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Multichannel-quantum-defect theory analysesd &f0, 1, and 2 even-parity Rydberg serigsrgp and onf
of neutral lead have been performed for the experimental energy levels. The channel admixture coefficients
were deduced and used to evaluate theoretical lifetimes and’ L@3jidactors. Lifetime andy; values for
higher-lying excited states have also been predicted.
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. INTRODUCTION measurements on the@6d and Gnf Rydberg states of Rb
by means of time-resolved laser spectrosc@y]. In this
The investigations on atomic Rydberg states remain apaper, we use MQDT analyses of our measured lifetimes and
active research topic in the areas of atomic physics and lasgy; factors for a deeper understanding of the Rydberg state’s
spectroscopy [1]. MQDT (multichannel-quantum-defect features of this kind of atom testing MQDT theory. When
theory has been applied extensively to the description ofmore than one channel converged to a given limit, the
perturbed Rydberg series of atorfs-7]. Previously, most MQDT wave functions derived from energy values are not
studies of Rydberg series focused on atoms possessing Rysiifficient to interprety; factors, hyperfine structures, etc.;
berg states composed of alectron ion core and a highly therefore, a modified MQDT wave function is needed. In
excited electrofi5—7]. However, in the present study of neu- Sec. Il the basic principles of MQDT and theoretical meth-
tral lead, the Rydberg states consist g-alectron ion core 0ds for calculating the lifetime angl, factor of atomic Ryd-
and a highly excited electron; the ion coresf6p) splits ~ berg state are recalled. The theoretical results and analyses of
into the levels?P,,,° (lower ionization limiy and 2P0 (up-  lifetime values andy, factors for the Rydberg series studied
per ionization limit. The orbital-spin coupling in the lead @re given in Secs. lll and IV. A final conclusion is provided
atom is strong enough that the ground configuratiop?je N S€c. V.
and excited configurationspdhs and @np are adequately
described byj coupling, while the configurations with a high IIl. BASIC THEORIES AND FORMULAS

angular-momentum electrie.g., nd,6pnf) are close to Detailed descriptions of MQDT can be found in many
jK coupling. Moreover, lead is a high-atom where strong papers as mentioned in Sec. I. Here only a brief description
configuration interaction and channel mixing effects exist.of the basic principles of MQDT and the theoretical methods
The research on high-lying states of the carbon group is alsfor calculating lifetime and Landfactor of Rydberg state are
useful in other subjects such as astrophysics and chemicplesented.
reaction dynamic§8,9]. For the reasons mentioned above, it  The discrete energy levelof a highly excited atom can
is of interest to investigate the Rydberg states of this kind obe expressed by the Rydberg formula
atom not only in theory but also in practice.

The energy positions of the Phodd-parity and even- E—I-—E—I-—E R
parity Rydberg states have been determined using conven- IR VJ?’
tional absorption and emission spectroscop®,11] and la-
ser spectroscop}9,12—-15. In order to obtain a more clear wherel; and v; are theith ionization limit and the corre-
insight into the properties of Rydberg states ofiPaddi-  sponding effective quantum number, respectively, &g
tional physical quantities such as radiative lifetimes andhe mass-corrected Rydberg constant. The interaction be-
Lande(g,) factors are required. Since the resonant lines otween the excited electron and the ion core is separated into
Pbi lie in the uv and vacuum uv regions, selective excitationtwo regions:(l) r>rg (rq is the radius of the ion coyg(ll)
and detection are rather difficult, and only a limited numberr <r,. The interaction in region | is Coulombic and de-
of experimental lifetimes angd; factors of lower energy lev- scribed by the collision channe(s channel identified injj
els have been measured using different technifjiés 2Q. coupling, while the interaction in region Il is non-Coulombic
To make systematic investigations on even-parity Rpd-  and described by the eigenchannéischannels The two
berg series, we recently performed lifetime agg factor  kinds of channel are connected by an orthogonal transforma-
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TABLE |. Theoretical and experimental lifetimes aggl factors for @np (n=7-16) series of Pb

