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LE-0200 Ruby Laser

How it works

Three-level laser
Emission spectra
Laser spiking

Blue diode pumping
Excited lifetime measurement
CW and pulsed Ruby laser
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Fig. 2.12: Three level diagram of Ruby
When Maiman proposed the Ruby as active materiel for an “optical maser” he already had a
deep insight of the spectral properties of Ruby.
Although colleagues and other high ranked
scientist like Townes declared, that “maser operation” (the word “laser” was not yet created)
is impossible because the maser start and end
level is the ground state (1). To achieve the nec-
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In 1960 T. Maiman realized the first laser, the
Ruby laser, which started a tremendous and still ongoing development of laser sciences and
optical technologies. Looking
back into laser history, Maiman’s
famous Ruby laser initiated a fascinating start,
which also led to the invention of the powerful
tiny diode laser used here to pump the Ruby laser, allowing now a compact and low-cost laser
setup, well suited for demonstration and education purposes.
This experimental Ruby laser allows to study
the observation of the fluorescence and laser spectrum with oscillation of both R lines.
The dynamic of the three level laser system is
studied by modulating the pump diode laser.
It seems so, as if with this system “The Laser
Odyssey” will find its happy end.
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essary population inversion an extremely high
pump intensity is required. However, Maiman
succeeded, favoured by the long lifetime of
about 3.5 ms of the upper laser state (3) and the
broad absorption bands (2) for pumping. The
first laser ever was born and it was a pulsed one
and it still serves in medicine and holography.
In 1962 the Ruby laser was operated in continuous mode pumped by a mercury lamp and
later on with an Argon ion laser. However, the
efficiency did not reach values which made the
ruby laser attractive as cw source. In early 2018
we demonstrated for the first time cw Ruby laser operation by pumping the 4T1 state with a
diode laser. The goal of our effort was to create
a Ruby laser for the practical education of students. For historical reasons and because of its
three level system, the Ruby laser is worldwide
subject of each course in photonics.
The Fig. 2.13 shows the setup using a semiconcentric resonator consisting of the flat mirror (M1) and the curved mirror (M2). The Ruby
crystal has a diameter of 6 mm and a length
of 6 mm and is located as close as possible to
the mirror (M1). Both sides are antireflection
coated for the pump wavelength of 405 nm and
the Ruby laser wavelength 694 nm.
The strong divergent radiation (405 nm) of the
pump diode laser is collimated by an aspheric
lens. The now almost parallel beam is focused
by the focussing lens close behind the entrance
face into the Ruby crystal. It is important that
the pumped volume fits well to the mode volume of the cavity which is achieved by selecting a suitable focal length of the focussing
length. The focus location is adjusted by moving the position of the lens.
The Fig. 2.14 shows the setup of a concentric
resonator consisting of two spherical mirrors
(M3 and M2) with same radii of curvature.
The Ruby crystal is placed in the centre of the
resonator and the focussing lens is positioned
in such a way that the pump focus lies within
the crystal.
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Description of the components
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The pump laser diode (22) emits 1 W at a wavelength of 405 nm which perfectly fits into the 4T1
absorption band of the Ruby crystal. The laser
diode is connected to the controller (3) which
controls its injection current, temperature and
modulation.
The laser diode emission is collimated with the
adjustable collimator (8) and focused with a
lens (15) through the flat laser mirror (19) into
the Ruby crystal (17). The flat resonator mirror
is mounted into a kinematic adjustment holder
(12). The Ruby crystal is set into a 5 axes ad-

justment holder (11) which has two fine pitch
screws to adjust the XY position and two fine
pitch screws for the kinematic alignment. The
fifth axis allows the turning of the Ruby crystal
with its mount. The mirror (21) is the second
resonator mirror and is mounted into a kinematic adjustment holder (13).
The filter (18) blocks the blue pump radiation
which is not absorbed by the Ruby crystal.
However, the deep red Ruby laser radiation is
transmitted and the spot is visible on the translucent screen (10). The crossed-hair target (9) is

used as alignment aid for the adjustment of the
collimated pump radiation with respect to the
optical axis of the setup.
The photodetector (4) is connected with a BNC
cable to the signal box(5), where the photocurrent is converted into a linear voltage.
The oscilloscope (24) displays the modulation
signal of the pump laser diode and the optical
radiation detected by the photodiode (4).

The Ruby crystal (17)

The pump diode laser (22)

Diode laser controller (3)

Fig. 2.17: Ruby crystal with its mount

Fig. 2.18: Pump diode laser

The efficient pumping of the blue band of the
Ruby crystal requires an optimised Cr3+dopant
level as well a special orientation of the crystal’s c-axis with respect to the mechanical
axis of the Ruby rod. The Ruby rod is gently
clamped by the mounting disk (1). The crystal
is set into the housing (3) and fixed therein with
the retaining ring (2).

