PHYSICAL REVIEW A VOLUME 53, NUMBER 6 JUNE 1996

Electron affinity of Li: A state-selective measurement
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We have investigated the threshold of photodetachment ofléading to the formation of the residual Li
atom in the D?P state. The excited residual atom was selectively photoionized via an intermediate Rydberg
state and the resulting Liion was detected. A collinear laser-ion beam geometry enabled both high resolution
and sensitivity to be attained. We have demonstrated the potential of this state-selective photodetachment
spectroscopic method by improving the accuracy of Li electron affinity measurements an order of magnitude.
From a fit to the Wigner law in the threshold region, we obtained a Li electron affinity of 0.618 049(20) eV.
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PACS numbg(s): 32.80.Fb, 35.10.Hq

I. INTRODUCTION section around the Li() cusp situated at the opening of the
Li(2p) + es channel. From a careful analysis of this sharp
The four-electron Li" ion is interesting because of the structure they obtained, as one result, an electron affinity
significant role played by electron correlation in the bindingvalue of about the same accuracy as Feldmann. The measure-
of the outermost electron in this weakly bound system. Thenent of Dellwoet al. [9] was a direct investigation of the
major contribution to the correlation energy arises from theresolved Li(2) + es channel threshold using photoelectron
interaction of the two valence electrons. Beyond the threespectroscopy. In this experiment, however, Doppler broaden-
body H™ system, the Li ion is most tractable to theory. In ing associated with the use of crossed laser and ion beams
the frozen-core approximation, for example, the lion be-  limited the attainable energy resolution.
comes an effective three-body system consisting of a pair of The electron affinity of Li determined in the present mea-
highly correlated electrons interacting weakly with an inertsurement is an order of magnitude more accurate than previ-
core. Such a model lends itself well to semiempirical modelous LTP measurements. We utilized resonance ionization
potential calculations in which the potential experienced byl10,11] combined with a collinear laser-ion beam geometry
the valence electrons is obtained via spectral information oto measure the threshold of the Li{p+ es partial photode-
the eigenvalue spectrum of the Li atom. Most calculations ofachment cross section. The state selectivity of the resonance
the electron affinity of Li to date are of this type, e.g. Mocciaionization method leads to an excellent signal-to-background
and Spizzd 1] or Grahamet al.[2] (and references thergin  ratio. This in turn enabled us to attain a resolution limited
Recently, however, accurate measurements of this quantignly by the laser bandwidth of about 0.2 cth The present
have stimulatedab initio calculations[3,4] of comparable threshold energy measurement clearly demonstrates the po-
accuracy. tential of the method. The concept of combining collinear
The most direct, and potentially the most accuratejaser-ion beam spectroscopy with resonance ionization de-
method of measuring electron affinities is to use the lasetection was first proposed by Kudryavtsev and Letokfatg]
threshold photodetachmert TP) method [5]. Here one and later applied to isotope detection measurements by the
records, as a function of the wavelength of a tunable lasesame authorkl3]. Balling et al.[14] and Petruniret al.[15]
the onset of production of either photoelectrons or residuahave recently used the same technique in photodetachment
atoms in the vicinity of a detachment threshold. measurements.
To date, three LTP measurements of the electron affinity
of Li have been reported. The earliest such experiment was a
crossed laser and ion beam experiment by FeldnméhrHe Il. EXPERIMENT
utilized an infrared laser to study the LgP+ ep photode-
tachment threshold. An accurate threshold energy for a
p-wave detachment was difficult to determine because the The two-color state-selective photodetachment experi-
cross section rises, according to the Wigner [é&; only  ment described in the present paper is simple in concept. One
slowly from zero. Bae and Petersf8] used collinear laser laser of frequencyw, is used to photodetach Liions pro-
and ion beams to investigate the total photodetachment croskicing an excited Li atom and a free electrdfig. 1). A
second laser of frequenay, resonantly photoexcites Li at-
oms left in the 2 state to a Rydberg state, which subse-
“Permanent address: Russian Academy of Science, General Phygdently is field ionized. Hence, the entire process can be
ics Institute, Vavilova St. 38, 117 942 Moscow, Russia. represented by the following steps:

