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Atomic spectroscopy with violet laser diodes

U. Gustafsson, J. Alnis, and S. Svanberg
Department of Physics, Lund Institute of Technology, P.O. Box 118, S-221 00 Lund, Sweden

(Received 28 June 1999; accepted 27 October 11999

Laser spectroscopy with laser diodes can now also be performed in the violet/blue spectral region.
A 5 mW commercially available CW laser diode operating at 404 nm was used to perform
spectroscopy on potassium atoms with signal detection in absorption as well as fluorescence when
operating on a potassium vapor cell and with optogalvanic detection on a potassium hollow cathode
lamp. The 42S,,,—5p 2P3,2,1,2transitions were observed at 404.5 and 404.8 nm, respectively. The
laser diode was operated with a standard laser diode driver, and with or without an external cavity.
The 4s2S,,,—4p 2P, transition at 770.1 nm was also observed with a different laser diode. Here,
Doppler-free saturated-absorption signals were also observed, enabling the evaluation of the
ground-state hyperfine splitting of about 460 MHz. The data recorded allows an experimental
verification of the theory for Doppler broadening at two widely separated wavelengthgo0d®©
American Association of Physics Teachers.

|. INTRODUCTION near-IR potassium line &S, ,,—4p %P, at 770.1 nm was
induced with a different semiconductor laser. With the
The development of narrow-band tunable lasers, in parnear-IR laser diode used it was not possible to observe the
ticular dye lasers, has allowed the emergence of powerfuds?S,,—4p 2Py, line at 766.7 nm.
spectroscopic  techniques for atomic and molecular Natural potassium consists of two isotop&%, (93%) and
S[Z)GC'[I’OSCOD&’.2 The Doppler width of the transitions is nor- 4K (7%), both with a nuclear spin of. Because of the
mally of the order of 1 GHz and is much larger than the laseyominance of°K we only need to consider this isotope. The
linewidth, allowing an easy study of the Doppler-broadenedstryctures of the near-IR and blue lines are given in Fig. 1,
transitions. Using Doppler-free techniques, a resolution limyhere the hyperfine structure splittings are obtained from
ited only by the natural radiative linewidittypically a few  Ref. 11. We note that, because of the small magnetic mo-
MHz) can be obtained for narrow-band lasers. Much data opnent of the*% nucleus, the hyperfine structure splittings are
atomic structure mcludmg hyperfine splittings and isotopicg4)1. The ground-state splitting is 462 MHz; K it is
shifts have been obtained through the years. even smaller, 254 MHz. Thus, the Doppler-broadened line is
. The development of _smgle-mode neardiRfrared laser .r]ot expected to show any structure, while a saturated absorp-
diodes made the techniques of laser spectroscopy accessibig, spectrum should be dominated by two peaks separated
for student laboratories also. The most readily available &Xpy about 460 MHz and broadened by upper-state unresolved
periment was to induce thes5S,,—~5p ?P 1, transitions hyperfine structure. Because of the fact that the excited state
in rubidium atoms using easily available AlGaAs semicon-pyperfine structure is small and in the present context non-
ductor lasers at 780.2 and 794.7 nm, respectively. Such exasolvable, while the ground-state splitting produces sharp
periments using free-running diode lasers on an atomic beakparated peaks, it could be argued that potassium is peda-
were described by Camparo and Klimaat our university, gogically better suited than Li, Rb, and Cs for a student

a laboratory session on rubidium laser diode spectroscopghoratory session at a particular level of atomic physics
has been offered for all physics students since 1990«nowledge.

Doppler-broadened transitions in an atomic vapor cell are |t js not our intention to record and evaluate high-

observed, and by back-reflecting the laser diode beamesolution atomic spectra in the present work. Instead we

Doppler-free saturation signals are also recorded. We reyould like to emphasize the use of free-running laser diodes

cently helped implement such experiments on isotopicallyand laser diode use in a simple feedback cavity, to demon-

enriched cells of®Rb and®’Rb at four African universities, strate, evaluate, and experimentally verify the theory for

in Dakar(Senegal Khartoum(Sudan, Nairobi(Kenya, and  Doppler broadening while also drawing attention to the phe-

Cape CoastGhana (see, e.g., Ref.)4Laser diode spectros- nomenon of hyperfine structure.

