Stark Facrl?:ﬂv ex0|tat_|on, the subsequent Stark |on|zat|_on _fleld, which is _set
o Eroh e § ff Tonizer at a slightly lower electric field, results in little or no addi-
Source Cell tional ionization of the beam. As the neutral N beam passes

Collimator through the CQ laser, however, atoms im=10 fine-

structure levels may be excited to higherlevels if the

FIG. 2. A schematic diagram of the apparatus. The mass an@oppler-tuned laser frequency is resonant with an allowed
lyzed N" ion beam is neutralized in a charge-exchange cell to formgransition. Coarse tuning of the laser is achieved by selecting
a fast neutral beam containing N Rydberg states. The electric fielgne of the discrete Cdines, P(16) at 947.7 420, cmt for
in the initial deflector region ionizes any Rydberg levels with16 the n=10—27 transitions. Fine tuning is then obtained by
and deflects ions out of the beam. The Doppler-tuned, @B8er  \/arying the angle of intersection between the laser and the
excites Rydberg atoms from=10 ton=27. Any excited atoms are fast atomic beam. The geometry of the Doppler-tuning stage
ionized in the Stark ionizer and the resulting ions are deflected intt?s described in detail elsewhefs]. For the nitrogen atomic
a channeltron detector. The measured signal is the component of ﬂﬂ)eeam velocity ofy/c=0.001 3061), this gives a continuous

channeltron current synchronous with modulation of the, GSer tuning range of about 1 cit, comparable to the expected

amplitude. The Faraday cup monitors the total neutral beam by. _ .
secondary emission, and can be used to compensate for quctuatio%lsZe of then=10 Rydberg fine structure. The apparent laser

in the beam intensity. requency seen by the moving atoms is given by

109 733.02 cm? ' _r (1 p2\-112
E[O]:Egore(‘]c)_ — , v'=yy [l+Bcogh)], B o’ y=(1-69""

(6)

EM=Ag(nL)+Ax(nL)T(J.,L,K), . : :
o L)+ Az(nL)T(, ) wherey_ is the laser frequency an@ is the laser—atomic-

where beam intersection angle, measured from antiparallel. The
resolution of the laser excitation is jointly determined by the
T(Je,L,K)=(—1)%" 3| |XF |3)(2L+1) transit time through the laser beam and the angular width of
the fast beam. For the conditions of this experiment, the laser
('— 2 '—) linewidth is approximately 0.005 ch. As the laser angle is
y 0 00 {K L Jc} varied, individuain=10 Rydberg levels will come into reso-
2 2 2\12 J L nance for excitation tov=27. Any excited atoms will be
( -2 0 2) ionized by the Stark ionizing field and deflected into a chan-

neltron electron multiplier. The measured signal is the com-
and ponent of the channeltron current synchronous with the

) chopping of the CQlaser.

_ as , _, 6 Figure 3a) shows typical signal data representimg 10—
Ao(NL) == —= (1 D= 1(r ")nL, 27 transitions. For these data, the intersection angle was var-
ied between 85° and 148° and is converted to energy accord-
e?ar ing to Eq.(6). A rather complex spectrum of transitions is
Ax(nL)=—eQ(r 3, — 5 (r L —Ce(r %nL, observed, spread out over about 1 ¢frwith more than 30

(5) separate transitions resolved. All of these are close to the
hydrogenicn=10-27 transition frequency, 946.8048 ¢t

Where<r‘s)nL are the hydrogenic radial expectation valuesSince the electric dipole selection rules for the transition re-
for thenL electron[14]. Since these are decreasing functionsquire AJ.=0, excitation transitions in all three Rydberg sys-
of L, the pattern of high- fine structure converges towards tems illustrated in Fig. 1J.=0,1,2 are all expected to occur

the hydrogenic limit ag increases. Figure 1 illustrates this at approximately this frequency. Since the fine structure of
fine-structure pattern fan=10, L=4-7 levels of nitrogen_ n=27 levels is substantially smaller than that of the 10

levels, the observed spectrum is approximately a map of the
n=10 fine structure, with more tightly bound levels occur-
ring at higher excitation frequencies.

