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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 1999!

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 4s 2S1/2– 5p 2P3/2,1/2 transitions 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 4s 2S1/2– 4p 2P1/2 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 wavelengths. ©2000

American Association of Physics Teachers.
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I. INTRODUCTION

The development of narrow-band tunable lasers, in p
ticular dye lasers, has allowed the emergence of powe
spectroscopic techniques for atomic and molecu
spectroscopy.1,2 The Doppler width of the transitions is no
mally of the order of 1 GHz and is much larger than the la
linewidth, allowing an easy study of the Doppler-broaden
transitions. Using Doppler-free techniques, a resolution l
ited only by the natural radiative linewidth~typically a few
MHz! can be obtained for narrow-band lasers. Much data
atomic structure including hyperfine splittings and isoto
shifts have been obtained through the years.

The development of single-mode near-IR~infrared! laser
diodes made the techniques of laser spectroscopy acces
for student laboratories also. The most readily available
periment was to induce the 5s 2S1/2– 5p 2P3/2,1/2 transitions
in rubidium atoms using easily available AlGaAs semico
ductor lasers at 780.2 and 794.7 nm, respectively. Such
periments using free-running diode lasers on an atomic b
were described by Camparo and Klimac.3 At our university,
a laboratory session on rubidium laser diode spectrosc
has been offered for all physics students since 19
Doppler-broadened transitions in an atomic vapor cell
observed, and by back-reflecting the laser diode be
Doppler-free saturation signals are also recorded. We
cently helped implement such experiments on isotopic
enriched cells of85Rb and87Rb at four African universities,
in Dakar~Senegal!, Khartoum~Sudan!, Nairobi ~Kenya!, and
Cape Coast~Ghana! ~see, e.g., Ref. 4!. Laser diode spectros
copy for teaching purposes has also been demonstrate
Cs ~852.3 nm!5,6 and Li ~671.0 nm!.7,8 Here, an improved
laser performance~extended tuning range and narrow lin
width! was achieved by employing an external cavity inclu
ing a Littrow grating.

The purpose of the present paper is to bring to the at
tion of the reader the fact that diode laser spectroscopy
now be extended to the violet/blue spectral region, due to
recent remarkable progress in GaN semiconductor lase
Nichia Corporation by Nakamura and collaborators.9,10 Blue
diode laser spectroscopy is illustrated with experiments
the second resonance lines 4s 2S1/2– 5p 2P3/2,1/2of potassium
at 404.5 and 404.8 nm. For reference and comparison,
660 Am. J. Phys.68 ~7!, July 2000
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near-IR potassium line 4s 2S1/2– 4p 2P1/2 at 770.1 nm was
induced with a different semiconductor laser. With t
near-IR laser diode used it was not possible to observe
4s 2S1/2– 4p 2P3/2 line at 766.7 nm.

Natural potassium consists of two isotopes,39K ~93%! and
41K ~7%!, both with a nuclear spin of32. Because of the
dominance of39K we only need to consider this isotope. Th
structures of the near-IR and blue lines are given in Fig
where the hyperfine structure splittings are obtained fr
Ref. 11. We note that, because of the small magnetic m
ment of the39K nucleus, the hyperfine structure splittings a
small. The ground-state splitting is 462 MHz; for41K it is
even smaller, 254 MHz. Thus, the Doppler-broadened lin
not expected to show any structure, while a saturated abs
tion spectrum should be dominated by two peaks separ
by about 460 MHz and broadened by upper-state unreso
hyperfine structure. Because of the fact that the excited s
hyperfine structure is small and in the present context n
resolvable, while the ground-state splitting produces sh
separated peaks, it could be argued that potassium is p
gogically better suited than Li, Rb, and Cs for a stude
laboratory session at a particular level of atomic phys
knowledge.

It is not our intention to record and evaluate hig
resolution atomic spectra in the present work. Instead
would like to emphasize the use of free-running laser dio
and laser diode use in a simple feedback cavity, to dem
strate, evaluate, and experimentally verify the theory
Doppler broadening while also drawing attention to the p
nomenon of hyperfine structure.

