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High-Resolution Mode-Spacing Measurement of the Blue-Violet Diode Laser
Using Interference of Felds Created with Time Delays Greater than the Coherence Time
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It is observed that the multi-mode cw blue-violet diode laser exhibits revival of interference when the interferometric path
length difference is much greater than the coherence time of the laser and that the recurring interference peaks are separated
by the same distance. We report that this unusual interference phenomenon can be used for high-resolution mode spacing
measurement of the multi-mode cw blue-violet diode laser without using a high-resolution spectrometer.
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1. Introduction

Before the development of InGaN laser diodes,'™ access
to blue or shorter wavelength laser lines was only possible
by using mainframe gas lasers and/or harmonic generations
of high-power pulsed lasers, such as, Q-switched Nd:YAG
lasers, Ti:sapphire lasers, etc. Presently, blue, violet, or even
ultraviolet (UV) semiconductor lasers with the average
power of tens of milliwatt are available commercially. These
blue-violet-UV diode lasers have strong potential applica-
tions (not to mention applications in high density optical
data storage and printing) in quantum optics and quantum
information research as compact pump sources (replacing
mainframe UV lasers) for generating entangled photons via
spontaneous parametric down-conversion.>®

For many classical and quantum optical applications
involving interferometry, it is important to have accurate
knowlege of the spectral properties of the laser beam. Since
high-power blue-violet—UV diode lasers available today tend
to operate in the multi-mode (longitudinal modes) regime, the
mode spacing measurement of the lasing spectra will tell us a
lot about the spectral properties of the laser and, in addition,
the laser diode itself. In fact, the mode spacing measurement
of the blue-violet diode laser is important not only for
characterizing the laser diode'>’~% but also for understand-
ing the optical gain mechanism in InGaN laser diodes.'®!"

Direct measurement of the mode spacing (AAd) of the
lasing spectra could be trivial if a spectrometer (or a
monochromator) with sufficiently high resolution (~1073
nm or better) were readily available.'~>’-% This, however, is
not the case for most researchers (e.g., in quantum optics or
in classical interferometry) who make use of commercial
blue-violet diode lasers since spectrometers (or monochro-
mators) with the required resolution tend to be quite bulky
and costly.

The other approach would be to indirectly determine AA
by making use of the relation derived from the resonant
condition of the Fabry—Perot modes,*'?

A = A2 /2Lnes, (1.1)

where Ay is the wavelength of the peak of the lasing
spectrum, L is the laser cavity length, and the effective
refractive index, nesr, of the waveguide at Ay is given as
feti = 1 — Adgdn/dAy.”'V Quite naturally, if all the param-
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eters on the right hand side of eq. (1.1) can be measured
accurately, one can readily determine the mode spacing AA
of the diode laser.

The peak of the lasing spectrum Ay could be measured
accurately by using a low cost spectrometer/monochromator
or via interference. However, the information on the physical
characteristics of the commercial diode laser, such as L and
negr, 18 often proprietary and is generally not made available
to the users. For the cavity length L, it is nevertheless possible
to measure it if one risks the possibility of destroying the
diode laser which can be rather costly.'? Accurately measur-
ing negr of the gain region of the laser diode, however, is not
trivial and there are uncertainties regarding n.¢ for the InGaN
laser diode, causing so-called the mode spacing anom-
aly.9‘“'13'14> Therefore, indirect determination of the mode
spacing AA of the InGaN diode laser is still quite prohibitive
as the measurement requires resources that are costly and not
normally available to the users of such lasers.

In this paper, we first report on the observation of
interference revival when the interfrometric path length
difference is much greater than the coherence length of the
multi-mode blue-violet cw diode laser. We then demonstrate
that this unusual interference revival phenomenon can be
used for low-cost high-resolution mode spacing measure-
ment of the diode laser without resorting to a high-resolution
spectrometer nor accurately measuring the physical charac-
teristics of the laser diode. In addition, the interference
revival effect reported in this paper should have quantum
optics and quantum information applications in generating
engineered entangled photon sources.

