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ABSTRACT

A high power diode laser system utilizes an external cavity
to narrow the spectral width of a high power multimode
diode laser to change the output power normally produced
by the diode from a broad spectrum to a very narrow
spectrum. The power output of the laser system is concentrated over a narrow spectral range which falls within the
useable range for particular applications, such as optical
pumping of noble gas samples for magnetic resonance
imaging. The output of the diode is received by a collimating
element which directs the light on a beam path to a diffraction grating which is oriented at an angle to the incident
beam. A portion of the beam may be directed from the
diffraction grating to provide useable output light, and a
portion of the light incident on the grating is directed back
to be focused on the diode to provide feedback to cause the
diode to preferentially lase at the wavelength of the light that
is fed back. A polarization rotation element may be used to
orient the polarization of the light passing through it to
control the amount of feedback light.

11 Claims, 4 Drawing Sheets
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power laser system. For example, a 4 watt output laser may
have its output power narrowed in spectral width to provide
3 watts of output power in a usable narrow spectral range,
providing more usable output power in the desired spectral
CROSS-REFERENCE TO RELATED
5 range of interest than a much more expensive 15 watt laser.
The laser system in accordance with the present invention
APPLICATION
includes a high power diode laser comprising a diode emitter
This application claims the benefit of provisional applithat by itself produces laser light output at power levels of
cation No. 60/163,486, filed Nov. 4, 1999, the disclosure of
at least one watt having a relatively broad multimode
which is incorporated by reference.
10 spectral range typical of commercially available high power
diode lasers. The output of the laser is received and colliREFERENCE TO GOVERNMENT RIGHTS
mated by a collimating element such as a lens(es) or
reflector(s), and the collimated beam may be passed through
This invention was made with United States government
a polarization rotation element such as a half-wave plate
support awarded by the following agency: NSF 9724172.
The United States government has certain rights in this 15 before being incident upon a diffraction grating oriented at
an angle to the incident beam. A portion of the light incident
invention.
on the grating is directed back through the half-wave plate
FIELD OF THE INVENTION
and the collimating lens and is then focussed back on the
laser diode emitter, providing feedback thereto. A portion of
This invention pertains generally to the field of diode
the beam may be directed from the diffraction grating to
lasers and particularly to high power diode laser systems. 20
provide usable output light of the laser system or otherwise
directed out of the cavity. The diffraction grating is oriented
BACKGROUND OF THE INVENTION
to feed back the light at a selected wavelength to the laser,
High power diode laser arrays are now in use for a variety
causing the laser diode emitter to preferentially lase at the
of technological applications. Commercially available diode
25 wavelength of the light that is fed back. Surprisingly, despite
array systems with high output power (greater than 1 watt)
the normal multimode output of the high power diode laser,
are currently relatively expensive. Although the cost of such
it is found in accordance with the invention that the output
systems is likely to decrease over time, a typical current cost
beam of the system has a much narrower spectral width. The
for a 15 watt diode array is in the range of $25,000. Clearly,
diffraction grating may also be arranged in a Littmanthe users of such arrays wish to have as much usable laser 30 Metcalf configuration, with the light directed from the
light as possible. Unfortunately, much of the light that is
grating to a mirror and back to the grating to form the light
emitted is not usable for many applications.
fed back to the laser. The half-wave plate may be used to
orient the linear polarization of the light passed thereOne important use of high power diode lasers is for
producing laser polarized noble gases for medical magnetic
through. The half-wave plate may be mounted for rotation,
resonance imaging (MRI). As an example, a 15 watt laser 35 e.g., about an axis parallel with the output beam from the
array can be used to optically pump the noble gas sample.
laser. By rotating the half-wave plate, the polarization of the
The user tunes the array to a wavelength at which the gas in
light can be set to any desired direction, allowing the level
of feedback of light to the diode to be adjusted. The
the cell is activated, e.g., 795 nanometers (nm) where
polarization of the light striking the diffraction grating
rubidium is used. Unfortunately, like all high power diode
laser systems now available, the laser not only puts out laser 40 affects the efficiency of the diffraction grating and thereby
the amount of light that is directed back by the diffraction
light at the desired 795 nm, but also a spread of wavelengths
around 795 nm. While the peak of the spectrum may be at
grating to the laser diode. Excessive feedback would poten795 nm, the 15 watts of output power is typically spread over
tially destroy the diode (e.g., for some high power diodes,
the diode would be destroyed if 30 percent or more of its
several nanometers, typically displaying a Gaussian-type
curve of laser power versus wavelength centered at the 45 power were to be fed back to it). The polarization rotation
desired wavelength. Thus, only a fraction of the 15 watts of
element may thus be used where the laser light that would
output power is usable by the cell. Under reasonably attainotherwise be fed back would be excessive. By adjusting and
able conditions, generally only the light which is between
setting the level of feedback, it is possible to obtain the
maximum tunability, maximum output power, or a combiabout 794.9 and 795.1 nanometers is useful. The vast
majority of the output power of the laser is outside this range 50 nation of both, depending on the particular laser application.
and is wasted; typically of the 15 watts of power produced
Further objects, features and advantages of the invention
by the laser system, only 1 or 2 watts may fall within the
will be apparent from the following detailed description
useful range.
when taken in conjunction with the accompanying drawings.