A. Procedure
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FIG. 1. Excitation scheme: Selected bound states of Li/Li ) . )
grouped according to their parity and total angular momentum. The F!G- 2. Interaction-detection chamb&@D1,QD2, electrostatic
arrows indicate transitions induced in this experiment. quadrupole deflectorsCEM, channel electron multiplierD,
positive-ion detectorfi-C, Faraday cupCG, conducting glass plate.
lon and laser beams were merged in the interaction region between

P02l i 2 -
Li™(25%'Sp) +hwy— Li(2p"Pipan + €7, the quadrupole deflectors over a common path of 0.5 m.

Li(2p?Py5 39 + iw,— Li(ns,nd), tected with a channel electron multipli€€EM). A metal
' grid connected to a voltage supply was placed between the
Li(ns,nd)~ Li*(1s?'S)+ e (1) glass plate and the CEM. This made it possible to either

allow or prevent the secondary electrons from reaching the
CEM. The detection efficiency of the positive ion detector

where ~~ denotes field ionization and Lig,nd) corre- .
was close to unity.

sponds to a highly excited Rydberg atom in eithensaor Light of frequencyw, was generated by a dye laser op-

nd state. State selectivity is accomplished in the resonant ..o4 with Coumarine 307 and light of frequenay was
ionization step since only Li(2) atoms can be ionized via o.04uced by a dye laser operated with BMQ

the intermediate Rydberg state. In this manner we were abl@ 2"_dimethyip-quaterphenyl (see Lamdachrome No.
to isolate a particular photodetachment channel, in this ca5@5’7o]_ Both dye lasers were pumped by a common XeCl
the Li(2p) channel, and investigate the partial photodetachexcimer laser. The pulse duration of both lasers was about 15

ment cross section by measuring the yield of Lions. ns. The maximum energy in a laser pulse delivered into the
interaction region was 1.5 mJ for the radiation of frequency
B. Setup w1 and 200w J for the radiation of frequenay,. During the

7 . experiment both lasers were attenuated, as will be discussed
The “Li ~ ion beam was produced by charge exchange iryg|ow.

a cesium vapor cell of a mass selected” Lbheam from a The two laser pulses counterpropagated in the interaction
plasma ion source. An ion current of typically a few nA was region and arrived simultaneously in the interaction region.
obtained in the interaction region. The beam energy was apa shift of a few ns between the pulses, occurring at both
proximately 4 keV. ends of the interaction region, is negligible since the Li
In the interaction chambe(Fig. 2) the negative ions in- (2p?P) radiative lifetime is 26.96.6) ns[16].
teracted with laser light in a region defined by two apertures The frequencyw, was determined by combining Fabry-
with a diameter of 3 mm placed 0.5 m apart. The ions werePaot fringes with optogalvanic spectroscopy. The Fabry-
deflected in and out of the laser beam by means of two eled?eot fringes served as frequency markers, whereas transi-
trostatic quadrupole deflectors whose symmetry axes weréons of Ne or Ar in a hollow cathode lamp provided an
perpendicular to the laser and ion beams. The ion current iabsolute calibration of the energy scale.
the interaction region was monitored with a Faraday cup
placed after the second quadrupole deflector. Ill. RESULTS AND DISCUSSION
Rydberg atoms formed in the interaction region travel to
the second quadrupole where they are ionized by the same
electric field that deflects the negative ion beam into the First we had to find an appropriate resonance transition
Faraday cup. Positive ions formed in this process were defor the laser of frequencw,. A scan ofw,, during which
flected in the opposite direction into a positive-ion detector.w, is set to a frequency far above the LR threshold, is
In this detector the fast positive ions impinged on a conductshown in Fig. 3. Below the ionization limit we found a
ing glass plate producing secondary electrons that were devealth of lines. Due to strong saturation, the intensities of