Lifetime (ns) g, factor

Eexpt [15]
Level (em™h MQDT Expt. [21] HFR [20] MODT Expt. [21]
7p(1/2,1/2) 42918.648 95.9 0.7033 0.71®)°¢
7p(1/2,1/2), 44 401.13 48.6 52.85
7p(1/2,3/2) 44 674.9859% 40.7 1.4557 1.462)¢
7p(1/2,3/2), 44 810.01 37.8 1.1364 1.1m°
8p(1/2,1/2), 51320.598 260.5 0.7134 0.673)°
8p(1/2,1/2), 51781.02 129.9 130 111.8
8p(1/2,3/2) 51911.19 105.4 1.4788 1.4083°
8p(1/2,3/2), 51938.63 108.4 128)¢ 131.4 1.1553 1.156)°
5f1/25/2], 52841.82 56.7 0.8975
9p(1/2,1/2), 54 653.72 521.7 44923 583.4 0.7190 0.6772
9p(1/2,1/2), 54 861.81 262.0 2742 198.7
9p(1/2,3/2), 54 928.0838% 2134 23711) 299.8 1.4848 1.47914)
9p(1/2,3/2), 54 929.57 236.1 2400) 292.0 1.1611 1.1619)
6f1/25/2], 55360.07% 104.7 1048) 0.8961 0.890@0)
10p(1/2,1/2), 56 338.932 749.5 77870) 976.0 0.7419 0.69780)
10p(1/2,1/2), 56 450.77 448.8 4309 325.6
10p(1/2,3/2), 56 467.63 337.3 3340) 405.0 1.1624 1.1618)
10p(1/2,3/2), 56 475.35 344.7 3805) 373.7 1.4688 1.1423)
7f1/25/2], 56719.794 157.0 15%6) 0.8993 0.899(20)
7p(3/2,1/2), 57010.16 94.3 53) 1.1719 1.174@0)
11p(1/2,3/2), 57 260.668 77.0 181.7 1.1635
11p(1/2,1/2) 57 317.84% 946.5 98(080) 1271.0 0.6880 0.6501
11p(1/2,1/2), 57 381.06 680.7 6920) 458.6
11p(1/2,3/2), 57 430.27 466.9 3709 170.5 1.4838 1.5010)
8f1/2[5/2], 57 497.798 141.4 1585) 1.0766 1.104412)
7p(3/2,1/2), 57 598.65 139.3 148) 1.0239 0.996(B0)

tion matrix U;,. To ensure correct asymptotic behavior of [22]; V,, is an orthogonal matrix generated dyl(M
the wave functions for discrete levels, the following condi- —1)/2 successive rotatiorts; becoming MQDT parameters

tion is required: instead ofU;, [4]. u, and ¢;; are slowly varying functions
of energy. In this paper, the energy dependenceupfis
defU;, sin(v;+ u,)|=0, (2)  considered by, = u’+eul, wheree=(1;—E)/R. The en-
] . . ergy dependence df; is neglected as done in general. The
where u, is the eigenquantum c_;lefect_ of el_genchan_zm.e| optimal MQDT parameters are obtained by the nonlinear
For a Rydberg series of configurations involviNginter-  minimization method.
acting channels andtll relevant series limits, there ai-1 The MQDT wave function¥,, at the nth level can be

independent equations similar to Ed), and each equation expressed by the expansion of the wave functiénf col-
determines a lin& in the N-dimensional space of;. Equa-  |ision channels,

tion (2) describes a surfacgin the same space. Since each

bound state simultaneously satisfies E(B. and (2), the

state energy can be calculated from the intersectiohsawfd V.= 2 Zf”)‘lfi , (4)
S u, andU;, are essential MQDT parameters. In MQDT :
analyses, the theoretical energy levels are fitted to the experi-
mental ones by adjusting these parameters. It is very convdthere
nient for solving the problem to introduce an intermediatediven by
basis of pure-coupled channels and expres$);, as

z(" is the admixture coefficient of thiechannel and is

Z{"=(= 1" ") Ui cog " + ) AVING,
Uie=2 UiaVaa 3 ‘ 5

where U, is the transformation matrix between channiels whereA(a“) is the eigenchannel expansion coefficient ahd
and«, and can be obtained analytically from th¢ §ymbols is a normalization factor.
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TABLE I. (Continued.