The apparatus used for this study, shown schematically in The limiting factor in the precision of this Doppler-tuned
Fig. 2, is similar to those used in previous studies with thisspectroscopy is knowledge of the intersection artyia Eq.
techniqug 3—7]. A duoplasmatron ion source produces a 11-(6). This angle is varied using the rotation stage described in
keV beam of N', which is mass analyzed and focused into aRef.[5]. With this device, the laser beam enters the vacuum
charge-exchange cell containing a few millitorr of atmo-system aligned along the rotation axis of a turntable carrying
sphere, where it is partially neutralized to form a fast atomidixed mirrors that redirect the beam across the rotation axis at
beam of nitrogen. In general, almost all possible excitedhe height of the atomic beam. The intersection angle varies

I1l. EXPERIMENT



54 OPTICAL SPECTROSCOPY OF HIGH-n=10 RYDBERG . .. 317

)
g »-AEI_\I\A —
5
g B |
L A

€[ 1

A Y N |
T T T T T
947.8 947.6 9474 947.2 947 946.8 946.6

Energy (cm™)

FIG. 3. (a) Experimental spectrum af=10-27 transitions in atomic nitrogen. Approximately 40 separate lines are well resolved, due to
the fine structure of the=10 Rydberg levels. The primary unblended lines are identified with capital l&teRs A number of blended
lines are identified with lower case letteas-g. The characteristics of these lines are discussed in the text. The notations, 1,2,3, below the
lines indicate spectral features that are discussed in the tédxt.Theoretical simulation of the primary spectral lines using equations in the
text to model the line positions and strengths, and includirg.0, L =4-9 levels. (c) Improved theoretical simulation, including transi-
tions to all possiblen=27 levels, and including the effects 027 hyperfine structure. The relative strength of transitions sharing the same
initial level is assumed to be proportional to the square root of thezrmatrix element, as discussed in the text.

as the turntable rotates under the control of a precision rotaare much smaller. When E¢g) is used for nitrogen spectra,
tion stage(Newport 496 controlled electronicallfNewport  of course, the smaller velocity

PMC100Q. There are two problems with this arrangement.

First, the stage angle that correspond®te0, i.e., to coun-

terpropagating laser and atomic beam, is difficult to deter- Vit [ My 1/2_ 1
mine directly. While this absolute angle can be set to within Vy+  |[My+]  J13.9014

a degree or so by rotating the stage until the laser beam
propagates directly downstream, in practice there is a small _ _ o
unknown offset angle between tr@=0 and a stage angle TABLE I. Typical observa_tlons of th@=10-27 tran5|t|on in
reading of zero. Second, if the G@aser is not aligned pre- aFomlc hydrogen, used to callbratg the Doppler-t.unlng angle. Four
cisely along the stage rotation axis, then as the stage rotatefferent CQ lines, whose frequencies are shown in column 2, were
the laser beam will “walk” on the stage mirrors, resulting in u§eq o excite this tr.ans't'o(w(’:g%'?’%s cm ) at eight qllfferent
small additional changes in the intersection angle. Previougnds of the rotation stag@ys. These eight observations were

. - . . ?t ing Egs.(6) and (7) of the text to determine the calibration
studieq 5], have indicated that these lead to sinusoidal error%loﬁsst'agtsAqsé )andC( ;md the p;(oton velocitlyﬁ shown ;t thle

in the intersection angle. Thus, in gen_eral, the relat'onsh'Q)ottom of the table. The fitted angl€k; and their deviations from
between the angle measured electronically for the rotatiog,, ohservations are shown in columns 4 and 5.