II. EXPERIMENTAL SETUP

The experimental arrangements employed in the pre
experiments are shown in Fig. 2. Direct absorption monit
ing, laser-induced fluorescence, and optogalvanic detec
are indicated. The violet semiconductor laser enabling
experiments on the 4s– 5p transition was acquired from Ni
chia Corporation~Type NLHV500! and has a nominal wave
length at 25 °C of 404 nm and an output power of 5 mW
The near-IR 4s– 4p transition was induced by a more con
ventional AlGaAs semiconductor laser~Mitsubishi ML4102!
with a nominal wavelength of 772 nm and output power o
660© 2000 American Association of Physics Teachers
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Fig. 1. Hyperfine structure diagram
of the 4s 2S1/2– 5p 2P3/2,1/2 and the
4s 2S1/2– 4p 2P3/2,1/2 transitions in
39K. The energy splittings are no
given to scale.
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mW. The laser diodes were placed in a thermo-electric
cooled mount~Thorlabs TCLDM9! and operated with a low
noise laser diode driver~Melles Griot 06DLD103!. Typi-
cally, the operating currents of the two laser diodes were
to 40 and 59 mA, respectively. Wavelength tuning of t
laser diodes was accomplished by changing the tempera
of the laser capsule. Once the temperature was set, a cu
ramp with a frequency of 100 mHz or 100 Hz was added
the operating current by means of a function generator~Tek-
tronix FG504!, allowing us to record the whole line profile i
a single scan. The lower frequency was used for the opto
vanic detection while the higher frequency was used for
absorption and fluorescence measurements. In some o
experiments with the violet diode laser, a simple exter
feedback cavity with a Littrow grating was used to ensu
single-mode operation, since the free-running laser typic
lased on a few modes, separated by about 0.05 nm. Exte
cavity laser arrangements are commercially available fr
several suppliers, e.g., New Focus, Newport, Thorlabs,
Tui Optics, and we used the Thorlabs system based on
laser diode mount, a piezo-electric mirror mount (KC1-PZ
a piezo-electric driver~MDT-690!, and a 2400 l/mm grating
~Edmund Scientific 43224!. A molded glass aspheric len
~Geltech C230TM-A! was used to collimate the output bea
from the diode laser. Details for constructing a laser dio
system, including external cavity and electronic contr
from parts in the laboratory, are given in e.g. Ref. 5. The
cm long potassium cell, which was prepared on a vacu
station by distilling a small amount of the metal into the c
after thorough bake-out at elevated temperatures, was pl
in a small electrically heated oven. The oven had small w
dows for transmitting the laser beam and a larger window
observing laser-induced fluorescence.

The transmitted laser beam was focused on a dete
~Hamamatsu S1223 pin photo-diode in a home-made tr
impedance amplifier module! by an f 550 mm lens~Thorlabs
661 Am. J. Phys., Vol. 68, No. 7, July 2000
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BSX060-A!. The detector output voltage was fed via a lo
noise amplifier~Stanford Research Systems SR560! to a sig-
nal averaging oscilloscope~Tektronix TDS520B!. Finally,
the recorded waveform could be transferred to a PC for p
cessing and evaluation. A small part of the laser beam
split off by a beam splitter~neutral density filter! and sent to
a low-finesse solid glass etalon with a free spectral rang
991 MHz in the near-IR region and 979 MHz in the viole
The generated fringes, which were detected by another
tector, allow us to frequency calibrate each individual sca

As an alternative detection method, the fluorescence
duced by the violet transition could be monitored. T
4p– 4s near-IR transitions, isolated by a Schott interferen
filter (lpeak5768 nm), were used. By employing transition
from the 4p state, populated in cascade decays via thes
and 3d states, instead of the direct decays on the vio
5p– 4s transition, problems with background due to sc
tered light from cell windows and oven structures could
completely avoided. A photomultiplier tube~EMI 9558! was
employed and the signal was fed via a current-to-volta
amplifier ~Ithaco 1212! to the oscilloscope. We also tested
simple large-area photo-diode~Hamamatsu S-1226-8BK! for
recording the fluorescence with quite satisfactory results

The use of a hollow-cathode discharge lamp and opto
vanic detection is a further alternative for observing the b
potassium transitions. We used an Instrumentation Lab
tory hollow-cathode lamp~Model 89227!, intended for an
atomic absorption spectrophotometer. A discharge curren
5 mA, also passing through a ballast resistor, was driven
an Oltronik photomultiplier supply~Model A2.5K-10HR!,
set for typically 300 V when the discharge was running.
rotating chopper~Stanford Research System SR540! was
used for modulating the laser beam at 340 Hz, and the
voltage across the ballast resistor occurring when atoms
excited was detected with a lock-in amplifier~EG&G 5209!.
661Gustafsson, Alnis, and Svanberg
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III. MEASUREMENTS

The experimental setup was first tested by inducing
4s 2S1/2– 4p 2P1/2 transition in the near-IR spectral regio
This transition has, like the corresponding resonance line
Rb and Cs,3–8 high oscillator strengths, meaning a stro
absorption already at atomic densities of 1015/m3, corre-
sponding to about 50 °C for potassium. Thus, the transiti
are easily observable in absorption measurements.
near-IR transition was induced with the Mitsubishi laser o
erated without an external cavity. Raw data for a potass
absorption measurement are shown in Fig. 3, where the
finesse Fabry–Perot fringes are also displayed. It can
noted that the laser output power increases during the s

