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(57) ABSTRACT 

Embodiments of systems and methods are provided for a 
tunable laser device. The tunable laser device may include a 
diffraction grating connected to a pivot arm that pivots the 
diffraction grating about a pivot point to tune the laser 
device. In pivoting the diffraction grating about the pivot 
point, both the wavelength to which the diffraction grating 
is tuned and the length of the optical cavity may be changed. 
The length of the pivot arm may be selected to reduce the 
number of mode hops of the tunable laser device when 
tuning the laser device over its tuning range. 
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EXTERNAL CAVITY LASER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application makes reference to and claims the 
priority date of co-pending U.S. Patent Application 60/780, 
354, entitled “External Cavity Laser, filed Mar. 9, 2006. 
The entire disclosure and contents of the above application 
is hereby incorporated by reference. 

BACKGROUND 

0002 1. Field of the Invention 
0003. The present invention relates generally lasers, and 
more particularly, to external cavity lasers. 
0004 2. Related Art 
0005. The use of an external laser cavity with a spectrally 
selective element has been used for several decades to create 
a laser with a narrower spectral linewidth than is available 
with the non-wavelength selective mirrors in the laser cavity 
of the typical laser. In addition, the tenability of the spec 
trally selective element may create a laser with an agile 
wavelength that may be both narrow in line width and cover 
a broad tuning range. The spectrally selective element in 
many non-integrated external cavity lasers may be a diffrac 
tion grating. These diffraction gratings may be designed to 
meet a broad range of laser cavity needs such as size, 
efficiency, and dispersion. The tuning of the wavelength of 
the laser may be achieved by adjusting the grating angle of 
the diffraction grating with respect to the laser beam. 
0006 Tuning Such a laser by merely adjusting the grating 
angle may result in the laser occasionally “hopping from 
one cavity mode to another cavity mode. A cavity mode 
(referred to hereafter as a “mode’) refers to the integral 
number of half wavelengths of light at the tuned wavelength 
that fit within the optical cavity of the laser. Further, these 
hops from one mode to another are referred to as mode hops. 
Modehops may result in the instability of the laser output by 
the laser system. Thus, it is desirable to reduce the number 
of mode hops that exist across a tuning range of the laser 
system. 
0007 Accordingly, there is a need for laser systems with 
improved mode hop performance over the tuning range. 

SUMMARY 

0008 According to a first broad aspect of the present 
invention, there is provided a laser system comprising: 

0009 a light source which provides light; 
0010 a lens which collimates the light to provide a 
collimated coherent light beam; 

0011 a diffraction grating which reflects at least a 
portion of a wavelength of light of the collimated 
coherent light beam towards the light Source; and 

0012 a pivot arm connected to the diffraction grating, 
wherein the pivot arm pivots the diffraction grating to 
thereby adjust the wavelength of light reflected by the 
diffraction grating towards the light source as well as 
adjusting an optical path length. 

0013. According to a second broad aspect of the inven 
tion, there is provided a method for generating a coherent 
light beam comprising the following steps: 

0014 (a) providing a collimated coherent light beam; 
and 
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0.015 (b) pivoting a pivot arm connected to a diffrac 
tion grating to adjust a position of the diffraction 
grating, thereby adjusting a wavelength of light of the 
collimated coherent light beam reflected by the diffrac 
tion grating as well as adjusting an optical path length. 

0016. According to a third broad aspect of the invention, 
there is provided a laser system for generating a coherent 
light beam comprising: 

0017 
beam; 

0.018 means for reflecting at least a portion of a 
wavelength of light of the collimated coherent light 
beam; and 

0.019 means for adjusting a position of the reflecting 
means to thereby adjust a wavelength of light of the 
collimated coherent light beam reflected by the reflect 
ing means as well as adjusting an optical path length for 
the laser System. 