stage®,;,s and the actual intersection andieis given by

_ Oobs. Ot Oobs— Orit
0= Opst A+ B cog 0,9 + C Sin( Oy . (7) CO;line v (cm™h) (deg (deg (deg
) ) ) P(14) 949.4793 —134.09 —134.08 —0.01
The calibration constant8, B, andC were determined by p(1¢ 947.7420 —108.77 —108.77 +0.00
observing then=10-27 transition in atomic hydrogen with P(18) 045.9802 —86.52 —86.54 4+0.02
four diferent 0Q e for wich the vanson occured sl pag  ostrom0 w28 @ 0w
Widely varyl - Rnowl u " “P(20 944.1940 60.87 60.89 —0.02
quency, 946.3265 cnt and the angle®,, at which the 20
N . P(18) 945.9802 84.15 84.13 0.02
transition is observed for each laser line, EQ.can be sub-
stituted into Eq.(6) and the result fitted to determine the P(16) 947.7420 106.32 106.31 0.01
) P(14) 949.4793 131.57 131.59 -0.02

constant#\, B, andC, along with the hydrogen beam veloc-
ity. Table I shows one example of such a fit and the constantgest-fit parameters:

derived from it. Clearly, the major effect is the offset angle s=0.004 8681), A=1.2118)°, B=—0.04120)°, C=0.4979)°
A, about 1° for these data, and the alignment erBendC
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characterizing N at the same accelerating potential used for
H*, was used15], but the angle calibration constamis B,
and C were unchanged.

54

TABLE Il. Summary of line positions and strengths in the
n=10-27 Rydberg transition spectrum of Fig. 3. Unblended lines
are identified by their lower state. In all cases, the upper state is the

Because of variations in the alignment of the O@ser, N=27 level satisfyingAJ;=0, AK=AL =1. Asterisks identify di-

observed. In order to achieve the highest precision possibfe

in the determinations of the transition frequencies repre-ne Energy(cm ) Strength n=10 Level
sented in Fig. @), six strong lines, denoted there with aster- p» 947.550710) 427 (110G,
isks, were chosen for more careful measurement. In twg 947.437610) 42.6 (2)10G4
separate measurements, the angular positions of each gf 947.222%10) 272 (2)10H,
these six lines were carefully determined in a run precedeg . 947.148010) 719 (1)10H
by and followed by a calibration run in which the angular 947.121810) 73.4 (0)10G
positions of all eight hydrogen transitions of Table | were ' ' 4
. : . . 947.095210) 51.9 (2)10H4
determined. The energies of the six transitions from each run 947.026810) 36.1 @10
were then determined by using both the “pre” and “post” ", 946.990810) 75'4 (1)104
calibration data, giving a total of four determinations of each ' ' 6
transition energy. The maximum variation of any of these 946.972710) 61.3 (D10Gs
four determinations from the appropriate mean transition en? 946.963010) 20.6 (2101
ergy was 0.0012 cil, and the mean-squared standard deX 946.935610) 31.2 (2)10Ks
viation of the transition measurements was 0.0005cwe L 946.900710) 58.7 (210K,
choose to assign an error f0.001 cm* to the mean tran- M 946.888%10) 23.5 (2)10L6
sition energy for each of these directly calibrated lines. Thid\ 946.878010) 56.3 (1)10Lg
is approximately the expected limit of precision due to pos-O 946.867710) 284 (2)10L 4o
sible drift in the frequency of the unstabilized ¢laser. The P 946.850810) 87.4 (0)1014
laser has a cavity free spectral range of 100 MHz and a gai@ 946.795110) 74.4 (D101,
profile width of approximately 200 MHz, allowing an aver- R 946.778810) 60.0 (1oL,
age frequency drift of about20 MHz or 0.0007 crn™. a 946.915910) 167.1 blended
Comparison of the transition energies determined for the 946.827110) 124.3 blended
six lines discussed above with the transition energies for thg 946.816910) 129.6 blended
same six lines determined from the line scan of Fi®,3 e 946.789410) 122.0 blended
using calibration constants determined at the time of the scap 946.770410) 95.5 blended
showed agreement to within 0.003 ¢hfor all six of the g* 946.759810) 149.0 blended