copy for teaching purposes has also been demonstrated for

Cs (852.3 nm>® and Li (671.0 nm.”® Here, an improved || EXPERIMENTAL SETUP

laser performancéextended tuning range and narrow line-

width) was achieved by employing an external cavity includ- The experimental arrangements employed in the present

ing a Littrow grating. experiments are shown in Fig. 2. Direct absorption monitor-
The purpose of the present paper is to bring to the attering, laser-induced fluorescence, and optogalvanic detection

tion of the reader the fact that diode laser spectroscopy care indicated. The violet semiconductor laser enabling the

now be extended to the violet/blue spectral region, due to thexperiments on thest5p transition was acquired from Ni-

recent remarkable progress in GaN semiconductor lasers ahia Corporatio{Type NLHV500 and has a nominal wave-

Nichia Corporation by Nakamura and collaboratot$8Blue  length at 25°C of 404 nm and an output power of 5 mW.

diode laser spectroscopy is illustrated with experiments orThe near-IR 4—4p transition was induced by a more con-

the second resonance lines%s, ,—5p 2P3,2'1,20f potassium  ventional AlIGaAs semiconductor las@vitsubishi ML4102

at 404.5 and 404.8 nm. For reference and comparison, theith a nominal wavelength of 772 nm and output power of 5
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mW. The laser diodes were placed in a thermo-electricallBSX060-A). The detector output voltage was fed via a low
cooled moun{Thorlabs TCLDM9 and operated with a low- noise amplifie(Stanford Research Systems SRp&0a sig-
noise laser diode drive(Melles Griot 06DLD103. Typi- nal averaging oscilloscopéTektronix TDS5208. Finally,
cally, the operating currents of the two laser diodes were sehe recorded waveform could be transferred to a PC for pro-
to 40 and 59 mA, respectively. Wavelength tuning of thecessing and evaluation. A small part of the laser beam was
laser diodes was accomplished by changing the temperatugglit off by a beam splittetneutral density filterand sent to

of the laser capsule. Once the temperature was set, a currefifow-finesse solid glass etalon with a free spectral range of
ramp with a frequency of 100 mHz or 100 Hz was added to991 MHz in the near-IR region and 979 MHz in the violet.
the operating current by means of a function generdiek-  The generated fringes, which were detected by another de-
tronix FG504, allowing us to record the whole line profile in  tector, allow us to frequency calibrate each individual scan.
a single scan. The lower frequency was used for the optogal- As an alternative detection method, the fluorescence in-
vanic dgtection while the higher frequency was used for theyced by the violet transition could be monitored. The
absorption and fluorescence measurements. In some of e, 4q near-IR transitions, isolated by a Schott interference

experiments with the violet diode laser, a simple external. _ ; i+
feedback cavity with a Littrow grating was used to ensure‘tIIter (Apea= 768 nm), were used. By employing transitions

single-mode operation, since the free-running laser typicall)';rom the 4 stat-e, populated in gascade decays via tb? 5
lased on a few modes, separated by about 0.05 nm. Extern@d 3 states, instead of the direct decays on the violet
cavity laser arrangements are commercially available fronpP—4s transition, problems with background due to scat-
several suppliers, e.g., New Focus, Newport, Thorlabs, antered light from cell windows and oven structures could be
Tui Optics, and we used the Thorlabs system based on treompletely avoided. A photomultiplier tud&MI 9558) was
laser diode mount, a piezo-electric mirror mount (KC1-PZz),employed and the signal was fed via a current-to-voltage
a piezo-electric drivetMDT-690), and a 2400 I/mm grating amplifier (ithaco 1212 to the oscilloscope. We also tested a
(Edmund Scientific 43224 A molded glass aspheric lens Simple large-area photo-diodelamamatsu S-1226-8BKor
(Geltech C230TM-Awas used to collimate the output beam recording the fluorescence with quite satisfactory results.
from the diode laser. Details for constructing a laser diode The use of a hollow-cathode discharge lamp and optogal-
system, including external cavity and electronic control,vanic detection is a further alternative for observing the blue
from parts in the laboratory, are given in e.g. Ref. 5. The 4potassium transitions. We used an Instrumentation Labora-
cm long potassium cell, which was prepared on a vacuuntory hollow-cathode lamgModel 89227, intended for an
station by distilling a small amount of the metal into the cell atomic absorption spectrophotometer. A discharge current of
after thorough bake-out at elevated temperatures, was plac&mA, also passing through a ballast resistor, was driven by
in a small electrically heated oven. The oven had small winan Oltronik photomultiplier supplyModel A2.5K-10HR,
dows for transmitting the laser beam and a larger window foiset for typically 300 V when the discharge was running. A
observing laser-induced fluorescence. rotating chopper(Stanford Research System SRb4fas
The transmitted laser beam was focused on a detectarsed for modulating the laser beam at 340 Hz, and the ac
(Hamamatsu S1223 pin photo-diode in a home-made transwoltage across the ballast resistor occurring when atoms are
impedance amplifier modul®y anf=50 mm lengThorlabs  excited was detected with a lock-in amplifi@G&G 5209.
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Fig. 2. Experimental setup for absorption, fluoresceiagand optogalvanic

spectroscopyb) on potassium atoms.