means for providing a collimated coherent light 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020. The invention will be described in conjunction with 
the accompanying drawings, in which: 
0021 FIG. 1 illustrates an exemplary laser system, in 
accordance with embodiments of methods and systems of 
the present invention; 
0022 FIGS. 2A and 2B provide a simplified diagram for 
illustrating a Littrow angle, in accordance with embodi 
ments of methods and systems of the present invention; 
0023 FIG. 3 illustrates a simplified exemplary laser 
system where the pivot point is located directly below the 
intercept point on the transmission grating, in accordance 
with embodiments of methods and systems of the present 
invention; 
0024 FIG. 4 provides an exemplary plot illustrating 
mode number, MVersus wavelength over the tuning range 
for an exemplary laser system for various lengths of the 
pivot arm, in accordance with embodiments of methods and 
systems of the present invention; 
0025 FIG. 5 provides an exemplary plot illustrating 
mode number, MVersus wavelength over the tuning range 
for an exemplary laser system for various lengths of the 
pivot arm between Pmin and Pmax, in accordance with 
embodiments of methods and systems of the present inven 
tion; 
0026 FIG. 6 illustrates a simplified exemplary laser 
system illustrating various positions for locating the pivot 
point of a pivot arm, in accordance with embodiments of 
methods and systems of the present invention; 
0027 FIG. 7 illustrates an exemplary laser system in 
which the alignment of the laser system's components may 
be adjusted, in accordance with embodiments of methods 
and systems of the present invention; 
0028 FIGS. 8A and 8B illustrate an exemplary pivot arm 
with an attached transmission grating, in accordance with 
embodiments of methods and systems of the present inven 
tion; 
(0029 FIGS. 9A and 9B illustrate an exemplary mount, 
transmission grating and first portion of a pivot arm, in 
accordance with embodiments of methods and systems of 
the present invention. 
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DETAILED DESCRIPTION 

0030. It is advantageous to define several terms before 
describing the invention. It should be appreciated that the 
following definitions are used throughout this application. 

Definitions 

0031 Where the definition of terms departs from the 
commonly used meaning of the term, applicant intends to 
utilize the definitions provided below, unless specifically 
indicated. 
0032 For the purposes of the present invention, the term 
“light source refers to a source of electromagnetic radiation 
having a single wavelength or multiple wavelengths. The 
light Source may be from a laser, a laser diode, one or more 
light emitting diodes (LEDs), etc. 
0033 For the purposes of the present invention, the term 
“coherent light beam' refers to a beam of light including 
waves with a particular (e.g., constant) phase relationship, 
Such as, for example, a laser beam. 
0034) For the purposes of the present invention, the term 
“processor refers to a device capable of executing instruc 
tions and/or implementing logic. Exemplary processors may 
include application specific integrated circuits (ASIC), cen 
tral processing units, microprocessors, such as, for example, 
microprocessors commercially available from Intel and 
AMD, etc. 
0035. For the purposes of the present invention, the term 
“reflective device' refers to a device capable of reflecting 
light. Exemplary reflective devices comprise mirrors, dif 
fraction gratings, including, for example, tunable transmis 
sion diffraction gratings, etc. 
0036. For the purposes of the present invention, the term 
“diffraction grating refers to a device whose optical prop 
erties are periodically modulated which results in the incom 
ing light to exit the grating with an angle that is dependent 
on the wavelength. Exemplary diffraction gratings may 
include reflective or transmission gratings. 
0037 For the purposes of the present invention, the term 
“transmission grating refers to a diffraction grating that is 
on a transparent Substrate which permits the non-diffracted 
light to be transmitted through the substrate. Exemplary 
transmission gratings comprise devices capable of diffract 
ing a portion of light at a particular wavelength that passes 
through the device back along the same path on which the 
incoming light traveled, for example, by adjusting an angle 
of the device. 
0038. For the purpose of the present invention, the term 
“tunable transmission grating” refers to a Transmission 
grating in which the particular wavelength of light reflected 
may be adjusted. 
0039 For the purposes of the present invention, the term 
“reflective grating refers to a diffraction grating that is on 
a reflective substrate which permits the non-diffracted light 
to be reflected from the substrate. 
0040. For the purpose of the present invention, the term 
“collimated light beam refers to a beam of light comprising 
Surfaces of approximately constant phase that are approxi 
mately parallel and normal to the direction of propagation. 
For example, in embodiments, a collimated light beam may 
have surfaces of constant phase that are as close to parallel 
as possible and normal to the direction of propagation. 
0041. For the purpose of the present invention, the term 
“tune’ refers to adjusting a device to a desired state. For 
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example, in exemplary embodiments, a diffraction grating 
may be tuned by adjusting the particular wavelength 
reflected or transmitted by the diffraction grating to a desired 
wavelength. 
0042. For the purpose of the present invention, the term 
“optical cavity” refers to a space between two reflective 
devices. Exemplary optical cavities may comprise the space 
between reflective devices in a laser system, such as, for 
example, the space between a reflective coating on a facet of 
a laser diode and a transmission grating, diffraction grating, 
mirror, etc. 
0043. For the purpose of the present invention, the term 
“external cavity” refers to a portion of an optical cavity that 
is external to a component of a laser system that is the Source 
of the photons and optical gain. Exemplary external cavities 
comprise the portion of an optical cavity of a laser system 
between a laser diode and a reflective device (e.g., a Trans 
mission grating) external to the laser diode, and usually 
provide control over the longitudinal and/or transverse mode 
structure of the laser. 
0044) For the purpose of the present invention, the term 
“mode number” refers to the number of half wavelengths of 
a particular wavelength of light that fits within an optical 
cavity. 
0045. For the purpose of the present invention, the term 
“mode hop” refers to an integral change in the mode number 
that occurs during tuning of laser. 
0046 For the purpose of the present invention, the term 
“substrate” refers to a layer of material. Exemplary sub 
strates may include, for example, transparent materials. Such 
as, for example, glass, plastic, etc. 