FREQUENCY-NARROWED HIGH POWER
DIODE LASER SYSTEM WITH EXTERNAL
CAVITY

SUMMARY OF THE INVENTION

In accordance with the present invention, a high power
diode laser system utilizes an external cavity to narrow the
spectral width of a high power diode laser having a multimode output to change the output power normally produced
by the laser from a broad spectrum to a very narrow
spectrum, so that more power is concentrated over a narrow
spectral range which falls within the usable range for a
particular application, such as optical pumping of noble gas
samples for MRI. The total power output of the laser system
is reduced a moderate amount from the output power
provided from the laser alone, but concentrated within the
narrow spectral range to provide a much higher equivalent

BRIEF DESCRIPTION OF THE DRAWINGS
55
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In the drawings:
FIG. 1 is a diagram illustrating the typical spectral spread
of laser power in a typical high power unnarrowed laser
diode.
FIG. 2 is a schematic diagram of the frequency narrowed
high power diode laser system with an external cavity in
accordance with the present invention.
FIG. 3 are diagrams of measured spectral spread for a
15W Optopower array and for a 4W frequency narrowed
high power diode laser system.
FIG. 4 is a simplified diagram illustrating the construction
of one type of high power diode laser.
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FIG. 5 is a diagram illustrating an arrangement of gratings
in accordance with the invention for use with the diode laser
constructed as in FIG. 4.
FIG. 6 are diagrams of measured spectral spread for a 15
W laser diode array and for a frequency narrowed diode 5
laser system using commercial laser diodes.
FIG. 7 is a schematic diagram of a laser diode system that
may be used with a diode having two active regions.
FIG. 8 is a schematic diagram of a diode laser system in 10
accordance with the invention having a Littman-Metcalf
cavity configuration.
FIG. 9 is a schematic diagram of a diode laser system
similar to that of FIG. 1 but with the output beam directed
out of the cavity with a beam splitter.
15

DETAILED DESCRIPTION OF IBE
INVENTION
High power diode lasers, specifically, lasers with output
powers greater than 1 watt, are much more expensive than
low power diode lasers (generally, tens of milliwatts output
power or less). For certain applications, however, the greater
power output available from such high power lasers is
essential. An example is in the production of laser-polarized
noble gases for medical magnetic resonance imaging.
However, the commercially available high power diode
lasers provide their output power spread over a fairly wide
spectral range, as illustrated in FIG. 1. In contrast to low
power diode lasers, which have a single transverse mode,
high power diode lasers have multiple transverse modes.
Although the output laser spectrum of the high power laser
may be centered at a particular wavelength (e.g., 795 nm as
illustrated in FIG. 1), the output power may be spread over
several nanometers, typically with a Gaussian distribution as
shown in FIG. 1. For many applications, including the
production of laser polarized noble gas, only a narrow
spectral range of output power is usable. For example, for
laser polarizing of noble gases, the usable spectral range of
output power is roughly between 794.9 and 795.1 nm. With
an output power spectrum as illustrated in FIG. 1, it is seen
that the vast majority of the laser light is not usable and is
essentially wasted. Thus, although a laser of this type may
have a rated output power of 15 watts, the usable output
power is only a fraction of that, perhaps only 1 or 2 watts.
A high power diode laser system which yields greatly
improved usable power output in a narrow wavelength range
in accordance with the present invention is illustrated generally at 10 in FIG. 2. The laser system 10 includes a high
power single emitter laser diode 11 which may be a commercially available laser diode having a relatively high
power multimode output, e.g., greater than 1 watt and for
currently available commercial devices typically in the 3 to
4 watt range, which provides an expanding output beam 12
from its output aperture. Suitable single emitter laser diodes
are available commercially from Coherent Semiconductor
Group (single stripe CW devices in the 780 to 800 nm
range), and Semiconductor Laser International (SLI) (e.g., 5
watts SL1-CW-xxx-Cl-xxx-5M-4). The expanding beam 12
is collimated by a collimating element 13 (e.g., a reflecting
mirror or a lens as shown) into a collimated beam 15. An
example of a collimating lens that may be utilized with
various commercial lasers is a 0.68 numerical aperture (NA)
aspheric lens. The beam 15 is passed through a polarization
rotation element such as a half-wave plate 16. After passing
through the half-wave plate 16, the beam 15 is incident upon
a diffraction grating 18 which is oriented at an angle to the
incident beam 15. Part of the beam 15 is directed by the