[ll. MEASUREMENTS

Intensity (arb. unit)

991 MHz
fp—

<— Laser frequency Laser wavelength —

Fig. 3. Raw data obtained in an absorption recording of the
4s2S,,,—4p %Py, potassium transition. Note the increasing laser output
over the scan, but the quasi-linear frequency sweep as evidenced by equi-
distant Fabry—Perot fringes. The signals associated with the retrace at the
end of the saw-tooth sweep are also evident.

but that the frequency sweep is quite linear. Thus, no fre-
quency scale rectification was employed in our experiments,
but the recorded curves were normalized the case of a con-
stant laser output by dividing the recorded curve by a curve
without atomic absorption. This procedure, like all subse-
quent data processing, was readily performed within the Mi-
crosoft EXCEL data package. The data shown in the rest of
this paper are all preprocessed in this way. Typical normal-
ized recordings for different vapor cell temperatures are
shown in Fig. 4a). By reflecting the laser beam back onto
itself, saturated absorption signals with increased transmis-
sion are seen separated by about 460 MHz as displayed in
Fig. 4(b). The excited state hyperfine structure is not re-
solved. In between the two signhals a strong cross-over
signat is observed. In these measurements, performed with a
beam size of about 1 mm3 mm, care was exercised to
avoid a direct feedback of the reflected beam into the diode
laser which causes unstable oscillation. In the figure, an ex-
perimental curve recorded without beam reflection is super-
imposed, making an isolation of the nonlinear spectroscopic
features easy.

Since the fluorescence is strong on the near-IR lines, the
background due to scattering in cell windows, etc., is not
severe, allowing the laser-induced fluorescence to be readily
observed as shown in Fig. 5. Fitted curves, to be discussed
later, are included in the figure. The lower trace shows the
Doppler-free features due to the back-reflection of the beam
into itself from the glass cell with normal-incidence

The experimental setup was first tested by inducing thevindows? The cross-over signal and one of the Doppler-
4s°S,,,—4p %P4, transition in the near-IR spectral region. free signals is clearly discernible. In the upper trace, we have
This transition has, like the corresponding resonance lines imisaligned the gas cell to only record the Doppler-broadened
Rb and Cs® high oscillator strengths, meaning a strong profile.

absorption already at atomic densities of'%°, corre-

The 4s—5p violet transitions in potassium have much

sponding to about 50 °C for potassium. Thus, the transitionsmaller oscillator strength than the near-IR transitions. Thus,
are easily observable in absorption measurements. Thgonsiderably higher temperatures are needed on the cell to
near-IR transition was induced with the Mitsubishi laser op-observe line absorption. In contrast, fluorescence detection,
erated without an external cavity. Raw data for a potassiunwhich in this case is background free, is already possible at
absorption measurement are shown in Fig. 3, where the lowtemperatures as low as 30 °C. A transmission trace showing
finesse Fabry—Perot fringes are also displayed. It can btae violet line absorption on thes4S,,,—5p 2P, transition
noted that the laser output power increases during the scais, displayed in Fig. @). This recording is performed with
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Fig. 4. Absorption recording on thes4S,,,—4p 2P, potassium transition Fig. 6. Absorption (@) and fluorescence(b) recordings of the
recorded for(a) different cell temperatures an) saturated absorption 4s?2S,,—5p 2Py, transition in potassium. The cell temperature was about
signal when the laser beam is reflected back on itself for a cell temperaturg3o °C for the absorption recording and 70 °C for the fluorescence record-
of 70 °C. ing.

the violet laser operating in the external cavity. The
4s2S,,,—5p 2P, transition was observed in a separate scan
For the weak violet transitions it is more difficult to reach

cording of the 42S,,,—5p 2Py, transition is shown in Fig.
7. Here the violet laser was operated in free-run without

strong saturation conditions and the Doppler-free signal Se'?]gn?)? ri)r(:r?irr?alir?zvgi)r/] : ﬁslﬁe?::]%?ﬁgl ?ggg’ézeeﬁggg(\;\/e%s
were not observed in our experiments. A fluorescence re- 9 9 9 '

cording of the same transition is shown in Fighg together In separate tests using a high—resolution spectrometer. Laser
with fitted curves to be discussed later output spectra without and with an external cavity are given