2. Interference Revival

Let us first briefly discuss the physics behind the revival of
interference when the interferometric path length difference
is much greater (by several orders of magnitude) than the
coherence length. Consider the multi-mode cw field E;(f)
at any given point inside the diode laser cavity as the
incoherent sum of multiple longitudinal modes,

Ei(t) =Y Enexplil2m(vo + mAv)t + 6,1},  (2.1)

where the subscript m is the mode number, E, is the
amplitude of a particular field mode, vy is the frequency of
the peak mode, Av is the frequency difference between the
adjacent modes, and 6, is the random phase of each
longitudinal mode. Since the multi-mode field outside the
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laser cavity E,(?) is related to E;(¢) with an attenuation factor
due to the output coupler efficiency only, all temporal and
spectral features of E;(f) are reflected on E,(f) without any
change.

Consider now the instantaneous field amplitude outside the
cavity. The individual field modes have random phases, so
the multi-mode field E,(f) has a chaotic waveform.!>
However, the chaotic waveform should repeat itself at every
time interval equal to 1/Av because of the fact that the mode
spacing (in the frequency domain) Av is constant. Since
1/Av is equivalent to the time it takes for the cavity field to
make one round trip inside the laser cavity of the length L and
of the effective refractive index ncg, the chaotic multi-mode
cw field outside the cavity should repeat itself at every T, =
2L/vg, where vy = c/negr is the group velocity of the light in
the cavity. Then the round trip time T}, is calculated to be

T, = 2Lne/c. 2.2)

Therefore, by using eq. (1.1) and eq. (2.2), we arrive at the
useful relation for determining the mode spacing,

Ad = A3/cT, = A5 /L,. (2.3)

As mentioned earlier, 4y can be easily measured in a number
of different ways. To determine the mode spacing accurately
using eq. (2.3), one only needs to measure L, = cT}, the
distance traveled by the chaotic out-of-the-cavity field E,(f)
before it repeats itself.

Alternatively, we may use the frequency-domain analysis
to obtain the mode-spacing AA. This way, we can arrive at
the desired result, eq. (2.3), without using eq. (1.1) which is
wavelength-dependent. As mentioned earlier, the frequency-
domain mode spacing Av is constant. Since the chaotic field
repeats itself at the time interval 1/Av, Av is directly related
to the interference revival period T}, which can be measured
accurately, as Av =1/T,. When desired, the frequency-
domain mode spacing Av can be converted to AAd using
the well-known relation, Al = Av/lg /c, thus arriving at
eq. (2.3).

Experimentally, the measurement of L, can be accom-
plished by observing interference of fields created at different
times, in which the time delay is much greater than the
coherence time of the laser, by using the unbalanced
Michelson interferometer shown in Fig. 1. To analyze this
phenomenon a bit more in detail, consider the multi-mode cw
diode laser field E,(?) at the input to the interferometer shown
in Fig. 1. The time averaged intensity I at the detector as a
function of the path length delay 7 is then calculated to be,

I o< (|Eo(D) + Eo(t — D)I*) o 1 + |g(v)] cos(wpr),  (2.4)

where the first order correlation function g(7)=
(ES(DEs(t — 1)) /{ES(DEo (D)) and wy = 27c/Ay.

For t~ 0, ie., around the balanced position of the
Michelson interferometer, eq. (2.4) predicts the typical
Michelson fringes with a short coherence length I, due
to the multi-mode nature (large bandwidth) of the laser.
When t becomes bigger than the coherence time I./c, no
interference occurs.

However, if the delay 7 is further increased so that 7 >
lc/c and becomes equal to T}, (the unbalanced Michelson
interferometer), revival of interference should occur since the
two superposed fields are now completely identical even

. I
Mirror

408 nm cw LD BS

Iris

-

Detector

Fig. 1. Experimental setup. The path length difference between the
two arms of the interferometer is much bigger (by several orders of
magnitude) than the coherence length of the laser. BS is the 50/50
beamsplitter.

though they are born at different times. (Two-photon
quantum interference can also be observed under similar
conditions, see ref. 16.) Therefore, measurement of the path
length difference of the interferometer at which the interfer-
ence revival occurs is equivalent to measuring L, = cT5.
Equation (2.3) can then be used to accurately determine the
mode spacing of the multi-mode cw blue-violet diode laser.