lines. Small adjustments in the angular calibration constants

A andB for the scan reduced the errors to less than 0.0005

cm * for all six lines. The same adjusted calibration con-whereA EyansiS the observed transition energy ab(27)
stants were then used to determine the transition energies fanhd E[?/(10) are small corrections calculated with the initial

all 24 of the labeled lines in Fig.(8. This procedure effec- estimates of the core parameters. This expression is obtained
tively uses the six directly calibrated lines as secondary califrom Eq. (4) after noting thatE!?/(27) is negligibly small.
bration standards, thus indirectly calibrating the transitionThe resulting values of the=10 first-order energies can be
frequencies of the other 18 transitions in Figa)3Since the fit to Eq. (5) to determine new estimates of the core param-

six directly calibrated lines cover the entire range of theeters. These can then be used to recalculate the terms
spectrum, we assign the sam®.001 cmi * error to the in-  EI2)(27) and E12(10), which occur on the right-hand side of
directly calibrated lines. The transition energies so detergq. (8), and the process repeated until a stable solution is
mined are shown in Table II, along with the line strengths.found. Because these terms are very small, as illustrated in
The arbitrary alphabetical labels correspond to Fig).3 Table Ill, the convergence of this process is rapid. The final
results of such a fit are shown in Table Ill. The new core
parameters found are

Q=-0.3646)ea),

IV. DATA ANALYSIS

By comparing the observed spectrum of Figa)3with
simulations based on previous estimates of the core param-
etersQ andag [1], a tentative identification of 18 unblended
lines was made. The transition energies corresponding to
these 18 lines, labeledl—R in Fig. 3(a), are shown in Table
II. They were used to obtain an improved estimate of the
core parameters iV, as illustrated in Table Ill. Starting
with initial estimates of the core parametersvg; [1], each
transition energy was used to infEfY! for the n=10 level,
using

as=3.77111)a3,
ar=0.34)as,
n=—8(5)e’a;,
Ce=—10(16)e%a;.
The uncertainties assigned to these estimates were deter-

E[1)(10)=946.8048 cm®— AE..s+ EIY(27)—E?)(10), mined after allowance for possible correlation in the errors
(8) from the various measured line positions.
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TABLE Ill. Details of the fit used to determine the best values of tHeddre parameters by comparison
with then=10 Rydberg level structure. Column 1 identifies the line, for reference to Table I. Columns 2, 3,
and 4 tabulate small corrections used in computingrtisd 0 fine-structure energieE,[l] (10), which were
fit to determine the core parameters. This computation used&mf the text, except that some of the
transition energieA E were corrected to compensate for the very slight line shifts caused-8y hyperfine
structure. Column 4 shows this small correctiof,-5(27). The resulting values d& X (10) for each level
are shown in column 5 and the fitted values found from(Byof the text are shown in column 6. The best-fit
parameters are listed at the bottom of the table. Unless otherwise stated, all values are.in cm

Transition E [1] (27) E [2] (10) SEnes (27) E [1] (10 Esic

A —0.0184 —0.0026 0.0000 —0.761710) —0.7612
B —0.0157 —0.0078 0.0003 —0.640910) —0.6414
C —0.0120 0.0015 0.0014 —0.432610) —0.4324
D —0.0101 —0.0003 0.0000 —0.353@10) —0.3528
E —0.0065 —0.0017 0.0000 —0.321710) —-0.3219
F —0.0086 —0.0019 0.0005 —0.297610) —0.2977
G —0.0072 —0.0006 0.0015 —0.230210) —0.2313
H —0.0061 0.0000 0.0000 —0.192110) —0.1918
| —0.0019 —0.0073 0.0000 —0.1625%10) —0.1622
J —0.0053 —0.0006 0.0007 —0.1635%10) —0.1628
K —0.0046 0.0002 0.0016 —0.137310) —0.1378
L —0.0035 0.0002 0.0008 —0.099910) —0.0994
M —0.0032 0.0001 0.0017 —0.088610) —0.0866
N —0.0028 0.0000 0.0000 —0.076Q@10) —0.0757
O —0.0024 0.0000 0.0010 —0.066310) —0.0654
P —0.0014 —0.0001 0.0000 —0.046710) —0.0471
Q 0.0006 —0.0007 0.0000 +0.011110) +0.0108
R 0.0010 —0.0001 0.0000 +0.027510) +0.0281