Description 

0047 FIG. 1 illustrates an exemplary laser system, in 
accordance with embodiments of the methods and systems 
of the present invention. As illustrated, laser system 100 may 
comprise a laser diode 102, a collimating lens 104, a 
transmission grating 108, a processor 140, and a pivot arm 
150. Laser system 100 may be, for example a laser system 
Such as used in holographic memory systems. Laser diode 
102 may be, for example, any type of device capable of 
producing a coherent light beam, Such as, for example, a 
semiconductor device capable of producing a coherent light 
beam. Further, laser diode 102 may include a highly reflec 
tive coating 112 (e.g., Ric98%) on its facet opposite the 
external cavity 132 and an anti-reflective coating 114 (e.g., 
R-0.5%) on laser diode 102’s other facet. Processor 140 
may be any type of processor, such as, for example a 
commercially available microprocessor and be used, for 
example, to control (e.g., move) pivot arm 150. 
0048 Collimating lens 104 may be a high quality colli 
mating lens, such as those commercially available. Although 
not illustrated in this embodiment, an optional half wave 
plate (HWP), such as, for example, any type of commer 
cially available HWP may be located between lens 104 and 
transmission grating 108. Transmission grating 108 may be, 
for example, a transmission grating Such as described in M. 
Merimaa, H. Talvitie, P. Laakkonen, M. Kuittinen, I. Tit 
tonen, and E. Ikonen, “Compact External-Cavity Laser with 
a Novel Transmission Geometry,” Optics Communications 
174: 175-180 (Jan. 15, 2000). Further, in laser system 100 
transmission grating 108 may have a reflectivity of, for 
example, from about 10 to about 50%. Although the present 
embodiments are described as using a transmission grating, 
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in other embodiments other types of spectrum selective 
elements may be used, such as for example, other types of 
a diffraction gratings, such as, for example, a reflective 
grating. 
0049 Pivot arm 150 may be connected to transmission 
grating 108 so as to pivot about a pivot point 152 so that 
transmission grating 108 is pivoted (e.g., to rotated) to an 
angular position to tune laser system 100 to a desired 
wavelength. A further description of an exemplary transmis 
sion grating 108 is provided below, along with an explana 
tion regarding tuning laser system 100 by pivoting trans 
mission grating 108 to the desired angular position using 
pivot arm 150. 
0050. In operation, laser diode 102 may generate a coher 
ent light beam 120 that may be achromatically collimated by 
collimating lens 104. Pivotable transmission grating 108 
may then be used to tune laser system 100 to a desired 
wavelength of light by diffracting only a selected wave 
length of coherent light beam 120 directly back towards 
laser diode 102. Wavelengths of light other than the desired 
wavelength (i.e., the wavelength to which laser system 100 
is to be tuned) will be diffracted at other angles. Only the 
reflected light at the desired wavelength may then pass back 
through collimating lens 104 and laser diode 102 where it 
may then be reflected back by reflective coating 112. Since 
a laser amplifies the photon energy on each round trip 
through the total laser cavity 134, transmission grating 108 
of the external cavity 132 of laser system 100 may be used 
to selectively allow only one (or a few) wavelengths to 
dominate (i.e., lase). 
0051. As noted above, transmission grating 108 may be 
able to diffract about 10% to about 50% of the light of the 
desired wavelength back to the light source, which is for 
example, a reflectivity of between about 10% and about 50% 
for the output coupler of the external cavity laser system 
described in the present embodiment of laser system 100. 
Thus, in operation, tunable transmission grating 108 may 
transmit almost all of the light incident upon it except for the 
diffraction of from about 10 to about 50% of light back into 
the laser cavity and any other light that is diffracted or 
reflected at other angles due to the design of the diffraction 
grating or reflective coatings. In addition, transmission grat 
ing 108 may allow the remaining light (i.e., from about 50 
to about 90%) at the tuned wavelength (as well as all other 
wavelengths of light) to pass through the transmission 
grating 108 to form collimated output laser beam 122. 
0052. The following provides a more detailed description 
of an exemplary method for designing a laser system 100 
using a pivotable transmission grating 108 fortuning. In the 
description below, laser diode 102 will be described with 
reference to a desired center wavelength, W. and a tuning 
range AW, in terms of nanometers (nm). Further, for 
simplicity in the description below, the center wavelength 
will be set in the center of the turning range. Laser diode 102 
may also have a minimum wavelength, - -A, 
and a maximum wavelength, WW +Ava where 
AWhalf Awaaf2. total 

