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Mg 3snf-3sng-3snh-3sni intervals and the Mg* dipole polarizability
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We have observed the microwave transitions between the 84 3tates and ther8sl states of &1<6
using selective field ionization. The intervals can be analyzed using a core-polarization model in which the
nonadiabatic effects are included with the quadrupole polarizability of thé g Using this model we find
the Mg" dipole polarizabilityay=33.80"33%3. We also find the nonadiabatic effects to cancel much of the

effect of the quadrupole polarizability, a phenomenon also observed iFS1650-29478)01504-3

PACS numbsgs): 32.30.Bv, 32.10.Dk

I. INTRODUCTION
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In the alkaline-earth-metal atoms and He the bound Ryd- ="z g (I (e AN D @

berg states are approximately equivalent since in both casesh . " . .
the Rydberg electron is outside a “one-electron” core, invit-V ereB, which is positive, represents the nonadiabatic cor-

ing comparisons between the two. The energies of siel1 '€ction. For Heag, aq, andp are all calculable and Deut-
states ofl=2 are given to a good accuracy by a core-Sch has shown that when the nonadiabatic correction is in-

polarization mode[1—3], and in the simplest form of this troduced the discrepancy between the calculated and

model the energy of a Heshl state is expressed, in atomic observed He &nd-1snf intervals is substantially reduced,
units, as{1-3] ' to 20%[4]. Another interesting aspect of his calculations is

that the nonadiabatic correction cancels the contribution of
the quadrupole polarizability to within 5%.
o The only alkaline-earth-metal atom in which measure-
F = (% (1)  ments of intervals between several higkeries have been
2 made is B48]. However, the presence of low-lying states of
Ba' makes Ba quite different from He, although some simi-
) _ larities remain. In contrast, in Mgthe excited states of the
Here ¢y and aq are the dipole and quadrupole polarizabil- jon are all more than 35 000 crh above the Mg ground
ities of He", 1 is the distance from the Heto the Rydberg  state, and it is reasonable to expect the bound Rydberg states
electron, and(r*), is the expectation value af for the  of Mg to have energy levels that can be described in the
Rydberg electron in a hydrogenid orbit. Both components  same way as those of He. With this in mind we have mea-
of the polarization potential lead to attractive forces on thegyred the Mg 8nf-3sng-3snh-3sni intervals using a mi-
Rydberg electron by the core, lowering the energy of thecrowave resonance technique. In the section immediately
1snl Rydberg state. There are several assumptions made fg|lowing we describe our experimental approach and obser-
writing the energy as we have done in H4). First, we  yations. We then describe how the Mdipole polarizability

assume that the outet electron orbit does not penetrate the can be extracted from our data and compare our value with
inner 1s electron orbit, and in the Heshsand Isnpstates  those obtained by others.