Fig. 2. Experimental setup for absorption, fluorescence~a! and optogalvanic
spectroscopy~b! on potassium atoms.
662 Am. J. Phys., Vol. 68, No. 7, July 2000
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but that the frequency sweep is quite linear. Thus, no
quency scale rectification was employed in our experime
but the recorded curves were normalized the case of a
stant laser output by dividing the recorded curve by a cu
without atomic absorption. This procedure, like all subs
quent data processing, was readily performed within the
crosoft EXCEL data package. The data shown in the rest
this paper are all preprocessed in this way. Typical norm
ized recordings for different vapor cell temperatures
shown in Fig. 4~a!. By reflecting the laser beam back on
itself, saturated absorption signals with increased transm
sion are seen separated by about 460 MHz as displaye
Fig. 4~b!. The excited state hyperfine structure is not
solved. In between the two signals a strong cross-o
signal1 is observed. In these measurements, performed wi
beam size of about 1 mm33 mm, care was exercised t
avoid a direct feedback of the reflected beam into the di
laser which causes unstable oscillation. In the figure, an
perimental curve recorded without beam reflection is sup
imposed, making an isolation of the nonlinear spectrosco
features easy.

Since the fluorescence is strong on the near-IR lines,
background due to scattering in cell windows, etc., is n
severe, allowing the laser-induced fluorescence to be rea
observed as shown in Fig. 5. Fitted curves, to be discus
later, are included in the figure. The lower trace shows
Doppler-free features due to the back-reflection of the be
into itself from the glass cell with normal-incidenc
windows.12 The cross-over signal and one of the Dopple
free signals is clearly discernible. In the upper trace, we h
misaligned the gas cell to only record the Doppler-broade
profile.

The 4s– 5p violet transitions in potassium have muc
smaller oscillator strength than the near-IR transitions. Th
considerably higher temperatures are needed on the ce
observe line absorption. In contrast, fluorescence detec
which in this case is background free, is already possible
temperatures as low as 30 °C. A transmission trace show
the violet line absorption on the 4s 2S1/2– 5p 2P3/2 transition
is displayed in Fig. 6~a!. This recording is performed with

Fig. 3. Raw data obtained in an absorption recording of
4s 2S1/2– 4p 2P1/2 potassium transition. Note the increasing laser out
over the scan, but the quasi-linear frequency sweep as evidenced by
distant Fabry–Perot fringes. The signals associated with the retrace a
end of the saw-tooth sweep are also evident.
662Gustafsson, Alnis, and Svanberg
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the violet laser operating in the external cavity. T
4s 2S1/2– 5p 2P1/2 transition was observed in a separate sc
For the weak violet transitions it is more difficult to reac
strong saturation conditions and the Doppler-free sign
were not observed in our experiments. A fluorescence
cording of the same transition is shown in Fig. 6~b!, together
with fitted curves to be discussed later.

Optogalvanic detection1,2 in a discharge relies on the fac
that excited atoms are more easily ionized by electronic
pact than ground-state atoms. Thus, when chopping the
citation beam, a corresponding ac component occurs in
discharge current at resonance. An optogalvanic lock-in

Fig. 4. Absorption recording on the 4s 2S1/2– 4p 2P1/2 potassium transition
recorded for~a! different cell temperatures and~b! saturated absorption
signal when the laser beam is reflected back on itself for a cell tempera
of 70 °C.

Fig. 5. Fluorescence recordings of the 4s 2S1/2– 4p 2P1/2 transition using a
single laser beam, crossing a potassium vapor cell. The lower trace~magni-
fied 43! shows Doppler-free features by a back-reflection from the
windows. The cell temperature was 40 °C for the lower trace and 60 °C
the upper trace.
663 Am. J. Phys., Vol. 68, No. 7, July 2000
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cording of the 4s 2S1/2– 5p 2P3/2 transition is shown in Fig.
7. Here the violet laser was operated in free-run witho
using an external cavity. As mentioned above, the laser
then not running in a single longitudinal mode, as evidenc
in separate tests using a high-resolution spectrometer. L
output spectra without and with an external cavity are giv
in the insert of the figure. Note that for free atoms wi
isolated spectral features as in our case, the general spe
appearance is not influenced since only one of the oscilla
modes interacts with the atoms. However, some broade
of the individual mode linewidth in multi-mode operatio
make spectral recordings less suited for line-shape stu
such as those in the present experiments. For molecules

re

ll
r

Fig. 6. Absorption ~a! and fluorescence~b! recordings of the
4s 2S1/2– 5p 2P3/2 transition in potassium. The cell temperature was ab
130 °C for the absorption recording and 70 °C for the fluorescence rec
ing.