Best-fit parameters:
Q=-0.3646) ea3, a;=3.7711) aj, or=0.34) a3, 7=—8(5) e?a3, Cg=—10(16) e’a3

The values ofQ and o determined in this way are some- or more lines. These are identified with lower case letters,
what different than the estimates of R¢l] (Q=-0.366, a,b,d,e,f,g in Fig. 3. Table IV shows the observed line
a;=3.60). The degree of agreement is in part fortuitous sincepositions and total strengths for these six blended lines, and
our analysis takes into account the higher-order tefmgs  compares them with the expected line position based on Eq.
7, andCg) neglected in Ref{1].

The pattern of line intensities shown in Table Il indicates TABLE IV. Tabulation of blended line compositions. Column 1
a slow decrease in intensity as eitlderor L increases. This identifies the line from Fig. @). The observed transition energies
pattern can be crudely parametrized by the expression and line strengths have been given in Table Il. Column 2 identifies

the several transitions composing the blended line, listing the lower
|=(2K;+1)(10.02-1.94).—0.59.), (9) state. Columns 3 and 4 show the calculated line position and
strength. The total strength is shown in Column 5.

where L; and K; are the quantum numbers of the initial

n=10 level and the numerical coefficients are estimated Lower Total
from the intensities of the 18 lines labeléd-R in Table Il.  Line state Calculatedr  Strength  strength
For these 18 lines, the_fitted vallue.s of the intensity fro_m Eq.a (110K, 946.9168 63.5
(9) match the observations to within about 15%. This is suf-
ficiently precise to test the tentative line identifications by (0)10H 946.9161 80.0
; s o . SR (2)10H, 946.9168 305 173.9
simulating a spectrum containing all lines originating in all
then=10 levels withL=4-9. Such a simulated spectrum is (0107 946.8258 92.6
shown in Fig. 8b). Only the strongest transitions, corre- (D10Hs 946.8272 69.3 161.8
sponding to the transitions d (0)10L4 946.8152 95.5
(1)10G4 946.8147 41.2 136.7
(J)10Lk— (Jo)27(L+ 1)k 41 e (1)10Kg 946.7883 71.9
(1)10L4 946.7889 69.9 141.8
are included in the simulation, with intensities as given byf (1)10Kg 946.7697 55.0
Eq. (9) and positions predicted by E¢p) using the param- (2)10L4 946.7691 33.1 88.1
eters listed above. Most of the strongest features in the speg- (1)10H, 946.7617 48.0
trum are well reproduced in the simulation. A number of the (1)10i¢ 946.7614 526 100.6

strongest lines in the spectrum are found to be blends of twe
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(5) and the simulated strength based on B). The satis- TABLE V. Summary of positions and exchange energy split-
factory agreement between the calculated strength and pogings of observed I® levels of nitrogen. Column 1 identifies tife
tions of the blended lines and the observations confirms thigvel. Column 2 shows the difference of the obsermedl0—-27 or

identifications of the 18 unblended lines. n=10-29 excitation energy from the hydrogenic transition energy.
Column 3 shows the predicted transition energy, in the same terms,

using Eq.(5) of the text. These predictions appear consistently too
V. ADDITIONAL DETAILS OF THE SPECTRA small by approximately 0.1 cht. Column 4 shows the observed

exchange energy splitting, and column 5 shows the calculated split-

Several features of the spectrum of Figa)3are not re-  tings, adjusted to agree in the case of the first listed line. All values
produced in the simulation of Fig(l8. We wish to under- are in cm%.