Lifetime (ng g, factor

Eexpt [15]
Level (em™h MQDT Expt. [21] HFR [20] MODT Expt. [21]
12p(1/2,1/2), 57 916.088 709.6 0.7109
12p(1/2,1/2), 57 968.05 932.6 930
12p(1/2,3/2), 57 993.98 716.4 6560) 1.4981 1.493(®)
12p(1/2,3/2), 58 008.62 502.0 4900) 1.1572 1.173@)
9f1/25/2], 58095.8 358.5 0.9263
7p(3/2,3/2) 58 324.46 77.6 103) 1.1705 1.143®0)
13p(1/2,3/2), 58397.77 748.0 75Q00) 1.1615 1.17240)
13p(1/2,1/2) 58 369.38 58.4 1.5195
13p(1/2,1/2), 58 383.94 1168.3
13p(1/2,3/2), 58 402.61 308.1 1q0) 1.4864 1.6108®)
10f1/2[5/2], 58 455.8 462.7 0.9210
14p(1/2,1/2), 58 637.60 801.6 0.8146
14p(1/2,1/2), 58 654.15 1352.9
14p(1/2,3/2), 58669.71 1071.8 1200 1.4768 1.5796
14p(1/2,3/2), 58 666.67 550.3 1.1614 11702
11f1/25/2], 58714.2 498.3 0.9311
15p(1/2,1/2) 58 852.19 1037.3 0.7440
15p(1/2,3/2), 58849.8 128.1 1.1605 1.17980)
15p(1/2,1/2), 58 861.90 1464.9
15p(1/2,3/2), 58 872.56 1308.5 1300 1.4928 1.5193
12f1/2[5/2], 58905.2 301.2 0.9949
7p(3/2,3/2), 58971.32 34.6 1.1671
16p(1/2,1/2), 59008.72 182.6 0.7456
16p(1/2,1/2), 59 016.34 1501.0
16p(1/2,3/2), 59 024.27 375.4 1.5043 1.51(20)
16p(1/2,3/2), 59 041.46 268.1 1.1627 1.0936)

#Experimental levels from Wood and Andrea].
PExperimental levels from Dingt al. [9].
‘Experimental levels from Farooet al.[13].
9Measured lifetimes from Gorshov and Verolaifdr].
®Measured Landéactors from Wood and Andrel9].
'MQDT theoretical levels obtained by us.

Utilizing MQDT wave functions, the lifetime of Rydberg eral, as the coefficient{"’) have considerable values only
levels can be predicted by using the parametric th¢28}.  for the levels near the perturbers, the variation[gf with

BecauseM interacting channels consist of the perturbing VE)“) can be neglected. ThuE,, can be expressed as
channels and the perturbed channels, from (Bpthe wave

function can be rewritten as y
Th=2 (Z{") w3
a (va”)

+§ (Z3")2Ty,, ®)

Vo= ZMWw + >z, 6 _
" é a e % b b ©) wherey, andI', are lifetime parameters relevant to the per-

turbed channels and perturbing channels, respectively, and
whereWV, and¥,, are the perturbed and perturbing channelare not dependent on the levelThe lifetime 7,, of the level
wave functions, respectively. In the electric dipole radiationn can be calculated from the radiative decay rBteas 7,

approximation, the radiative decay rdtg of the levelncan  =1/",. The parametery, andI'y, can be determined by
be given by fitting theoretical lifetimes to the experimental values with
the admixture coefficients obtained from MQDT analyses.
_ (2P 4 (M2 Using MQDT wave functions, the Landactor g, of
T Ea (Z2a7)Ta % (257) T, @ the leveln can be calculated by the expression

wherel', andT'y, are the decay rates of pure Rydberg levels (n)— 7(M)2 + 724 (p 9
that are expected to be proportional toiA)2 [23]. In gen- 9 é (Z7)°0,(a) % (257)°95(b). ©
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9 (73900.64 cm?), respectively. Using experimental energy

ormaey, & waor levels opnp(1/2,1/2), (n=7-50) and ®7p(3/2,3/2), re-

& ported by Hasegawa and Suz(ikb], we made MQDT cal-

5 5 ©°%%00 éé? culations and obtained MQDT parameters and wave func-
I . ° tions of J=0 even-parity states. From E(B), the radiative

decay rate for these levels is given as

_ Y
(Vg-n))3

Int (ns)