Fig. 7. Optogalvanic spectrum of the 4p 2S1/2– 5p 2P3/2 transition in potas-
sium. The insert shows the laser diode output spectra when the laser dio
operating without and with an external cavity.
663Gustafsson, Alnis, and Svanberg
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a multitude of close-lying lines, multi-mode behavior is,
course, unacceptable.

IV. DISCUSSION

Diode laser spectroscopy for the violet and near-IRs–p
transitions in potassium was demonstrated using sim
equipment. Potassium has not previously been used in
dent laboratory work. With the very recent availability
violet semiconductor lasers, it became possible to dire
excite, for the first time to our knowledge, a more high
excited state of an alkali atom with a laser diode. The o
come could then be compared with the results from exp
ments involving the first excited state, performed with t
same simple setup.

The pedagogical value of a laboratory session along
lines discussed in this paper in part consists of running
scanning the diode lasers, and of adjusting the optical c
ponents and electronic devices for allowing the spectrosc
recordings, which could be demonstrated with three differ
detection methods. The other part is the atomic physics c
tent. For this part, a useful approach is to record the nea
4s 2S1/2– 4p 2P transition in fluorescence and absorption f
single and double laser beam passage through the cell. S
the upper-state hyperfine structure for the present purp
could be considered to be absent, the two Doppler-free pe
directly allow the ground-state splitting to be evaluated. T
fluorescence line-shapeS(n) recorded for single-beam pas
sage can then be fitted to a sum of two Gaussians wi
half-width ~FWHM! of Dn, separated by 460 MHz and hav
ing an intensity ratio ofA:B,

S~n!5A exp„24 ln~2!~n/Dn!2
…

1B exp~24 ln~2!„~n1460!/Dn…2!. ~1!

The value forDn obtained is then compared with the the
retical valueDnD :

DnD5A~8 ln 2!RT

c2M
n0 , ~2!

wheren0 is the transition frequency at line center,R is the
gas constant@8.3143 J/mol K#, c is the speed of light,T is the
cell temperature~in K!, and M is the atomic mass numbe
~39!. The Doppler width for the near-IR transition is abo
0.8 GHz for the temperatures discussed here~20 °C–120 °C!.

With the violet laser a substantially broader fluoresce
lineshape is then recorded and fitted to Eq.~1!, and the Dop-
pler width is extracted. Now the transition frequency is
factor of 1.90 higher and the violet theoretical Doppler wid
is correspondingly larger, typically 1.5 GHz using Eq.~2!.

For both lines, good fits and experimental widths close
the calculated ones are obtained, e.g., the fits included in
fluorescence recordings in Figs. 5 and 6 yield 0.82 G
~40 °C! and 1.55 GHz~70 °C!, respectively, for the Dopple
widths, to be compared with the theoretical values of 0
and 1.57 GHz, respectively. The good curve fits obtain
using Gaussians and the experimental Doppler width va
obtained in two widely separated wavelength ranges stron
support the theory for Doppler broadening. A discussion
the velocity Maxwellian distribution and Doppler broadeni
can be found, e.g., on p. 67 of Ref. 1 and p. 86 of Ref. 2

The ratio of the statistical weights of the two hyperfi
ground state levels~F52 andF51) is 5:3, which is also the
664 Am. J. Phys., Vol. 68, No. 7, July 2000
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expected line intensity ratio (A/B) for transitions to an un-
resolved excited state. The experimentally deduced inten
ratios, 1.80 and 1.71, respectively, for the curves in Figs
and 6 are close to the theoretical ratio, 1.67.

A further suitable violet transition for a student laborato
session is the aluminum 397 nm line. The 3p 2P1/2– 4s 2S1/2

transition at 396.2 nm for the single aluminum isotope27Al
with a 1.26 GHzS-state hyperfine splitting allows very peda
gogical optogalvanic recordings from an aluminum hollo
cathode lamp. A calcium hollow-cathode lamp run at
somewhat higher discharge current than normal produ
Ca1 ions with its potassium-like resonance transitions
393.5 and 397.0 nm, respectively, which could be monito
by optogalvanic spectroscopy. An interesting pedagog
observation is, then, that the first excited state in potassi
like Ca1 is located at about the same energy as the sec
excited state in potassium, due to the excess charge o
calcium nucleus.

V. CONCLUSION

We have performed laser diode spectroscopy in
near-IR and violet spectral region on potassium. The exp
ments demonstrate the possibility to perform simple and
expensive laser spectroscopy on Doppler-broadened pro
of the same atom in different spectral regions, allowing
experimental verification of the theory for Doppler broade
ing at two widely separated wavelengths.
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