stand the reasds) for this in order to be sure that they do

not call into question the conclusions drawn from the previ-F state Agps Acalc SEps SE calc

ous line identifications. For the most part, the simulation

contains fewer lines than the data. There are several reasoffa1% s 1.88 L.79 0.025 0.028
for this. (2)10F, 0.26 0.10 0.010 0.020

(1) For eachn=10 level, the simulation of Fig.(®) in-  (210F3 0.55 0.32 0.000 0.001
cludes only the single transition to the upper state satisfying?10F2 1.56 1.49 0.009 0.010
AK=AL=1. While these transitions certainly have the larg-(2)10F; 2.76 2.72 0.010 0.008
est dipole matrix elements, transitions to other upper stated)10F, 0.93 0.79 0.016 0.014
are not strictly forbidden in many cases. For example, thél)10F; 2.17 2.13 0.012 0.016
transition labeledA is from the (1)10G, to the upper state (1)10F, 0.49 0.31 0.016 0.016
(1)27H5. A weaker transition is allowed to tHé&)27H , state,  (0)10F; 1.19 1.11 0.007 0.010

which, according to Eq(5), lies about 0.020 cim' higher in
energy. This is in good agreement with the position of the
satellite transition labeled 1 just to the left of transitiarin  States of the samg,, L, andK. According to the calculation
Fig. 3(@). However, since the rms matrix element for the of Gronlund[13], these splittings would be expected to be
AK=0 transition is% of that for theAK=1 transition, a dominated by the exchange integi@f,(2p,10f), and should
naive estimate of relative transition strengths would suggegherefore occur in a pattern that is determined up to a con-
&, much smaller than shown in the spectrum. That thisStant by Gronlund's calculation. As Table V illustrates, the
estimate is incorrect was shown clearly in a recent study opbserved splittings are in satisfactory agreement with this
high-L states of sulfu6], where similar weak transitions predicted pattern. We choose not to use thede lifes in
were observed. In that study, the transition strength wagletermining the N core parameters since the effective po-
found to be controlled by the power broadening of the ho-tential theory may not apply as well to these relatively low-
mogeneous laser line shape in the presence of the inhomtgvels. However, the small size of the obserfedtate ex-
geneous width representing the Doppler width of the fasehange energies supports our assumption that the exchange
atomic beam. Calculations based on this model predict a linenergies, which are expected to decrease rapidly withre
strength approximately proportional to the square root of théegligible for the highet- levels.
dipole matrix element, in good agreement with observations (3) Finally, a number of lines in the experimental spec-
[6]. A similar dependence was deduced for the line strengthum of Fig. 3a) show “satellite” features that are related to
of the present experiment from the measured variation of théhe hyperfine structure of N These are labeled 3 in Fig.
strengths of several lines with laser power. Applying this3(@. The transitiorC, for example, is from th€2)10H level
prediction to the satellite transition of lind in Fig. 3@  to the(2)271, level. Since there is n(2)271; level, there is
leads to a predicted relative strengthipin good agreement no possibility of a compound line shape due tAAK=0
with the observations. Several other “extra” lines in the ex-transition for this line, but nevertheless, a compound struc-
perimental spectrum can also be explained in this way. Thefure is observed. In order to understand this structure, it is
are all labeled 1 in Fig. (3). necessary to consider the effects of hyperfine interactions on
(2) Several of the “extra” lines in the experimental spec- the Rydberg structure, which has so far been neglected. For
trum can be attributed to excitation of ERydberg levels of ~ simplicity, we consider only the dipole hyperfine structure
nitrogen. For example, the pair of lines near 947.29 tm ..
can be attributed to the transitiq)10F, (1)27G; and the Hues= AnedJce 1), (10
group of lines near 947.35 can be attributed to the transition
(2)10F3—(2)27G,. Both of these are labeled by 2 in Fig. wherel is the nuclear spin, equal to 1 f6iN, and the coef-
3(a). An interesting feature of these lines originating from ficient Arg has been measured to be 0.003 15 tifor the
10F levels is that they appear to be double, but with a douJ,=2 ground state of N [16]. In the free N ion, this inter-
blet splitting that is not constant. We have investigated thisaction splits thel,=2 level into three levels witlF=J.+ 1
further by studying a number of other BCexcitations not equal to 3, 2, or 1, spanning an energy range of 0.016'cm
shown in Fig. 8a). The results of these studies are summa-n then=10, L=4-8 Rydberg levels of N studied here, the
rized in Table V. Eight lines were observed, whose doublefine-structure interactions represented by E.coupleJ.
splittings varied from 0.00 to 0.028 crh For example, the more strongly td_, the Rydberg angular momentum, than is
line at 947.29 in Fig. @) shows one of the largest splittings, coupled tol by Eq.(10). Consequently, the hyperfine eigen-
0.016. We attribute these splittings to the previously ne-states of the Rydberg levels are given approximately by the
glected difference in energy between the K+3 Rydberg  coupling scheme:
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(a) . (b) (©) transition resonance is very small. For example, Fi@) 4
illustrates thg2)10H; and(2)271 , levels of N in the absence