A laser diode which emits an optical power of
1 W at a wavelength of 405 nm is built into a
round housing. A Peltier element removes the
excess heat via the mounting plates and the carrier and finally by the optical rail. The 15 pin
SubD connector contains an EEPROM, where
the critical data of the laser diode are stored.

When the pump laser diode is connected to the
controller, it reads the stored values and sets the
maximum values of the injection current and
temperature range. The controller allows the
setting of the injection current and the temperature of the laser diode. The modulator enables
the pulsed operation. The modulation frequency as well as the duty cycle can be set, allowing
the simulation of the laser diode as flash lamp.
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Fig. 2.19: Digital diode laser controller
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Fig. 2.15: Pump laser power versus the
injection current
The optical power is measured with an optical
power meter

The pump laser diode is built onto a Peltier element into a round housing (22). It is connected
to the controller (3) which controls the temperature, the injection current and the modulation
of the pump laser diode. If a power meter is
available, the output power of the laser diode
is measured directly. If not, the photodetector
(4) provided may be taken to measure the output power in relative units. However, care must
be taken not to saturate the detector, which can
be ensured by enlarging the beam divergence
of the pump diode laser with the collimator or
even with removed collimator. The Fig. 2.16
shows such a setup without collimator. The
photo current is linear to the incident power and
provides a reliable alternative for a power meter.
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Fig. 2.16: Setup to characterize the pump
laser diode.
A digital voltmeter (25) is used to measure the
voltage drop across the photodetector’s shunt
resistor and therewith the photo current. The
maximum current of the controller is read from
the laser diode’s EEPROM and is related to the
optical power of 1 W.
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The optional spectrometer (24) is used to measure
the absorption spectrum of the Ruby rod (17). For
this purpose a white light spectrum from the daylight or a tungsten desktop lamp is taken as reference. By placing the Ruby rod with its holder (C)
into the provided adapter (B) the resulting spectrum is recorded and divided subsequently by the
reference spectrum to obtain the net transmission.
Applying the relation T = 1-A where A is the absorption and T the transmission, we obtain the absorption spectrum of the Ruby rod as shown in Fig. 2.23.
One strong absorption band occurs with a peak
wavelength of 405 nm and a weaker one at 544 nm.

A

Fig. 2.22: Spectrometer with crystal
adapter (B) and Ruby rod (C)
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Fig. 2.23: Ruby absorption spectrum
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Fig. 2.24: Measured fluorescence spectrum
of the Ruby rod
The Fig. 2.24 shows the fluorescence spectrum
of the Ruby rod excited by the 405 nm pump

laser diode. The actual wavelength of the laser
diode depends on its temperature and injection
current. For the measurement the settings resulted in a wavelength of 403.2 nm. The used
spectrometer (26) has a resolution of 1 nm, thus
the R1 and R2 lines are not separated since
their spectral difference is just 1.4 nm. The
structured bands left and right from the maximum peak round 694 nm are vibronic sidebands
of the R1 and R2 transitions.
The Fig. 2.25 shows the experimental setup.
The collimated pump laser light is focused with
the focussing lens (15) into the Ruby rod (17).
The fibre of the spectrometer (26) is attached
to the articulated arm (27) and placed in such

a way, that besides the strong deep red emission also a fraction of the violet pump laser light
falls into the front face of the optical fibre.

fast radiationless transfer in less 1 ns. Only due
to the very long lifetime of the 2E state Maiman
was able to achieve the required population inversion to the ground state. The goal of this experiment is to measure this lifetime. The pump
laser diode is periodically switched on and off
(trace B), while the decay of the fluorescence is
measured with the photodetector and displayed
as trace A.
The lifetime τ is defined at the time, when the
fluorescence intensity drops the 1/e fraction of
its initial intensity I0. From the Fig. 2.20 we estimate the lifetime τ to be 3.4 ms.
The theoretical laser-line width Δω = 1/τ is 286

Hz only, which explains why the ruby laser is
still the best for pulsed holography!
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Fig. 2.25: Experimental setup to take the
fluorescence spectrum of the Ruby rod
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Fig. 2.20: Oscilloscope picture of the fluorescence decay of the 2E state
The 2E state is populated by the absorption of
the pump radiation by the 4T1 band and by the
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Fig. 2.21: Experimental setup to measure
the lifetime of the excited state 2E
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Fig. 2.28: Experimental setup to measure
the ruby laser line spectrum
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Fig. 2.26: Laser line spectrum showing the
pump and Ruby laser
Once the Ruby laser is aligned and oscillates,
we want to know what is lasing! The fibre of the
spectrometer (26) is attached to the articulated
arm (27) and positioned in such a way that beside
the Ruby laser emission also a small fraction of
the pump light enters the fibre. The human skin
has a high penetration depth of light with a wavelength of 694 nm. Therefore the Ruby Laser is
still very useful in medical applications.
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Fig. 2.27: Output power of the Ruby laser
versus the pump power
We compare the performance of a semi-concentric and a concentric resonator. The output
power of the semi-concentric resonator (A) is
higher as for the concentric one, above 0.8 W
of pump power higher transverse modes occur. However, the concentric resonator mainly
shows TEM00 modes.
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Fig. 2.29: Experimental setup to measure
the ruby laser output power
To determine the optical power of the Ruby laser we make use of the known spectral properties of the photodetector.
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Fig. 2.31: Demonstration of initial spike

Fig. 2.32: Selected and resolved spikes

The Fig. 2.30 shows the the ruby laser output
after switching on the pump laser diode. It
shows the typical build up of the laser output
with some spiking and reaches the continuous
steady state after 10 ms.