3. Experiment

To demonstrate the revival of interference just described
and its application in high-resolution mode spacing meas-
urement, we setup an experiment using a commercial output-
power-stabilized 408 nm diode laser (Coherent Cube) which
is capable of delivering up to S0mW of cw power (see
Fig. 1). The experiment was performed at 40 mW output
power setting and the diode temperature was set at 22°.

Before the interference experiment, we measured the
lasing spectrum with a 1/2 m monochromator installed with
a 1200 gr/mm grating blazed at 500 nm. The entrance and
the exit slits were adjusted to 11 um and the laser beam was
focused at the slit with a 4cm focus lens. The resolution
of the monochromator, measured with a He—Ne laser, was
approximately 0.06 nm. The spectral measurement is shown
in Fig. 2. The peak emission wavelength was measured to be
408.20nm with FWHM bandwidth of 0.50 nm. It is clear
that our monochromator cannot resolve the mode spacing of
the multi-mode blue-violet diode laser.

When the Michelson interferometer shown in Fig. 1 is
scanned about the zero path length difference position, the
usual Michelson fringe which is equivalent to the Fourier
transform of the power spectrum of the light is observed (see
Fig. 3). The full width at half maximum (FWHM) coherence
length is measured to be 354.73 £3.94um and agrees
well with the value obtained with the simple relation /. &
A5/ V)pw-

Next, the Michelson interferometer is scanned further so
that the path length difference is much greater (by several
orders of magnitude) than the coherence length /.: interfer-
ence disappears at this condition. We, however, observe the
revival of interference when the path length difference is
equal to integer multiples of L, (see Fig. 4). As explained
earlier, this is due to the fact that the chaotic multi-mode
laser field E,(¢) repeats itself at every T, outside the cavity
according to eq.(2.2). Smaller side peaks, which are
sufficiently far away from the main peak, are due to
unwanted reflections at various surfaces, including the
beamsplitter. This happened because the some of the optics
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Fig. 2. The emission spectrum of the commercial blue-violet diode laser
used in this experiment. The peak wavelength 1) = 408.20nm and the
FWHM spectral bandwidth (51)gw is approximately 0.5 nm.
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Fig. 3. The Michelson interferometer is scanned about the zero path
length difference (balanced) position. The FWHM coherence length is
354.73 £3.94 um.

used for the experiment were not properly coated at 408 nm.
The visibility decrease is due to slight misalignment at large
path length difference of the interferometer. The spacing, Ly,
nevertheless remains the same. We note that the unwanted
side peaks and the visibility decrease at large path length
difference can be avoided by using proper optics and
judicious alignment (see Fig. 5).

From the measured value of L, = 4.804 &£ 0.017 mm, we
are able to determine the mode-spacing of the multi-mode
blue-violet cw diode laser. Since Ay is already known from
Fig. 2, we readily determine that A1 = 0.0347 nm for the
laser (Coherent Cube) used in our experiment. Note that this
value agrees well with a previous report on high-power blue-
violet diode lasers reported in ref. 17. This suggests that the
InGaN laser diode module used in our laser could in fact
be a commercial product based on the proprietary InGaN
design reported in ref. 17.