the penetration precludes the use of the core-polarization
model. Seconq, we assume that th{-} outer elegtron is static, at Il. EXPERIMENTAL APPROACH
least on the time scale of the motion of the inner electron.
Finally, we assume the outer electron to be in a hydrogenic The essence of the experimental approach is easily under-
orbit. stood with the aid of the level diagram of Fig. 1. Mg atoms
Equation(1) gives an excellent representation of the en-are excited by three dye laser pulses via the sequeste 3
ergies of the He &nl states forl =3 [4]. For example, the —3s3p—3snd—3snf. Atoms in the 3nf states are then
1snf-1sng and Isng-1snh intervals calculated using Eq. exposed to a ks microwave pulse, which, on resonance,
(1) are within 5% and 2%, respectively, of the experimen-drives them to the 8nl (I>3) state. Those atoms that have
tally measured intervalg4,5]. In contrast, thed-f intervals  undergone the 8nf-3snl transition are detected by selective
calculated using Eq1) are more than 50% too hidge]. One  field ionization.
of the sources of the discrepancy is that the second assump- The Mg atoms effuse from a heated oven and are colli-
tion made above is not completely correct; the outer electromated to a beam 4 mm in diameter before passing midway
is not static and its motion plays an important role, producingoetween two aluminum plates 2.54 cm apart. The atoms are
a repulsion between the electron and the ion. To account foexcited between the plates by the three overlapping laser
the electron’s motion a nonadiabatic correction must be inbeams propagating in the direction perpendicular to the
troduced into Eq(1) [7]. As pointed out by Callawagt al.  atomic beam’s propagation direction. The dye lasers are all
[7], at long range this nonadiabatic correction scalesds of the Littman-Metcalf desigri9] and are pumped by the
and we accordingly modify Eq1) to read second harmonic of a Nd:YAG laséwhere YAG denotes
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FIG. 1. Level diagram showing the three-step laser excitation by Microwave Frequency (MHz)
solid straight arrows, the microwave transition by a curved arrow,
and field ionization by a broken arrow. ! ' ' i '
. . . . b
yttrium aluminum garnetrunning at a 20-Hz repetition rate. (b)
The dye lasers have 1 crhlinewidths and 1 mJ pulse ener-
gies. The laser used to drive the Mg resonance line is fre- i
guency doubled in a potassium dihydrogen phosphate crys
tal, producing 50«J ultraviolet pulse energies.
Hewlett-PackardHP) 8350B and 8290 sweep oscillators
are used to generate microwaves from 8—26 GHz and a HF
5243 counter is used to measure the microwave frequency _
The continuous-wave output of the sweep oscillators is g B
passed through a variable attenuator and formed into pulse 5
using a General Microwave FM862B switch, then amplified
with a HP 8449B amplifier to powers of up to 100 mW. To
generate frequencies from 26 to 40 GHz we pdssto 20-
Detector Window
1 1
Oven I
11
electrons ! ! L : L : L
T L 11700 11720 11740 11760 11780
------------------ @ ' Microwave Frequency (MHz)
....................... 11
+— : : FIG. 3. Recordings of théa) 3s21f-3s21h resonance an¢b)
1 3s21f-3s21i resonance.
|| Laser 1
Beams i 1 Microwave GHz pulses through a HP 83554A frequency doubler, gener-
v+ Hom ating ~5-mW pulses. In all cases the microwaves are
[} . . . . .
) " brought to the interaction region by a waveguide. The micro-
Collimator waves propagate into the interaction region from a horn as
shown in Fig. 2, and the waveguide and horn are outside the
L High Voltage vacuum system, allowing the waveguide band to be changed
Pulse without opening the vacuum chamber.

A negative high-voltage pulse is applied to the lower plate
FIG. 2. Schematic diagram of the apparatus. to ionize the Mg Rydberg atoms and drive the resulting elec-
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TABLE I. Observed frequencies, with statistical uncertainties.

35.0
3snf-3sng 3snf-3snh 3snf-3sni
n (MHz) (MHz) (MHz)
17 31 11%3) 8451
18 26 2401)
19 36 0071) 22 34Q1)
36 0141) 34.0 +
20 30 8982) 17 1681)
21 26 7072) 19 1671) 11 7392)
22 14 41%1) 10 2132) % s
23 12 6221) =
<

trons to a microchannel plate detector. The amplitude of the 33.0 1
field pulse is set so as to ionize atoms in thenB(1>3)
state, but not those in thes&f state. The signal from the
microchannel plates is captured with a gated integrator anc
stored in a computer as the microwave frequency is scannes
through the resonance over many shots of the laser. Typica
recordings of resonances are shown in Fig. 3 for the

325+

3s21f-2s21h and 321f-3s21i two- and three-photon reso- 32.0 : ' :
o e 0.00 0.01 0.02
We attempted to measure the shifts of the two-photon APQ/AP

3snf-3snh and three-photon shf-3snl resonances with

microwave power, but were unable to detect the shifts. They FIG. 4. Plot of the measured values &W/AP vs APQ/AP
are evidently less than the observed linewidths. To estimatasing theg-h andh-i intervals extracted from Table I.

the stray electric fields present we have measured the

3s21f-3s21g resonance as a function of applied static field.where AP=P,,,—P,, and APQ=P,Qn—Pn:Qpn. Di-
These measurements indicated vertical stray fields as large agling Eq. (4) by AP gives

0.3 V/cm at the nominal zero field. We cannot directly mea-

sure the horizontal stray field, but see no reason for it to be as AW APQ

large as the vertical field. Consequently, 0.5 V/cm is a rea- AP agt(aqg—p) AP 5
sonable upper limit to the total stray electric field. The ob-
served frequencies are given in Table I. The uncertainties are . .
statistical gnd do not inglude any contribution from possible On a graph oAW/AP vs APQ/AP, aq is the vertical

stray field shifts. The frequencies are equal to the"’}XiS intercept and, — /3 the slope. Using the intervals de-

3snf-3sngintervals, half the 8nf-3snhintervals, and one- nyed from Table l, we have_made such a graph,_ as shown in
. . Fig. 4. Obviously, all the points do not fall on a line, and we
third of the 3nf-3sni intervals.

must first decide which ones should. We presume that the
Mg 3snf states exhibit core penetration, making the
1. ANALYSIS 3snf-3sng intervals larger than expected on the basis of