To demonstrate the initial spike, the pump laser power is reduced and a giant spike occurs
when the Ruby laser starts up. For this example
the pump power has been reduced and the laser
mirror a bit misaligned.

The oscilloscope picture of the Fig. 2.32 shows
a few spikes. The time base of the oscilloscope
is set in this example to 20 µs/division to resolve the individual spikes. Furthermore the
pump power is further reduced to obtain just
a few spikes.
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Experimental setup for dynamic
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Fig. 2.30: The switch on behaviour
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Fig. 2.33: Operating the pump laser as flash
lamp

Fig. 2.34: Non linear pump absorption and
laser inset

For this experiment the modulation frequency
and pulse duration (duty cycle) of the injection current of the laser diode is set in such a
way, that the timing of a xenon flash lamp is
achieved. This experiment is the historical reproduction of the famous flash lamp pumped
Ruby laser as T. Maiman performed in 1960. It
clearly shows the spiking during the laser pulse
which is typical due to the long lifetime of the
excited state of 3.5 ms.

For the measurement as shown in Fig. 2.34, we
removed the filter (17) which blocks the pump
radiation. The photodetector now sees the
pump as well the Ruby laser emission simultaneously. After a delay of 4 ms the population
inversion is reached and the Ruby laser starts
with a significant initial spike. After that, the
ruby laser reaches a steady state with almost
continuous output power.
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Fig. 2.35: Setup for dynamic measurements
For the dynamic measurements we make use
of the modulation facilities of the diode laser
controller. It allows us to set the modulation frequency and the duty cycle of the pulsed injection current of the laser diode. In addition the
pulse peak power can be controlled to observe
the behaviour at the threshold or slightly above.
This experiment reveals a variety of effects
which are typical for three level laser
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Code
Qty. Description
Details page
CA-0080
1 Optics cleaning set
132 (12)
CA-0450
3 BNC connection cable 1 m
134 (28)
DC-0048
1 Diode laser controller MK2
126 (5)
DC-0120
1 Si-PIN Photodetector, BPX61
127 (15)
DC-0380
1 Photodetector Junction Box ZB1
129 (31)
MM-0020
2 Mounting plate C25 on carrier MG20
97 (1)
MM-0060
1 Filter plate holder on MG20
98 (7)
MM-0090
1 XY adjuster on MG20
98 (8)
MM-0100
1 Target Cross in C25 Mount
98 (9)
MM-0110
1 Translucent screen on carrier MG20
98 (10)
MM-0420
1 4 axes adjustment holder on 20 mm carrier
100 (25)
MM-0440
1 Kinematic mount ø25.4 mm on MG20, left
100 (26)
MM-0442
1 Kinematic mount ø25.4 mm on MG20, right
100 (27)
MP-0150
1 Optical Bench MG-65, 500 mm
97 (8)
OC-0068
1 Biconvex lens f=60 mm in C25 extended
103 (6)
OC-0160
1 Collimator 445 nm in C25 mount
103 (12)
OC-0560
1 Ruby crystal in CR25 mount
106 (34)
OC-0970
1 Filter GG495, 50 x 50 x 3 mm
108 (55)
OC-1160
1 Laser mirror 1/2” in 1” mount, ROC flat, HT405-HR694 nm
111 (80)
OC-1164
1 Laser mirror 1/2” in 1” mount, ROC 50, HT405-HR694 nm
111 (81)
OC-1168
1 Laser mirror 1/2” in 1” mount, OC 50, HR405 nm-HR 694 nm 111 (82)
OM-L405
1 Diode laser module 405 nm, 1 W
122 (54)
UM-LE02
1 Manual Ruby Laser
Option (order separately)
CA-0200
1 Oscilloscope 100 MHz digital, two channel
133 (19)
CA-0220
1 Multimeter 3 1/2 digits
133 (21)
CA-0270
1 Fibre coupled spectrometer 200 - 1200 nm, USB
134 (26)
MM-0360
1 Fibre holder with articulated arm
100 (22)

Highlights
Basic, advanced, and top level 
experiments
Outstanding features for a Ruby
Experimental Laser:
 Blue diode laser pumped
 Ruby crystal
 Absorption & Emission
 Continuous Ruby laser
 Lifetime of excited state
 Demonstration of spiking
Intended institutions and users:
Physics Laboratory
Engineering department
Electronic department
Biophotonics department
Physics education in Medicine

Laser Experiments

Dynamic measurements