4. Discussion

Let us now briefly discuss the resolution of the mode
spacing measurement. For a value 6 which depends on two
independently measured quantities x and y, the uncertainty
80 of the value 0(x,y) is given as,

80 % ) i + % ) ’
= — 00X — N
dx ay Y

where éx and §y are measurement uncertainties. Since the
mode spacing A4 is determined by independently measuring
Ao and L,, the resolution is determined by measurement

@.1
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Fig. 4. Revival of interference is observed when the path length difference
is equal to integer multiples of L, = 4.804 +0.017mm. Smaller side
peaks are due to unwanted surface reflections and the visibility decrease
is due to slight misalignment at large path length difference of the
interferometer. The spacing, L,, however remains the same.

uncertainties related to Ay and L, measurements. Using the
measured values of Ao and L, as well as eq. (2.3) and
eq. (4.1), we roughly estimate that the uncertainty of the
mode spacing can reach on the order of 10~* nm. In fact, the
calculated uncertainty of the mode spacing measurement
reported in this experiment is 0.0001 nm. We therefore
conclude that the commercial 408nm cw diode laser
(Coherent Cube at 40 mW) used in this experiment has the
mode spacing AAd = 0.0347 £ 0.0001 nm. Note that, if the
cavity length L were known, the effective refractive index ncgs
of the gain region can be accurately determined with ease.

To further demonstrate the effectiveness of the mode-
spacing measurement method described so far, the same test
was performed on a different blue-violet diode laser system
of the same model (Coherent Cube 405C). The diode
temperature was set at 25° and the output power was
maintained 30 mW. At this condition, the peak emission
wavelength was measured to be 407.97 £ 0.07 nm with
FWHM bandwidth of 0.51 nm (see Fig. 5). The balanced
Michelson interferometer data show the coherence length of
355.81 & 7.34 um for the diode laser radiation, which is in
good agreement with the FWHM bandwidth obtained from
the spectral measurement.

When the path length difference is slightly increased so
that the Michelson interferometer becomes unbalanced, the
interference disappears. As expected, however, the periodic
interference revival is observed as the path length difference
is increased further (see Fig. 5). The period of interference
revival is measured to be L, =4.806 £ 0.019mm. With
these measurement data, we can readily determine the mode
spacing of the blue-violet diode laser as AA = 0.0346 &+
0.0001 nm. Note that, with improved optics and judicious
alignment, unwanted side peaks observed in Fig. 4 have
disappeared. In addition, the visibility of the recurring
interference peaks remains almost the same even at very
large path length difference (see Fig. 4 for comparison).

Finally, we note that a mode-locked Ti:sapphire laser is
known to exhibit a similar interference revival effect.
However, in this case, the effect is due to the fact that each
ultrashort pulse is coherent (mode locked) to the adjacent
pulse which is separated by the cavity round-trip time of the
pulse. This effect has been used to demonstrate interesting
two-photon quantum interference for ultrafast laser pumped
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Fig. 5.

Experimental data for a different diode laser of the same model (Coherent Cube). The peak emission wavelength was 407.97 nm

with FWHM bandwidth of 0.51 nm. With improved alignment and optics, interference revival is clearly observed without strong
side peaks and visibility degradation at large path length difference (see Fig. 4 for comparison).

spontaneous parametric down-conversion and shown to have
quantum information applications.'®!

The interference (coherence) revival of the chaotic multi-
mode cw blue-violet diode laser reported in this paper can be
exploited in a similar way. When a laser is used to pump the
spontaneous parametric down-conversion process to gener-
ate entangled photon pairs, the coherence properties (spec-
tral and temporal) of the pump laser are transferred to the
two-photon entangled state.'® The coherence revival of the
chaotic cw pump laser therefore will be completely trans-
ferred to the two-photon entangled state and a properly
designed two-photon interference experiment will exhibit
the same periodic interference revival effect but in this case
the interference is of quantum origin, i.e., two-photon
quantum interference. We therefore believe that the inter-
ference revival of a multi-mode cw diode laser reported in
this paper can be exploited to demonstrate interesting new
two-photon quantum interference and to generate engineered
energy-time entangled photon states for multi-mode diode
laser pumped spontaneous parametric down-conversion.

Acknowledgements

This work was supported, in part, by Korea Research
Foundation (R08-2004-000-10018-0 and KRF-2005-015-
C00116) and Korea Science and Engineering Foundation
(R0O1-2006-000-10354-0).