0053 Transmission grating 108 may comprise a plurality 
of equally spaced and parallel gratings. The density of 
grating lines, G, in lines/nm may be defined as G-2 sin 
(C)/W, where C is the Littrow angle. Thus, for example, 
for a Littrow angle, C-45 degree, G-v2/7. Accordingly, in 
an exemplary system where w =405 nm and C-45 eelief 

degrees, G-3492 lines/mm. 

eelief 
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0054 FIGS. 2A and 2B provide a simplified diagram for 
illustrating the Littrow angle, C. The Littrow angle, C., for 
transmission grating 108 is the angle at which transmission 
grating 108 will diffract the wavelength of interest directly 
back onto itself (i.e., transmission grating 108 will diffract 
the wavelength of interest back along the optical axis). In 
FIG. 2A, transmission grating 108 is not angled at the 
Littrow angle, C.W., for the wavelength of interest, but instead 
is set at a different angle, C. This results in the wavelength 
of interest, W, being reflected not along the optical axis 
but instead as shown by diffracted power, R, at the angle B. 
In FIG. 2B, transmission grating 108, in contrast, is posi 
tioned at the Littrow angle, C., for the wavelength of 
interest, w and accordingly reflects the wavelength of 
interest, W., back along the optical axis as shown by line 
R at the angle C. Also, illustrated in FIGS. 2A and 2B, are 
a transmitted power. To a transmitted power, T., and a 
reflected power, Ro, which are the most common pathways 
that light travels after a diffraction grating. The subscript “0” 
is used to denote just the natural direction that light will 
travel when it encounters an transparent Substrate with a 
different index of refraction. The other two beams have the 
“1” subscript which denotes that the light has been diffracted 
by the grating into various angles. The general grating 
equation is: Gmw sin(C)+sin(B), where m is the diffraction 
order and must be an integer. This equation and other 
diffraction grating details can be found in the book “Dif 
fraction Grating Handbook', Christopher Palmer and Erwin 
Loewen, Newport Corporation, 2005, which is hereby incor 
porated by reference. 
0055. The following provides a description of an exem 
plary method for determining the placement of the pivot 
point 152 of transmission grating 108 and the length, P. of 
pivot arm 150. For simplicity, the first reflected order of 
diffraction for the transmission grating 108 will be assumed 
to be the order of interest in the below description, m=1 and 
therefore the R beam is the one that defines the external 
cavity laser optical path. 
0056 Referring back to FIG. 1, the optical cavity length, 
L. is the optical path length for a photon of wavelength w 
traveling down the center of laser cavity 134 and takes into 
account the path length and index of refraction for each of 
the materials that the path traverses as shown in FIG. 1. For 
example, the optical cavity length, L, for laser system 100 
may be defined as follows: 

ceasef 

L(Idiode" diode)+(Lair"ai)+(Lions material "liens 
raterial n) 

where L. physical length of the laser diode along the 
central optical path, in the index of refraction at the 
center wavelength, , of laser diode 102, L. physical 
length of the space along the central optical path that is air, 
ni, the index of refraction at Wee of the air, Lies it 

physical length of lens 104 along the central optical path, 
and nies et , the index of refraction at W of lens 
104. 