A. Resonance ionization spectroscopy
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FIG. 3. Rydberg series: Survey of the Rydberg states below the FIG. 5. Li(2p) + es threshold: Measurement of the partial rela-

ionization limit of the Li atom. Note how the series terminated attive photodetachment cross section of Liaround the Li(D)

28 270 cmi L. The lines below that limit we interpret as being due threshold with antiparallel lasdpf frequencyw,;) and ion beam.

to photoionization. The energy scale is Doppler shifted -b$1 The solid line is a fit of the Wigner law to the data in the range of

cm™ L. the line. The error bars on selected data points represent the shot
noise. Notice the very steep onset of the photodetachment and the

the lines are not proportional to the corresponding transitionow background below the threshold. Each data point is obtained

probabilities; close to the ionization limit the detection sys-from 100 laser pulses.

tem became overloaded such that it only recorded one count

per laser shot, thus attenuating the strongest lines. For most B. Electron affinity measurements

rated. The_lRy(Eibe'rg series in Fig. 3 exhibits a cutoff atinreshold with antiparallel laser and ion beams is shown in
28270 cm -, indicating that the Rydberg atoms were rig 5 The laser frequency, was held constant and the
mainly field ionized in an electric field of about 200 kV/m in intensity was set to saturate the transition to the Rydberg
the second quadrupole deflector. We interpret the lines belowaie The frequency, was then scanned over the LR
the cutoff as being due to photoionization. threshold.

A detailed scan of the transition used for the photodetach- | \yas established that two processes contributed to the
ment threshold measurements is shown in Fig. 4. We ide”tibackground, namely(@)
fied the two lines as corresponding to transitions from the

two fine-structure levels [Py, 4, to the same Rydberg Li~(2s?1S)+w,— Li(2p%P)+ €,
state. The measured separation of (438m ! between the
two lines in Fig.4 corresponds very well to the fine-structure Li(2p?P)+#w,— Li(ns,nd),

splitting of 0.337 cm * of the 2p?P term[17]. The resolved
fine structure shown in Fig. 4 demonstrates that the energy
resolution of the present collinear beam apparatus is approxi-

[)n;r;[g%;ﬁ e =, which is of the same order as the Iaserand (b) two-electron collisional ionization. Proce&s pro-

duced nearly 80% of the background, even though the inten-
sity of the laser light with frequency, was attenuated. Pro-
' ' y ' " j cess(b), two-electron collisional ionization, contributed the
_ remaining background at the operating pressureofl6 °
mbar (5< 10”7 Pa. This contribution was found to be pro-
portional to the pressure and is thus dominated by single
1 collision double detachment, as has been discussed previ-
ously by Bae and Petersqii8]. The laser intensities were
too low for other processes, such as direct two-electron mul-
tiphoton detachment, to influence the experiment.
Close to the photodetachment threshold the cross section
P o(E) is well represented by the Wigner Idw] [Eq. (2)]. If
28420 ' o4l E, is the threshold energy and the photon energy, the
Wigner law for electrons detached with different angular mo-
mental can be written as

Li(ns,nd)~~ Li*(1s?1S)+ e,

Li

00

Photon energy ®, [1/cm]

FIG. 4. Fine structure: This spectrum of the fine structure of the
2p?P term is a magnification of the spectrum depicted in Fig. 3. o(E)e( VE_E0)2|+1 for E=E,. @
The left peak is due to the transition from the 3/2 level and the
right one is due to the transition from thle=1/2 level. For the For the desired first step process in Ed), both s- and
threshold measurements, was tuned to the peak of the=1/2  d-wave final states for the detached electron are allowed by
component.The energy scale is Doppler shiftedt81 cm™! . parity and total-angular-momentum conservation. At the
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threshold, however, the-wave cross section, starting with
an infinite slope, completely dominates over ttevave |7 + Electron affinity
cross section. measurements