Using the 3nf-3snh and 3nf-3sni intervals implied  €°T® polarization alone. Support for this suggestion comes

by Table I, we have generateds8g-3snh and &nh-3sni from comparing Mg to He. In He theshp states exhibit
intervals and fit them, together with the observeh8 3sng substantial core polarization, while in thesiid states it is

, L . ) . S
intervals, to the core-polarization model of B8). We have ~Minimal. The classical outer turning poin for a He" 1s
used the notation of Edl€i], and, following the procedure electron isr,=1ay, while the inner classical turning points
of Safinya, Gallagher, and Sandiié0], we have recast Eq. or He np andnd Rydberg electrons amg=1a, and 3.

(2) into the form The ratiosR=r;/r, are 1 and 3, respectively, for the He
1snp and Isnd states. In the former substantial core pen-
Wm:_R/nZ_adpm_(aq_B)in, (3)  etration occurs, but in the latter it is effectively absent. In

Mg* the outer turning point for the s3electron is 3.6&,,
whereR is the Rydberg constant for Mg, 109 734.8cin ~ while the inner turning points of the Mgf andng electrons

andW,, is the energy of the Mg $nl state in cm?, are 6y and 1@, respectively. Thus, for the Mgshf and
3sngstatesR=1.65 and 2.75 and, comparing He to Mg, we
Pu=R{r Hn, Qu=R{r %,. can reasonably expect thes3f states to be penetrating, but

not the 3ng states. Accordingly, we have fit only the
The energy difference between ther and &nl’ states is  3sng-3snhand 3nh-3sniintervals to Eq(5), resulting in
given by the solid line shown in Fig. 4.
As mentioned above, we cannot exclude the possibility of
AW=W,;, =W, = agAP+(aq— B)APQ, (4)  stray electric fields and their effect is most pronounced on
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TABLE Il. Mg " dipole polarizabilities. 3sng-3sn’h and nh-3sn’i transitions Chang and Noyes
: _ [14] extracted the valueq=33.6a3. They ignored the quad-
Experimental Theoretical rupole polarizability, which works well since,~ 8. Theo-
(ad) (ad) dosiouet al.[15] used theMrgeasured MgBp; lifetimes[16]
a to obtain values for the 3sy,0-3p; oscillator strengths,
g:'gzé)zb@ gg'?‘? which are responsible for 99% ofdj, and calculated the
: ' oscillator strengths to higher-lying Mgnp states. From
37.22 these oscillator strengths they determineday
38.94 =34.62(26)a§, a value that clearly differs from ours, al-
34.03 though the error bars overlap. As shown by Table II, the
38.7 purely theoretical valugs2—14,16—18cover a rather broad
3See Ref[15] range, bracketing the experimental numbers.

bSee Ref[14].

IV. CONCLUSION
‘See Ref[17].

ISee Ref[11]. We have measured the MgBf-3sng-3snh-3sni inter-

€See Ref[18]. vals using a microwave resonance technique and extracted
See Ref[12]. from these intervals a value for the Mglipole polarizabil-
9See Ref[13]. ity. We have used a core-polarization model, in which the

leading nonadiabatic correction appears in the same way as
does the quadrupole polarizability, to determiagand the
the 3sni states. We calculate that a stray field of 0.5 V/cmdifference in the two parameteus, and 8. While we cannot
would depress the energies of the23i and %22 states by determinea, and g individually, we find that they are of
20 and 28 MHz, respectively. Thus the measured interval@pproximately the same size, largely offsetting each other,
are lower limits to the actual intervals. We have accordinglybut not quite to the extent as occurs in He. Our value of the
raised the upper uncertainty limits on the points of Fig. 4  dipole polarizabilityaq is slightly lower than the presumably
to reflect the possible Stark shifts, resulting iag most reliable determination, based on Mtfetime experi-
—=33.8 _8:38(38 and ag— 8= —62.2ffgag. ments. It seems quite possible that the discrepancy might
Although we have no way to separaig from S using arise from a shortcoming of the model we have used to ana-
our experimental data, we can use the theoretical values fdyze our data. For this reason and to assess the relative im-

a, to estimate the nonadiabatic paramegefThere are three Portance of penetration and nonadiabatic effects in g1@f3
theoretical values for, , ranging from 1598 to 187a8 [11— states it would be used to have more accurate calculations of

13]. Accordingly, 20@1§<,8< 25083. In other wordsg, and the Mg atomic structure.
B are roughly the same size, although not so close as in He. ACKNOWLEDGMENT
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