I‘n:(zwz,mo)z +(25232,3/30)2F(3/2,3/ao, (10)

° where y and I' (3232, are the lifetime parameters of the

r 6pnp(1/2,1/2), and onp(3/2,3/2) channels,v(ln) is the ef-

° fective quantum number in the first limit. Using the nonlin-
% ear minimization method, we fitted the theoretical lifetimes
) , , , to the experimental valud®1,17] with the MQDT admix-

2 4 6 5 8 10 12 ture coefficients and obtained the lifetime parameters
In(v,’) =3.765<10° 571, T(31,32,=7.406<10° s"1. The calcu-

lated and measured lifetimes of th@lp(1/2,1/2), levels
(7=n=16) are compared in Table | together with some pre-
vious theoretical results by the relativistic Hartree-Fock
(HFR) method[20]. Lifetime calculations for the even-parity

FIG. 1. Lifetimes calculated by MQDT and comparison with
previous experimental values fd=0 even-parity levels.

whereg; (a) andg, (b) are the Landdactors of the per-
turbed and perturbing channels, respectively, which can b8PNP J=0 levels have beﬁ” extended up to the stqis0p
calculated analytically in the pure-coupling representationd /2,1/2) at 59766.65 cm™ as shown in Fig. 1. There are
of the corresponding channels. From previous MQDT analy©Pvious decreases of the predicted lifetimes around
ses[3,24-24, it is known that energy data do not contain =30-4 due to perturbation of thep@p(3/2,3/2), state.
sufficient information to describe the properties of Rydberg For J=1 even-parity Rydberg configurations of Pin-
levels and to get all the MQDT parameters for determiningtluding 6pnp and 6pnf, the collision channels are labeled
factual MQDT wave functions. When more than one channefS
converged to an ionization limit, théangles, describing the

orthogonal transformation of these degenerate channels, haf®nP 6pnp 6pnp 6pnp 6pnf
no effect on theoretical energies. This will lead to an uncer- , , 13 3 3 31 303
tainty in the wave functions obtained by energy fitting. Life- 22 (.21 (2:2)1 (2.2)1 2[21a

times of Rydberg levels are generally insensitive to this un-

certainty, whereasg; factors are very sensitive to it. There are 30 experimental levels & 1 even-parity avail-

Therefore g; factors rather than lifetime values can be usedable in the literaturd11,13,13. Our MQDT analyses are

to optimize these speci# angles to improve MQDT wave performed with these experimental levels. The radiative de-

functions through getting a new set 7)3"). cay rate forJ=1 even-parity Rydberg series can be ex-
In principle, it is needed to perform improvement of wave pressed as

functions by optimizing the specia# angles mentioned

above belonging to not only perturbed channels but also to r,=zm )2 Y1 +(Z 2 Y2

perturbing channels. However, the coupling schemes of per- n (12172, (1) {m)3 (V230207 (1 {M)3

turbing channels are usually the intermediate couplings, and

g, factor values of these channels are difficult to know. So it +(222}2,3,31)2F<3/2,3/31+ (222)2,1/31>2F<3/z,1/31

is very convenient to takg; factors[g; (b) in Eq. (9)] of . )

perturbing channels as fitting parameters. The intermediate +(Zajyarz,) Tamza,- (13)

coupling information of perturbing channels as well as the

available modification of MQDT wave function froi fit- By fitting the theoretical lifetimes to the experimental values
ting are contained in thesg, optimal parametergy; (a) in [21] with the MQDT wave functions, we obtained the life-
Eq. (9) is still the analytical Landdactor of the perturbed time  parameters: vy,=1.667x10°s !,  ,=5.007

channel in pure-coupling schemes. X10° 571, T332, =0.334X10° 57, T'(521/2=0.115
X10° s7%, and [gg,=1.451x10° s71. The calculated
Ill. THEORETICAL RESULTS AND ANALYSES and measured lifetimes of thé=1 even-parity Rydberg
OF LIFETIMES 6pnp levels (7=n=<16) are listed in Table | and the pre-