0057. As noted above, the Littrow angle, C., for trans 
mission grating 108 is defined as: 

ceasef 

Acenter G ). 
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0058 As noted above, transmission grating 108 may be 
pivoted to an angular position to tune laser system 100 over 
a desired tuning range. Laser system 100 may therefore, for 
example, be designed such that transmission grating 108 
may pivoted to create angles Littrow angles ranging from 
C. to C, where: 

. filmin G (min F SIIl "( ty ) 
... if max G Cmax FSIIl "( m ) 

... if center G (center FSIIl "( r ) 

and 

AC,nax Orna-Ocenter 

AC,nin C-center-Cain 

0059. To reduce the number of mode hops in laser system 
100 over the tuning range, laser system 100 may be designed 
so that the overall cavity length, L, changes proportionally 
with the change in the wavelength: 

AL Al 

Line, late, 

where 
0060 L Cavity Length of the Laser at W 
0061 Av w-. 
0062 AL-L-L where Ly Cavity Length of the 
Laser at Wv, and 

0063 was wys W. 
That is, mode hop free tuning of laser system 100 may be 
achieved when the cavity length, L, for a new wavelength 
contains the same mode number as for the starting cavity 
length, L, for W. The mode number, M. may be defined 
as the number of half wavelengths that fit into the cavity: 

Therefore, modehopfree tuning may occur when M=M for 
all w in the tuning range (i.e., M is a constant for all w in the 
tuning range). Although it may be difficult to have no change 
in mode number over the tuning range in a Littrow external 
cavity laser, embodiments of the present invention may be 
used minimize the number of mode hops by placing the 
center of rotation for transmission grating 108 at an optimal 
position. 
0064 FIG. 3 illustrates a simplified version of laser 
system 100 where the pivot point 152 is located directly 
below transmission grating 100. In FIG. 3, pivot arm 150 is 
located at a position for reflecting the center wavelength, 
W., back along the optical axis so that the center wave 
length lases in the optical cavity 134. Also, as illustrated, 
pivot arm 150 may be rotated counter-clockwise by AC 
tilted to adjust the angular position of transmission grating 
108 so that the minimum wavelength, w, lases in laser 
system 100. Further, as shown, pivot arm 150 may rotated 
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clockwise by AC, to adjust the angular position of trans 
mission grating 108 So that the maximum wavelength, w 
lases in laser system 100. 
0065. As will be described in more detail below, the 
length, P. of pivot arm 150 may change the total number of 
mode hops experienced over the tuning range, A.W. Thus, 
it may be advantageous to choose the length, P, to minimize 
the change in mode hops, M. For Small angles of AC.s 3, the 
pivot arm length, P, that may result in the fewest number 
of mode hops, M, may be in the narrow range of 
P-P-P where 

flex 

test as 

Akhalf 
Acenter 8 sin(Aamax) 

Alhalf 
center 3 sin(Aamin) 

Pnin = L 

Pmax = L and 

nin cente-A-half 

nascentertAvhalf 

Thus, in an embodiment, P., and P. may be calculated 
and the pivot arm length, P. selected such that it is between 
P, and P. For example, P may be selected such that 
P=(P+P)/2. 
0.066 FIG. 4 provides an exemplary plot 400 illustrating 
mode number, M. versus wavelength over the tuning range 
for an exemplary laser system for various lengths of the 
pivot arm, P. In the example of FIG. 4, the pivot point may 
be placed directly below the point at which coherent light 
beam 120 intercepts transmission grating 108 (referred to 
hereafter as the “intercept point”). As noted above, the mode 
number, M. =L/(W/2). Pivot arm 150 moves transmission 
grating 108 angularly to tune laser system 100. This angular 
movement of transmission grating 108 may further have the 
effect of changing the optical cavity length, L, and corre 
spondingly the mode number for the laser system 100 at the 
tuned wavelength (i.e., the number of half wavelengths at 
the tuned wavelength that fit in the optical cavity). 
0067 FIG. 4 illustrates 5 curves 402,404, 406, 408, and 
410 for various pivot arm lengths and exemplary resulting 
mode hop numbers, M, in the optical cavity versus wave 
length, W for L. 20 mm. Particularly, curve 402 illus 
trates a curve for a pivot arm length, P=18 mm, which in this 
example results in a change in mode hop numbers of M-243 
(i.e., 98.900-98657). Curve 404 illustrates a curve for a pivot 
arm length, P=19 mm, which in this example results in a 
change in mode hop numbers of M=121 (i.e., 98848 
98.727). Curve 406 illustrates a curve for a pivot arm length, 
P–20 mm, which in this example results in a change in mode 
hop numbers of M=16 (i.e., 98781-98765). Curve 408 
illustrates a curve for a pivot arm length, P-21 mm, which 
in this example results in a change in mode hop numbers of 
M=123 (i.e., 98848-98725). And, curve 410 illustrates a 
curve for a pivot arm length, P-22 mm, which in this 
example results in a change in mode hop numbers of M-245 
(i.e., 98902-98.657). From FIG. 4, it is apparent that chang 
ing the length of the pivot arm, P. may change the total 
number of mode hops, M, experienced over the tuning range 
and it may be advantageous to choose the length P to have 
minimize the change in mode hops, such as, for example, 
P–20 mm in the example of FIG. 4. 
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0068. The following provides exemplary computations 
for calculating a pivot arm length, P. for a tunable laser over 
a tunable range of from about 400 to about 410 nm (AW 
tai-10 nm) with a grating with G=3492 lines/mm (0.003492 
lines/nm), and where the center wavelength of tuning range, 
w =405 nm. Thus, P. may be determined in this example eelief 