20

25

30

35

40

45

50

55

60

65

grating 18 into an output beam 19 which can be used for
various purposes, e.g., laser polarizing of noble gases. The
diode laser 11 is preferably oriented with the long axis of its
active region parallel to the grooves of the grating. The
diffraction grating 18 is formed to selectively direct a very
narrow range of wavelengths of light back in a beam 20
which passes through the half-wave plate 16 and is focussed
by the collimating lens 13 onto the output aperture at the
face of the laser diode 11. An example of a grating that may
be used with various commercial lasers is an 1800 lines/mm
holographic diffraction grating. The efficiency of the diffraction grating in diffracting the incident light passed
through the half-wave plate 16 is dependent upon the angle
of polarization of the light passed through the half-wave
plate 16. The half-wave plate 16 is mounted for rotation on
a rotatable mount 17, e.g., of conventional design for
rotating optical elements such as lenses, so that it can be
rotated about a central axis which is parallel with the beam
15. The light from the diode laser is linearly polarized and
the polarization rotation element half-wave plate 16 changes
the orientation of the polarization depending on the orientation of the plate. By rotating the half-wave plate 16 about
its mount 17, the polarization of the light incident upon the
diffraction grating can be selected and thereby the efficiency
of the grating can be selected. In this manner, the amount of
light that is directed back by the diffraction grating to the
laser diode can be controlled. The light in the beam 20 fed
back to the laser diode causes the laser diode 11 to preferentially lase at the wavelength of the light from the diffraction grating, with the result that the light in the beam 15 and
the light 19 that is reflected from the diffraction grating 18
have a greatly narrowed spectral spread as compared to the
light normally emitted from the laser diode 11. For example,
for a commercially available 4 watt diode with a spectral
spread of 2 nm, by utilizing the apparatus of FIG. 2 the
spectral width can be reduced to approximately 0.06 nm.
Because the half-wave plate 16 is mounted for rotation,
the rotational position of the half-wave plate can be adjusted
to adjust the feedback to obtain maximum tunability, maximum output power, or a combination of both depending on
the desired application for the laser. The utilization of the
half-wave plate 16 allows the amount of light fed back from
the diffraction grating 18 in the beam 20 to be adjusted so
that the laser diode 11 is not damaged (typically less than 30
percent of the power should be fed back to the laser diode),
while allowing the efficiency of the output of the system to
be maximized. The half-wave plate 16 may for some applications be fixed at the appropriate position for the desired
level of feedback.
As an example of the application of the present invention,
a frequency narrowed 2.5 watt diode laser having an equipment cost of approximately $5,000 can be applied to xenon
gas in a conventional cell to produce laser-polarized xenon
gas for MRI applications at an efficiency 50 percent greater
than that of a commercially available 15 watt diode array
having a cost of approximately $25,000. A frequency narrowed 4 watt diode that costs only a few hundred dollars
more than a 2 watt diode may be utilized in an array of 3 or
4 such lasers to replace the approximately 100 watt diode
arrays currently utilized for industrial production of polarized noble gas, which have a present cost of approximately
$100,000.
FIG. 3 shows the measured output spectrum 22 of a 15
watt Optopower array and the measured output spectrum 23
of a 4 watt frequency-narrowed external cavity diode laser
system in accordance with the invention. The array spectrum
22 was measured with a grating spectrometer and the
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spectrum 23 of the external cavity laser system was meatwo outputs. This difference is tunable by changing the angle
of one of the two gratings while holding the other fixed.
sured with a custom-made Fabry-Perot spectrometer. As
A single, narrowed output beam may also be produced
illustrated in FIG. 3, the 4 watt external cavity laser system
from a two emitter laser diode (e.g., SDL-2380). Each active
has significantly higher output power in the desired narrow
5 region may be fed back to itself using a single grating and
range around 795 nm than the 15 watt array.
a cylindrical lens. The cylindrical lens is placed in the a
The half-wave plate 16 is a preferred polarization rotation