of hyperfine structure. Transitions between these two levels
lead to transitionC in Fig. 3@). Figure 4b) illustrates the
hyperfine structure of the these two levels, calculated in the
approximation of Eq(12). The stick diagrams and simulated
line shapes shown below Figs(a# and 4b) illustrate the
expected compound line shape observed in each case. The
relative line strengths in the compound line are determined
from the square root of the rnzsmatrix element. Clearly, the
effects of hyperfine structure on the line shape are quite mi-
2 nor if the approximation of Eq(12) is valid.

If, however, the size of the upper state fine structure is
comparable or less than the core hyperfine splittings, then the
4 upper state is no longer described by the coupling scheme of

Eqg. (11), and Eq.(12) is invalid. In this case, the eigenstates
are found by diagonalizing the Hamiltonian, which is the

sum of Egs.(2) and(10), and they are in general no longer
_,JV/L eigenstates oK. This is, of course, the actual case for the
(2)271 states of N, as illustrated in Fig. 4, and the resulting

r AL ¥ Ll '”. eigenvalues, for the levels contributing to the transition from
*\4/$ the (2)10H level, are illustrated in Fig.(4). This mixing of
states of differenK states by the hyperfine interaction dis-
947.224 cm -1 tributes the transition strength from a particular lower state
more broadly through the complex manifoldrof27 levels.

As a result, transitions terminating on an upper level in this
intermediate coupling regime can assume a much more com-
lex structure, such as that illustrated for the

2)10H;—(2)271 4 transition in Fig. 4c). The predicted com-
hyperfine structure in the approximation of E#j2) of the text, both Pound line shap(_a cIoseI_y_matches the o.bserved experimental
upper and lower states are split into three levels with comparablg_ne_Shape fpr t'hIS transmoln ShQW”,'” Flg(.a;B A match ,O,f
splittings. The primary resonance transitions are shifted very littteSimilar quality is also obtained in simulations of transitions
from case(a). Additional weak resonance components appear, disf-» G, andK in Fig. 3@. The simulations also show a small
torting the simulated line shape slightly, as shown in the simulatiorfownward shift(<0.002 cm’) of the primary resonance
below. (c) The actual hyperfine structure is obtained by diagonaliz-Component from the position expected in the absence of hy-
ing the full Hamiltonian, including both fine and hyperfine struc- perfine structure. Since these shifts are larger than the uncer-
ture. This mixes fine-structure levels of differdfit and results in  tainties in the line positions, they were applied as corrections
additional allowed transitions to the higher energy portion of thein Table Ill, where they are denotesE, -27), before the
(2)10H manifold. The simulated spectrum, shown below, is in veryline positions were used to estimate core parameters.