The configuration ofi=0 even-parity Rydberg series of dicted MQDT lifetimes of the]=1 even-parity states up to

Pbi is 6pnpand it consists of two channelsp@p(1/2,1/2),  ©P27p (2.3 at 59607.94 cm' are shown in Fig. 2. The
and 6np(3/2,3/2),, which converge to the first ionization decreases of lifetimes in three regions:gfare due to the

limit 2P, (59819.57 cm') and the second onéP,,  stronger perturbations of the perturbers7® (3,%),, 6p7p
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(3,2),, and @5f 3[2];. In our MQDT analyses, the level
6p13p (3,%); is higher than 13p (3,2),. The level

6p13p (3.3); is near the perturber@p (3,3);. In our
theoretical analyses, it is found that the MQDT lifetimes and
g; factors of theJ=1 series are more consistent with the

experimental values whenp@3p (3,3); was fitted to be
higher than ®13p (3,3); in energy fitting. The only mea-

surement for the energy ofp@3p (3,3); was done through
an identification of a very weak ionization signal by the
group of Farooget al. [13], which is 58369.38 cm' and

lower than §13p (3,3),. We think that the position of

6p13p (3,3), needs to be identified more reliably by experi-
ment.

The J=2 even-parity Rydberg series can be described by

six collision channels, which are conventionally labeled as
6pnf
irs

2212

6pnf
HEAP

6pnf
HEIP

6pnp

(g!%)Z

6pnp

(%1%)2

6pn

(5.3

p
)2
The radiative decay rate fdr=2 even-parity Rydberg series

has the form

_ (n) 2 71 Y1 2 72 Y2
I'n=(Z{1330,) () +(Z 1/2[5/2]2) ()

(n) 2 (n 2
+(Z(3/2,3/22) I‘(3/2,3/224'(Zaz/2[3/2]2) F3/2[3/2]2

+ (2(3',‘2)[5,2]2)2F3,2[5,2]2+ (ZES}z,uaz)ZF(s/z,mz-
(12
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6pnp(1/2,1/2), O MQDT ® Expt
10 | epnp(1/2,322), © MQDT e Expt Bg
6p7p(3/2,1/2), © MQDT & Expt 8
Sp7p(3/23/2), A MQDT 4 Expt o2
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FIG. 2. Lifetimes calculated by MQDT and comparison with
previous experimental values fd=1 even-parity levels.

As seen from Table |, HFR theoretical lifetimes have
larger errors compared with our MQDT results because there
exist a number of configuration interactions in the even-
parity series that are difficult to consider very well atp
initio calculations of atomic structure. In the caseJef 1
series, MQDT results have larger errors in contrast to the
cases 0fl=0 and 2 series. The main reason for this may be
that the fluorescence signalsbf 1 levels are much weaker
and bring larger measurement errors on the lifetimesgynd
factors ofJ=1 levels.

Moreover, for our MQDT calculations it will be valuable

In our MQDT calculations, most of the experimental energyto give the root-mean-squat@ms) deviation between the

levels of theJ=2 even-parity states as high ap5Hp
(3,2), at 59 775.51 cm' can be obtained from the measure-
ment by Hasegawa and Suzyki5]. The other unmeasured

levels under the p55p (3,3), state in Ref.[15] can be
supplemented froni9,11,14. Utilizing the same procedure
as above, the parameterg;=2.765<10° s, y,=10.152
X10° 57!, [(32,32,=0.510<10° s™*,  Tg33,,=0.032

X 108 371 1—‘3/45/2]2: 115.734x 108 Sﬁl, and F(3/2,l/2)2

=0.254x10° s~ ! are obtained. The theoretical and experi-
mental lifetimes of theJ=2 even-parity Rydberg levels

6pnp (7<n<16) and @nf 3[3], (5=<n<12) are pre-
sented in Table | and the calculated MQDT lifetimes of all
theJ=2 even-parity states under the®6p (3,3), state are
shown in Fig. 3. There exist four perturberp® (3,3),,
6p7p (£,2),, 6p5f 2[2],, and @5f $[3], in the studied

region of J=2 energy level, which cause distinct departure
of lifetime from the Rydberg character of{)*/y; . It should

be pointed out that the perturber levgd® 2[2],, which
was not detected under th@®5p (3,3), state by Hasegawa

and Suzuki15], has been determined by our MQDT analy-
ses as shown in Fig. 3 for the last valley.