cavity
not to collimate the vertical beam direction but to
element for adjusting the polarization of the light passed
focus it onto the grating. In this way, an erect image of the
through to the grating 18. However, other equivalent strucoutput aperture of the diode (with its two active regions) is
tures may be utilized, including two quarter wave plates or
10 produced back on the diode, so that region 1 is fed back to
appropriate polarizer material.
region 1 and region 2 to region 2. For example, a single 2.5
As a further example, using a Coherent Semiconductor
watt output beam may be narrowed to 70 GHz (1.5
Group 2 W BAL (SS-79-2000C-150-H) laser diode, 1.4 W
Angstroms) line width. If the cylindrical lens is placed to
with a 0.08 nm bandwidth was obtained as shown in FIG. 6.
collimate the light ( as is customary with single active region,
The spectral shapes were measured as discussed above, and
15 lower power diodes), the image produced on the diode is
the measured peaks are shown shifted from 795 nm for
inverted-region 1 is fed back to region 2 and vice versa and
clarity. The output frequency tuned smoothly from approxiwith less satisfactory results.
mately 792 to 798 nm, and ran stably for days without
A diode laser system utilizing this arrangement is shown
requiring adjustment or realignment. No temperature control
in FIG. 7. A cylindrical lens 45 is inserted into the cavity
of the external cavity was used, and the components were
20 between the collimating element (e.g., lens 13) and the
mounted on low-cost commercial mounts. Similar results
grating 18 to allow narrowing and tuning of both active
were attained with a 4 W Semiconductor Laser International
regions with one grating. Rather than collimating the laser
BAL at 808 nm (SLI-CW-SLD-Cl-808-4M-R).
light, the lens 45 images the output aperture of the diode 11
For some types of commercial lasers that provide a
onto the grating 18. In this way, the first order diffraction
non-uniform output beam, compensating lenses may be 25 feedback forms an image of the diode output back onto itself
required in the beam path 15. This may include a cylindrical
with positive unit magnification (in contrast to the negative
lens to compensate for astigmatism in the laser output beam.
magnification that occurs in a standard Littrow cavity). The
Certain types of high power lasers may produce two laser
result is that each of the two active regions is imaged back
beams or may be composed of two lasers adjacent to each
onto itself, rather than onto the other. In this way, a 2.5 W
other, so that proper collection of the light emitted from the 30 output beam has been produced with 70 GHz full width at
lasers, and proper focussing of the feedback light onto the
half maximum, tunable over roughly 4 nm, as illustrated in
facets of the lasers, may require compensating lenses of this
FIG. 6 (the measured peaks are shown displaced from 795
type. Further, two frequencies may be produced from a
nm for clarity of illustration). Note that for this particular
single laser diode (e.g., a Spectra Diode Labs SDL-2380
commercial diode laser, light is polarized along the quickly
series) in which the, e.g., 4 Watt diode, is actually two (2 35 diverging direction, and adding the half-wave plate 16 to the
Watt) diodes 30 and 31 separated by a small isolation region
cavity only allows an increase in feedback, resulting in
32 as shown in FIG. 4.
lower power output with only modest gains in narrowing
The first difficulty in working with such a diode is the
and tunability.
beam shape owing to the tall, narrow active regions-the
The optical pumping performance of the frequency narangular divergence of the beam is 34 ° in the horizontal 40 rowed 4 W diode system of the invention was compared to
direction (as pictured in FIG. 4) compared to only 12° in the
a commercially available 15 W diode array (OPC-A015vertical direction, and it is not possible to collimate both
FCPS, Opto Power Corporation). The optical pumping cell
directions with spherical lenses. A single 6 mm focal length
used is a sealed uncoated Pyrex 4 cm diameter sphere with
spherical collimating lens may be used to collimate the beam
a small stem. It contains 1.3 amagats of natural abundance
in the horizontal direction. The vertical direction then con- 45 Xe, 50 torr of nitrogen quenching gas, and a small amount
tinues to diverge at an angle somewhat smaller than 12°. By
of Rb metal. It is located inside a forced air oven with an
inserting a single 1800 lines/mm grating to form an external
antireflective coated window, and is carefully centered in a
feedback cavity, the light may be fed back from either region