1) S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T.
Matsushita, Y. Sugimoto, and H. Kiyoku: Appl. Phys. Lett. 69 (1996)
1568.

2) S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T.

3)

4)
5)
6)

7

8)

9)
10)
11)
12)
13)
14)

15)
16)

17)
18)

19)

7723

Matsushita, Y. Sugimoto, and H. Kiyoku: Appl. Phys. Lett. 70 (1997)
1417.

S. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T.
Matsushita, H. Kiyoku, Y. Sugimoto, T. Kozaki, H. Umenoto, M.
Sano, and K. Chocho: Appl. Phys. Lett. 72 (1998) 2014.

S. Nakamura, S. Pearton, and G. Fasol: The Blue Laser Diode
(Springer, New York, 2000).

J. Volz, C. Kurtsiefer, and H. Weinfurter: Appl. Phys. Lett. 79 (2001)
869.

P. Trojek, Ch. Schmid, M. Bourennane, H. Weinfurter, and Ch.
Kurtsiefer: Opt. Express 12 (2004) 276.

A. S. Zubrilov, V. I. Nikolaev, D. V. Tsvettkov, V. A. Dmitriev, K. G.
Irvine, J. A. Edmond, and C. H. Carter, Jr.: Appl. Phys. Lett. 67 (1995)
533.

A. Kuramata, S. Kubota, R. Soejima, K. Domen, K. Horino, and T.
Tanahashi: Jpn. J. Appl. Phys. 37 (1998) L1373.

U. T. Schwarz, E. Sturm, W. Wegscheidr, V. Kiimmler, A. Lell, and
V. Hirle: Appl. Phys. Lett. 83 (2003) 4095.

H. X. Jiang and J. Y. Lin: Appl. Phys. Lett. 74 (1999) 1066.

V. Yu. Ivanov, M. Godlewski, H. Teisseyre, P. Perlin, R. Czernecki, P.
Peystawko, M. Leszczynski, I. Grzegory, T. Suski, and S. Porowski:
Appl. Phys. Lett. 81 (2002) 3735.

Note that the commercial violet-UV diode laser system is still quite
costly, roughly at US$10,000.

M. M. Y. Leung, A. B. Djurisic, and E. H. Li: J. Appl. Phys. 84 (1998)
6312.

G. M. Laws, E. C. Larkins, I. Harrison, C. Molloy, and D. Somerford:
J. Appl. Phys. 89 (2001) 1108.

O. Svelto: Principles of Lasers (Plenum Press, New York, 1998).

A. V. Burlakov, M. V. Chekhova, O. A. Karabutova, and S. P. Kulik:
Phys. Rev. A 63 (2001) 053801.

T. Tojyo, T. Asano, M. Takeya, T. Hino, S. Kijima, S. Goto, S.
Uchida, and M. Ikeda: Jpn. J. Appl. Phys. 40 (2001) 3206.

Y. H. Kim, M. V. Chekhova, S. P. Kulik, and Y. Shih: Phys. Rev. A 60
(1999) R37.

1. Marcikic, H. de Riedmattten, W. Tittel, V. Scarani, H. Zbinden, and
N. Gisin: Phys. Rev. A 66 (2002) 062308.


http://dx.doi.org/10.1143/JJAP.37.L1373
http://dx.doi.org/10.1103/PhysRevA.63.053801
http://dx.doi.org/10.1143/JJAP.40.3206
http://dx.doi.org/10.1103/PhysRevA.60.R37
http://dx.doi.org/10.1103/PhysRevA.60.R37
http://dx.doi.org/10.1103/PhysRevA.66.062308

	c_naka1
	c_naka2
	c_naka3
	c_book
	c_diode1
	c_diode2
	c_zub
	c_kura
	c_schwarz
	c_jiang
	c_ivanov
	c_note1
	c_index
	c_formula
	c_svelto
	c_burlakov
	c_sony
	c_kim
	c_marcikic