as follows: 

AWA af2–5 nm 

win-scene-Awhat? 400 nm 

Wa-WeenetAviat 410 nm. 

min 

2 on =sin(m) = 44.299 
Cmax sin (9) = 45.002 

Acenter acater = sin" 2 ) = 45,714, and 

AC-na-Omaxi-Ceene,0.712 

AC, Clee-C,i,0.703. 

Akhalf Pi = L- - - = 0.994L "Acenter 3 sin(Aamax) 
A. 

Pmax = L half = 1.006 L 
Acenter 8 sin(Aamax) 

The cavity length, L.L., may then be determined as 
noted above, where L is a function of the central optical ray 
on a single pass through the cavity starting at the diode: 

where 1, is the physical length of the object on the optic axis 
and n, is the index of refraction. 

Typically, 

0069 i=1 refers to laser diode 102, 
0070 i=2 refers to the air between laser diode's 102 
front facet and collimation lens 104 

(0071 i=3 refers to the distance traveled in collimation 
lens 104 (note: there may be several different air gaps 
and materials used in the collimation lens), and 

0072 i=4 refer to the air between lens 104 and trans 
mission grating 108 (in its nominal C. position) 

Such that, as noted above, 

tlanata "air)+(Liens material "lens 
raterial as 

where L is the combination of the length traveled in air 
between laser diode 102 and lens 104 and the length traveled 
in air between lens 104 and transmission grating 108. 
0073 For exemplary purposes, in this example, the cal 
culated cavity length, L, will be assumed to be L-20 mm. 
Thus, 
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0074 Pi—19.88 mm 
0075 P-20.12 mm, and 
0076) 19.88 mm=P<P.<P=20.12 mm, where P. 