pair of 1 m diameter Helmholtz coils which provide the de
1 or region 2, but not both simultaneously (due to the
field. A custom pulsed nuclear magnetic resonance (NMR)
remaining divergence of the beam in the vertical direction). 50 system measured the relative polarization of the 129 Xe in the
Further, when the light is fed back from region 1, only region
cell using free-induction decay following a rc/2 resonant
1 is narrowed and tunable. Similarly, when the tilt of the
pulse. To compare the performance of the narrowed diode
grating is adjusted to feed back the light from region 2, only
and the array, the polarization of the Xe was measured as a
region 2 is narrowed and tunable. In accordance with the
function of the oven temperature. Each of the two laser
invention, the first grating 35 may be moved and a second 55 sources was used to illuminate the cell with a uniform 2 cm
grating 36 added so as to form two separately tunable
diameter beam. The irregular beam profile of the narrowed
external cavities as shown in FIG. 5. The first grating 35
diode necessitated the use of beam-shaping optics shown in
intercepts only the light 38 from region 1 and the second
FIG. 7, i.e., additional lenses 50 and 51 were used with a
grating 36 intercepts only the light 39 from region 2. The
holographic diffuser 52 and a final lens 54 on the output
two output beams thus formed are separately tunable over 60 beam. Losses at the optics led to only 1.4 W actually being
approximately 4 nm and both can be narrowed to approxidelivered to the cell. Nevertheless, the maximum polarizamately 1 Angstrom line width. Each contains roughly 1 Watt
tion achieved with the 1.4 W narrowband laser is nearly
of output power.
identical to that of the 15 W array. Removing the beam
shaping optics results in even higher Xe polarizations
A device for generating tunable terahertz radiation may
utilize this structure. By focusing both outputs onto an 65 because the entire 2.5 W is delivered to the cell. The
ultrafast photodetector, oscillations may be induced at a
narrowband 2.5 W laser then produces polarizations 40%
frequency equal to the difference of the frequencies of the
greater than that of the 15 W array.
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The invention may also be embodied in a system with a
4. The laser system of claim 1 wherein the collimating
Littman-Metcalf external cavity as illustrated in FIG. 8. In
element comprises a spherical lens.
this arrangement, the collimated beam incident on the grat5. The laser system of claim 1 wherein the diode laser
ing 18 is directed to a mirror 60 which reflects the light back
provides two spatially diverging output beams on two beam
to the grating. A portion of the light is directed by the grating 5 paths, wherein there are two diffraction gratings, each
back on the beam path to be focussed on the emitter of the
mounted to intercept the beam on one of the beam paths, the
diode laser 11. A portion of the light may also be directed by
gratings partially reflecting the beam on each beam path
the grating to provide a useable output beam 61 as shown in
back on the beam path through the collimating lens to focus
FIG. 8.
the light back onto the position in the diode laser from which
It is noted that the output beam from the system can be 10 the light on that beam path originated.
directed out of the cavity other than by the diffraction
6. The laser system of claim 5 including a polarization
grating. FIG. 9 illustrates a Littrow cavity arrangement,
rotation element mounted in each of the two beam paths to
similar to that of FIG. 1 (with the same parts bearing the
control the amount of feedback from the gratings to the
same numerals), in which a beam splitter 63, preferably
diode laser.
non-polarizing, is mounted in the beam path between the
7. A method of narrowing the spectral width of the output
collimating element 13 and the grating 18. The beam splitter 15
63 partially reflects the light from the laser 11 into an output
of a high power diode laser that produces multimode laser
beam 64 that exits the cavity, and partially transmits the laser
light output at power levels of at least one watt having a
light through the element 63 to the grating 18 and thence
relatively broad spectral range, comprising:
back on the beam path through the beam splitter 63 to be
(a) receiving the output of the diode laser with a collifocussed onto the emitter of the laser 11. Similarly, a beam 20
mating element to provide a collimated output beam;
splitter may be inserted in the beam between the collimating
and
element 13 and the grating 18 in the Littman-Metcalf