Optogalvanic detectidrf in a discharge relies on the fact In the insert of the figure. Note that for free atoms with
that excited atoms are more easily ionized by electronic imlSOIated spegtral fgatures as in our case, the general _spe_ctral
pact than ground-state atoms. Thus, when chopping the eQPppearance is not influenced since only one of the oscillating

citation beam, a corresponding ac component occurs in th&l0des interacts with the atoms. However, some broadening
of the individual mode linewidth in multi-mode operation

discharge current at resonance. An optogalvanic lock-in re ) . . .
9 ptog make spectral recordings less suited for line-shape studies
such as those in the present experiments. For molecules with

40
— 30 Free
-‘E‘ 460 MHz 40 running
5 20 g
£ S 30
i : Littrow
- g cavity
2 ‘B 4037 4045 4053
= 0/ 5 10 Wavelength {(nm)
E
0 05 10 15 20 25 30 35 4.0 0
Frequency (GHz)

0 20 40 6.0 8.0 10 12
Fig. 5. Fluorescence recordings of the%s,,,—4p ?P,, transition using a Frequency (GHz)
single laser beam, crossing a potassium vapor cell. The lower (imzegni-
fied 4x) shows Doppler-free features by a back-reflection from the cellFig. 7. Optogalvanic spectrum of the4S, ,—5p 2P, transition in potas-
windows. The cell temperature was 40 °C for the lower trace and 60 °C fossium. The insert shows the laser diode output spectra when the laser diode is
the upper trace. operating without and with an external cavity.
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a multitude of close-lying lines, multi-mode behavior is, of expected line intensity ratioA/B) for transitions to an un-

course, unacceptable. resolved excited state. The experimentally deduced intensity
ratios, 1.80 and 1.71, respectively, for the curves in Figs. 5
IV. DISCUSSION and 6 are close to the theoretical ratio, 1.67.

A further suitable violet transition for a student laboratory
session is the aluminum 397 nm line. The P~ 4s2S,,,
fransition at 396.2 nm for the single aluminum isotdpel
With a 1.26 GHzS state hyperfine splitting allows very peda-

ogical optogalvanic recordings from an aluminum hollow-

Diode laser spectroscopy for the violet and nearsip
transitions in potassium was demonstrated using simpl
equipment. Potassium has not previously been used in st
dent laboratory work. With the very recent availability of
violet semiconductor lasers, it became possible to directly, .4 -4 lamp. A calcium hollow-cathode lamp run at a

excite, for the first time to our knowledge, a more highly o0\ hat higher discharge current than normal produces
excited state of an alkali atom with a laser diode. The out—Ca+ ions with its potassium-like resonance transitions at
come could then be compared with the results from experi: P

ments involving the first excited state, performed with theggg'5 tand |397‘.0 nm, rtespectively'/a,\ Whi(t:h COtL.”d be rgonito_r edl
same simple setup. y optogalvanic spectroscopy. An interesting pedagogica

The pedagogical value of a laboratory session along thgbservation is, then, that the first excited state in potassium-
T
lines discussed in this paper in part consists of running andk€ €@ is located at about the same energy as the second

scanning the diode lasers, and of adjusting the optical conf*Cited state in potassium, due to the excess charge of the
ponents and electronic devices for allowing the spectroscopig|cium nucleus.

recordings, which could be demonstrated with three different

detection methods. The other part is the atomic physics cor¥. CONCLUSION

tent. For this part, a useful approach is to record the near-IR
4s°S,,,—4p 2P transition in fluorescence and absorption for

single and double laser beam passage through the cell. sinf ents demonstrate the possibility to perform simple and in-

the upper-state hyperfine structure for the present purpo ; X
could be considered to be absent, the two Doppler-free pealikPENSIVe laser spectroscopy on Doppler-broadened profiles
f Ot the same atom in different spectral regions, allowing the

directly allow the ground-state splitting to be evaluated. Theexperimental verification of the theory for Doppler broaden
fluorescence line-sha®(») recorded for single-beam pas- . : i
sage can then be fitted to a sum of two Gaussians with a9 at two widely separated wavelengths.

half-width (FWHM) of Av, separated by 460 MHz and hav-

We have performed laser diode spectroscopy in the
gar-IR and violet spectral region on potassium. The experi-

ing an intensity ratio ofA:B, ACKNOWLEDGMENTS
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