T

LW R h

W s

FIG. 4. lllustration of the effects of hyperfine structure on the
(2)10H3-(2)27 4 transition, labeled in Fig. 3(@). (a) Neglecting
hyperfine structure, only a single transition is possible. The stic
diagram below shows the simulated line shafig.Including the

good agreement with the experimental observations in Fa. 3 Since the hyperfine structure of thg=1 state is expected
to be much smaller than that of tlg=2 state[16], and the
K=J.+L, F=K+I. (1)  J.=0 state has no hyperfine structure, only lines involving

J.=2 Rydberg levels are subject to this complicating factor.
In states of this type, when the hyperfine structure is small Figure 3c) shows a simulation of the excitation spectrum

discussed above. For this simulation, the relative strength of
K(K+1)+J(Je+1)—L(L+1)] - - lines originating from a common=10 level was approxi-
AEyes= AHFS[ 2K(K+1) (K-1). mated as the square root of the rmmatrix element for the

transition, and the relative strength of lines from different
n=10 levels was assigned from E®), as in Fig. 3b). Ex-
h cept for the exclusion of lines originating in Edevels, see
Table V, the simulation shows excellent agreement with the

12

For example, th€2)10H 5 state is split into three levels wit
F=4, 3, and 2, spanning an energy range of 0.011tm
Since the scale of this structure is comparable to the resoIlP-bserved spectrum. . o . . :
tion of the optical spectroscopy of Fig. 3, it may at first seem The sp_ectral f_eatur_es identified above with the 'ntermed"
surprising that the effects of hyperfine structure are not mor&te coupling regime in the upper Rydberg level signal the

immediately apparent in the spectra. The reason for this jgnset of a transition to a new coupling regime that should

that, as long as the upper state of the optical transition is als%haracter!ze very highly excited Rydberg Ieyels whose fine
ructure is much smaller than the core hyperfine structure. In

. : . ; ) St
described by this coupling scheme, its hyperfine structure i3~ .. ) ;
similar in scale to the lower levednd transition selection %'S limit, the eigenstates would be characterized by

rules restrict the possible transitions in such a way that the R,
net contribution of hyperfine structure to the position of the Fc=Jc.+1, F=F .+L, (13
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with the Rydberg electron’s spin still negligible. The quali- VI. RESULTS AND CONCLUSIONS
tative pattern of Rydberg fine structure would be completely
changed, in this limit, by the influence of nuclear spin. For

example, thé- =8 Rydberg levels bound to thig =2 state of trum indicates that to within the precision of the measure-

I ) . o
N™ would no longer show a fivefold fine structure splitting in ment, the positions of these levels are accounted for by an

this limit, but would rather cluster in seven-, five-, and three'effective otential given in Eq2), and determines the best
fold fine-structure patterns around the free ion hyperfine lev- P 9 '

els. For ions with permanent quadrupole moments, such a;/ﬁalues of the parameters that occur in the potential. Using
N*. the criterion for achieving this coupling limit may be ese estimates, the fine structure of a wide variety of other

approximated as high_ Rydberg states of N may be predicted. In prmuple,l
the core parameters may also be calculated from the ionic
eQ(r %), <Aurs. (14  wave function, and comparisons with the empirically deter-
mined values can serve as testsagpriori atomic structure
Substituting the values & andA appropriate for thd.=2  calculations. This study also illustrates the subtle influence of
level of N* and the hydrogenic radial expectation valuecore hyperfine interactions on Rydberg structure and demon-

The spectrum of Fig. 3 contains experimental observa-
tions of excited states of N with>4. Analysis of the spec-

gives the condition strates the onset of a transition to a new coupling regime
300 expected to characterize most highly excited Rydberg atoms
L= = (15) with hyperfine structure.
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