We fitted the Wigner laWEq. (2)] for s-wave detachment
(I=0) to the recorded positive ion signal. The data shown in
Fig. 5 was recorded with the lasan{) antiparallel to the ion
beam. The fit window is the range of the plotted line. The fit
yields a value for the red-shifted threshold energj,. In I 1
order to eliminate the Doppler shift we repeated the measure- 617.0- 1
ments using parallel laser and ion beams to determine the - 1 2 3 4
blue-shifted threshold energﬁg. The threshold energy cor- 3 £
rected for the Doppler to all order&,, is given by the

618.0F

Electron affinity [meV]
_

geometric mean of the two measurements: FIG. 6. Electron affinity: Graphical comparison of the different
experimental lithium electron affinity values with their respective
Eo= VEOEB uncertainties. From left to right the values are as follows: 1, this
3 work; 2, Feldmann; 3, Baet al,; and 4, Dellwoet al. For refer-
=19 888.5516) cm ™. ences see Table I.

The interaction of the induced dipole moment of the atom
with the electron will limit the range of validity of the corrected threshold enerds, [Eq. (3)]. We determined the
Wigner law. O’'Malley[19] obtained an expression that ac- Li electron affinity to be 4 984.907) cm™*. There are two
counts for the residual induced-dipole point-charge interacmajor contributions to the error: 0.13 ¢ is due to a cali-
tion, bration uncertainty of the hollow cathode lamps, and the rest
is due to statistical scattering of the fitted threshold values.
4akInk Lo | @ In order to convert our electron affinity in cnt to eV we
(21+3)(21+1)(21-1) )] @) used the recommended factor 0f(1/8 065.541D
[ eV/( cmt)] [21] and obtained 0.618 0420) eV. In Fig. 6
wherek=y2(E—E,) and « is in atomic units. This equa- this value is compared with previous experiments. These val-
tion can be used to estimate an approximate range of validityes are also compiled in Table | together with some recently
for the Wigner law by determining the conditions undercalculated Li electron affinities.
which the second term, and therefore higher terms, become
negligible. With a dipole polarizibility obx=152 a.u. for the
Li 2 p?P state[20], the second term is much less than unity IV. SUMMARY AND CONCLUSION
up to 1 cm ! above the threshold, and consequently the
Wigner law should be applicable over this range. This, of We have demonstrated that photodetachment spectros-
course, assumes that there are no resonances in this regiorf@y combined with resonance ionization is a powerful
condition that has been previously established by Dellwdnethod for studying partial photodetachment cross sections
et al. [9]. of negative ions. The collinear beam geometry simulta-
Saturation of the signal can originate in the photodetachneously provides high sensitivity, due to the large interaction
ment process or the detection system. In the data shown i¥plume, and excellent resolution, due to velocity compres-
Fig. 5 the detection system starts to saturate at about 2580n. In addition, removal of the Doppler shift to all orders
counts(for 100 laser pulsésWe attenuated the intensity of ¢an be achieved by the use of two separate measurements
the |aser Of frequency,l Sufﬁcient'y to avoid any Saturation |nV0|V|ng parallel a.nd antlparallel |aser a.nd on beamS. BOth
of the signal within the first 1.0 cm! above the threshold. Merits can be fully retained for channel specific photodetach-
To determine the electron affinity of Li we had to subtractment investigations with the excitation scheme used in this
the well known 22P,,—2s2S transition energy of €Xperiment. Our improved Li electron affinity —of
14 903.648 13(L4) cm~ ! [17] from the measured Doppler- 0-618 04920) eV reveals the potential of this method, and
this method can, in principle, be extended to essentially all
TABLE |. Comparison of different measurements and calcula-€lements. We are currently developing this type of state-
tions of the Li electron affinity. selective detection scheme in connection with ongoing stud-
ies of high-lying doubly excited states of theLion [22].

o(k)ok? 1 1+
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