(b) directing the collimated output beam to a diffraction
configuration of FIG. 8 to form the output beam, as indicated
grating mounted to receive the collimating beam from
at 63' in FIG. 8.
the collimated element on a beam path, and directing a
The frequency narrowed output is well suited to laser 25
portion of the beam from the grating back on the beam
polarization of gases, including the noble gases, e.g., xenon,
path to the collimating element and focusing the beam
helium, mixtures of xenon and rubidium, mixtures of helium
on the diode laser to provide feedback thereto to narrow
and rubidium, mixtures of cesium and xenon, and mixtures
the spectral range of the laser light output, selecting the
of potassium and helium.
amount of light directed back by the diffraction grating
It is understood that the foregoing description is for
30
to the diode laser to provide effective feedback without
purposes of exemplifying the invention and that modificadamaging the diode laser by passing the light on the
tions of these embodiments may be made without deviating
beam path through a polarization rotation element, and
from the scope of the present invention, which is set forth in
rotating the polarization rotation element about an axis
the accompanying claims.
parallel with the output beam from the collimating
What is claimed is:
element to select the amount of feedback to the diode
1. A high power diode laser system having narrow spectral 35
laser.
width output comprising:
8.
The
method of claim 7 wherein the polarization rotation
(a) a high power diode laser that produces multimode
element through which the light is passed is a half wave
laser light output at power levels of at least one watt
plate.
and having a relatively broad spectral range;
9. A method of narrowing the spectral width of the output
(b) a collimating element positioned to receive the output 40
of a high power diode laser that produces multimode laser
of the laser diode and provide a collimated output
light output at power levels of at least one watt having a
beam; and
relatively broad spectral range that includes a wavelength at
(c) a diffraction grating mounted to receive the collimated
which a selected gas can be laser polarized, comprising:
beam from the collimating element on a beam path, the
(a) receiving the output of the diode laser with a collidiffraction grating oriented at an angle to the collimated 45
mating element to provide a collimated output beam;
beam such that a portion of the light in the collimated
(b) directing the collimated output beam to a diffraction
beam incident on the grating is directed back on the
grating mounted to receive the collimated beam from
beam path to the collimating element and is focussed
the collimating element on a beam path, and directing
on the diode laser to provide feedback thereto to narrow
a portion of the beam from the grating back on the
the spectral range of the laser light output; and
50
beam
path to the collimating element and focusing the
(d) a polarization rotation element in the beam path from
beam on the diode laser to provide feedback thereto to
the collimating element to the diffraction grating, the
narrow the spectral range of the laser light output, such
polarization rotation element oriented such that the
that the spectral range is centered at the wavelength at
light on the beam path passed therethrough to the
which the selected gas can be polarized, and
diffraction grating is oriented with respect to the dif- 55
( c) passing the output light beam from the diffraction
fraction grating to provide a selected efficiency of the
grating into a cell containing a sample of the selected
diffraction grating and to select the amount of light
gas to laser polarize the gas.
directed back by the diffraction grating toward the
10. The method of claim 9 wherein the gas is selected
diode laser to provide effective feedback without damfrom the group consisting of xenon, helium, mixtures of
aging the diode laser, wherein the polarization rotation
element is mounted for rotation to allow rotation of the 60 xenon and rubidium, mixtures of helium and rubidium,
mixtures of cesium and xenon, and mixtures of potassium
polarization rotation element to select the amount of
and helium.
feedback to the diode laser.
11. The method of claim 7 including directing a portion of
2. The laser system of claim 1 wherein the polarization
the beam from the diffraction grating to provide a useable
rotation element is a half wave plate.
3. The laser system of claim 1 further including a com- 65 output light beam.
pensating lens mounted to compensate for astigmatism in
the output light from the diode laser.
* * * * *