theoretical and experimental energy values. The rmsJfor

| epnfi/2[5/2], © MQDT e Expt
6pnp(1/2,3/2), 0 MQDT ® Expt
10 | 6p7p(32,1/2), ¢ MQDT @ Expt Iy
6p7p(3/2,3/2), & MQDT o
L epnfa[3/2], # MQDT 'ﬁl g
epni32[s/2, v MQDT 0 o
8- gho o o
=] o o
o o o
® a [¢) ..
—_— 6 .0 ° 0000c> a
[ . o o L
£ n ° °s oo [ 659
e 4t ° a ® §
c o A o ]
= ° o ©
* o ©
2 0°
o
©
0
[=]
2t v
1 1 1 I
2 4 6 8 10 12
3
In(v,”)

FIG. 3. Lifetimes calculated by MQDT and comparison with
previous experimental values fdrk=2 even-parity levels.
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FIG. 4. Landefactors calculated by MQDT and comparison

with previous experimental values fd=1 even-parity levels. FIG. 5. Landefactors calculated by MQDT and comparison

with previous experimental values f=2 even-parity levels.

=0 levels is 24.49 crm. If the lowest level §7d (1/2,1/2),
is excluded, the rms is 2.39 ¢rth ForJ=1 levels the rms is
10.88 cm't, and when we exclude thep@d (1/2,3/2), level
having the largest theoretical deviation the rms is 7.27tm
The J=2 series has the smallest rms 1.95 ¢ncompared
with other series.

are quite close to the correspondiggvalues of the assigned
pure coupling schemes, which indicate that the coupling
schemes assigned to most of studied channels are very
good. It is also obvious that somg; factors have been
largely perturbed by the perturber levels just as the lifetime
cases.

IV. THEORETICAL RESULTS AND ANALYSES

OF LANDE g, FACTORS V. CONCLUSION

In conclusion, the MQDT analyses are carried out for the
L. 1 3 J=0, 1, and 2 even-parity Rydberg series levels of Rind
factors of @np (3,2), and €np (z,2), under the pure e MQDT wave functions of each level, i.e., channel admix-
coupling condition are 0.6667 and 1.5, respectively. With Eqtyre coefficients are obtained. With these wave functions and
(9) and theJ=1 MQDT wave functions, theoretica, are  ytjlizing the experimental lifetimes and Landg,) factors
fitted to the experimental values measured by2i3 and the  measured previously, the theoretical lifetimeslef0, 1, and

parameters are obtained;[(3,3),]=2.1365, g;[(3,3)1] 2 levels are evaluated as well as the theoretigahctors of

—1.1821,g,[3[£],]=0.8530, andf=0.0647 rad. The cal- J=1 and 2 levels. A good overall agreement between the

culated and measureg} of the J=1 even-parity @np lev- MQDT theoretical and experimental lifetimes agglfactors
els are listed in Table | and shown in Fig. 4<h<27). has been achieved except for few levels ofikel series. In

For the pure-coupling cases, tigg factors of theJ=2 addition, the theoretical lifetimes calculated here by MQDT
13 103 are better than those evaluated by the HFR method. There-
states @np (3,2)2 and Gonf 5[], are 1.1667 and 0.8889, fore, we can conclude that our MQDT analyses Jot0, 1,
respectively. By the S?’Tle procedure as ibc;ve, the paramete(sq » even-parity Rydberg series levels are reliable to evalu-
and the ¢ angle: g;[(3,7)2]=1.3038,9,[5[5],] =1.0683, ate the lifetimes and, factors of these series levels.
0,03[3],]=0.9128,  g,[(3,3),]=1.1823, and 6
= —0.0945 rad are found. Comparisons between the calcu- ACKNOWLEDGMENTS

lated and measuregl factors of theJ=2 even-parity states - . .
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g; values of thel=2 even-parity states up tap&5p (3,3), This work was supported by the National Natural Science
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