is the selected pivot arm length. 
(0077 FIG. 5 provides an exemplary plot 500 illustrating 
mode number, M. Versus wavelength over the tuning range 
for an exemplary laser system for various lengths of the 
pivot arm between P, and P. Particularly, FIG. 5 
illustrates 5 curves 502, 504,506, 508, and 510 for various 
pivot arm lengths ranging from P. 19.88 mm to P. 20. 
12 mm and the corresponding mode hop numbers, M, in the 
optical cavity versus wavelength, W. Particularly, curve 502 
illustrates a curve for a pivot arm length, P=19.88 mm, 
which in this example results in a change in mode hop 
numbers of M-23 (i.e.,98788–98765). Curve 504 illustrates 
a curve for a pivot arm length, P=19.94 mm, which in this 
example results in a change in mode hop numbers of M=19 
(i.e., 98784-98765). Curve 506 illustrates a curve for a pivot 
arm length, P-20.00 mm, which in this example results in a 
change in mode hop numbers of M=16 (i.e., 98781-98765). 
Curve 508 illustrates a curve for a pivot arm length, P-20.06 
mm, which in this example results in a change in mode hop 
numbers of M=19 (i.e., 98784-98765). And, curve 510 
illustrates a curve for a pivot arm length, P-20.12 mm, 
which in this example results in a change in mode hop 
numbers of M-23 (i.e., 98788–98765). From FIG. 5, it is 
apparent that the length of the pivot arm, P-20.00 mm 
results in the minimized number of mode hops. 
0078 FIG. 5 also illustrates that in this example there is 
a tolerance in the selected pivot length, P, that may provide 
good performance even if the selected pivot length, P. of the 
pivot arm is not the optimum pivot length. For example, as 
illustrated, selecting any pivot length, P. between P, and 
P results in a change in mode hop numbers of less than 23. 
The curves illustrated by FIGS. 4 and 5 may be determined 
by, for example, substituting different pivot arm lengths; P. 
in laser system 100 and determining the mode hops, M. 
using, for example, a high resolution optical spectrum 
analyzer that analyzes collimated output laser beam 122. 
0079. In another example, the target for the placement of 
the pivot point 152 may not simply be at a point directly 
below the intercept point on transmission grating 108 with 
a length Ps, but instead the pivot point 152 may be located 
on a line below the transmission grating 108 on which the 
pivot point 152 resides. Placing the pivot point 152 on such 
a line may be useful for tolerancing as well as permitting 
flexibility of the cavity design, such as, for example, if it is 
not desirable to place the pivot point 152 directly below the 
transmission grating 108 intercept point as shown in FIG. 1. 
For example, in some embodiments, due to spacing require 
ments, desire for certain length of pivot arm or, for example, 
a need to place other components directly below the point of 
intercept, it may be desirable to locate the pivot point 152 at 
a location other than directly below the point of intercept. 
0080 FIG. 6 illustrates a simplified exemplary laser 
system 600 illustrating various positions for placing the 
pivot point. As illustrated, the pivot point may be placed 
anywhere on a line 602 that passes through the calculated 
P. for a pivot point 652 located directly below the point 654 
on transmission grating 108 where the optical axis of the 
coherent light beam 120 intercepts transmission grating 108. 
Further, as illustrated, line 602 has an angle equal to the 
Littrow angle, C., for the center wavelength, W. The 
pivot point may then be located at any position along line 
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602 and the pivot arm length, P. for the pivot point selected 
such that it is equal to the distance between line 602 and 
intercept point 654. For example, FIG. 6 illustrates three 
possible pivot points, namely, 652, 662, and 664 located on 
line 602. Further, for example, as illustrated and discussed 
above with reference to FIGS. 5-6, there is tolerance in the 
pivot arm length, P, when the pivot point is located directly 
below the transmission grating intercept point and the pivot 
arm length, P, is between P, and P Similarly, there is 
likewise tolerance in the pivot arm length when the pivot 
point is located elsewhere along line 602. 
0081. In order to improve performance of the laser sys 
tem, it may also be desirable to be able to adjust the 
alignment of the laser system's components, such as, for 
example laser diode 102 and lens 104. For example, in one 
embodiment, the position and alignment of the laser sys 
tems components may be adjusted and the resulting mode 
hop performance of the laser system measured over the 
tuning range by analyzing the laser systems output laser 
beam using, for example, a high resolution optical spectrum 
analyzer. Such an optical spectrum analyzer may have, for 
example, a resolution greater than the change in wavelength, 
Aw, associated with a mode hop for a fixed cavity length, L, 
laser system at the center wavelength, W For example, 
as noted above, 

eelief 

A2 
A = 3 

which can be converted into frequency terms (e.g., hertz): 

where c-wv-speed of light=299,792.458 m/sec. Thus, in 
this example, the high resolution optical spectrum analyzer 
may have, for example, a resolution (e.g., in terms of hertz) 
greater than or equal to Av=7.5 GHz. 
0082 FIG. 7 illustrates an exemplary laser system in 
which the alignment of the laser systems components may 
be adjusted to, for example tune the laser system to improve 
performance. As illustrated, laser system 700 is similar to 
laser system 100, but in laser system 700 laser diode 702 and 
lens 704 are located on a moveable assembly 762. Moveable 
assembly 762 may, for example, be platform upon which 
laser diode 702 and lens 704 are mounted. Moveable assem 
bly 762 may also be capable of moving under the control of 
for example, a processor, or for example, adjusted manually 
using, for example, a dial. 
0083 Laser system 700 may be initially tuned as follows: 
First, laser system 700 may be assembled such that pivot 
arm 750 has a pivot length, P. equal to the optimum length, 
Ps, calculated using methods such as those discussed 
above and the pivot point 752 and transmission grating 708 
are located such that the pivot point 752 is located directly 
beneath the expected intercept point 754 on the transmission 
grating 708. As note above, rather than locating the pivot 
point 752 directly below the intercept point, in other 
embodiments, the pivot point may located at other locations 
along a line 782 that passes through pivot point 752 and is 
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at an angle equal to the Littrow angle, C., for the center 
wavelength, W as discussed above with reference to 
FIG. 6. 

I0084. Next, laser system 700 may be turned on and the 
transmission grating 708 pivoted to tune (i.e., obtain lasing) 
over the tuning range for laser system 700. An optical 
spectrum analyzer may then be used to determine the 
number of mode hops over the tuning range by analyzing the 
output laser beam 722. Next, the position of moveable 
assembly 762 may be adjusted and the number of modehops 
determined over the tuning range for laser system 700. For 
example, moveable assembly 762 may be moveable up or 
down and/or to the left or right. Moving moveable assembly 
762 may have the effect of altering the cavity length, L. For 
example, moving moveable assembly 762 down may have 
the effect of reducing the cavity length, L, by moving the 
point of intercept of light 720 on transmission grating 708 
down and to the left due to the angle of transmission grating 
708 in this example. Similarly, moving moveable assembly 
up or to the left may have the effect of increasing the cavity 
length, L. 
I0085 Moveable assembly 762 may then be adjusted and 
the number of mode hops measured via, for example, an 
iterative process until a location for moveable assembly 762 
is determined that minimizes the number of mode hops over 
the tuning range of laser system 700. Moveable assembly 
762 may then be fixed at this determined location by, for 
example, tightening screws that may help to fix moveable 
assembly at this location. This process of determining a 
position for moveable assembly 762 may be, for example, 
performed prior to shipment of laser system 700 to custom 
ers. Moveable assembly may then remain located at the 
determined position, for example, for the life of laser system 
700 or, for example, this position may be adjusted in the 
event, for example, errors or problems are determined with 
laser system 700. 
I0086 FIGS. 8A and 8B illustrate an exemplary pivot arm 
with an attached transmission grating, in accordance with 
embodiments of methods and systems of the present inven 
tion. As illustrated in FIG. 8A, pivot arm 800 may comprise 
a first portion 812 and a second portion 814 and three pivot 
axes 822, 824, and 826. Transmission grating 808 may be 
mounted on a mount 816 (see FIG. 8B) that is attached to 
first portion 812 of pivot arm 800. FIG. 8B also illustrates 
laser diode 102 and lens 104 for purposes of illustrating how 
pivot arm 800 may be installed in a laser system such as laser 
system 100. FIG. 8B also illustrates the effective pivot arm 
length, P. for pivot arm 800. 
I0087 FIGS. 9A and 9B illustrate an exemplary mount 
816, transmission grating 808 and first portion 812, in 
accordance with embodiments of methods and systems of 
the present invention. As illustrated, transmission grating 
808 may be installed in mount 816, which may be mounted 
on first portion 812. Mount 816 may include a hole 902 that 
aligns on a pin 904 of first portion 812. Pin 904 may function 
as the third axis of rotation 826, such that the mount 816 may 
be rotated on first portion 812. Once the desired degree of 
rotation of mount 816 on first portion 812 is determined, 
mount 816 may be fixed in location using, for example, 
screws 908 or other securing mechanisms on mount 816 that 
attach to corresponding mechanism in first portion 812. 
I0088 First axis 822 may be used to pivot transmission 
grating 808 to tune the laser system such as discussed above 
with reference to laser system 100 of FIG. 1. For example, 

eelief 
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pivot arm 800 may rotate transmission grating 808 in a 
counter-clockwise direction to reduce the tuned wavelength 
of the laser system and may rotate transmission grating 808 
in a clockwise manner to increase the tuned wavelength. The 
second axis 824 and third axis 826 may be used to further 
refine the tuning of the laser System during assembly of the 
laser system and then the axes 824 and 826 may be fixed 
during normal operation of the laser system. For example, 
the second axis 824 may be used to rotate the face of 
transmission grating 808 to refine the reflection of coherent 
beam 120 to ensure the transmission grating 808 reflects the 
desired wavelength directly orthogonal to the rotation axis 
822. The third axis 826 may be, for example, used to rotate 
the transmission grating 808 So that the grating lines of 
transmission grating are oriented in the direction of the first 
axis 822. The angle at which portions of pivot arm 800 are 
rotated about the second and third axes 824 and 826 may be 
determined by measuring the performance of the laser 
system at different rotations for these axes and once the 
optimal position is determined, the second and third axes 
824 and 826 may be fixed by, example, tightening corre 
sponding screws so that these axes do not move during 
normal operation of the laser system. 
0089 For example, the optimum position of rotation for 
the second axis 824 may be determined by iteratively 
adjusting the angular position of rotation and measuring the 
optical power of the output laser beam 122. These measure 
ments may be taken, for example, with the first axes or 
rotation 822 located at its center position so that the laser 
system is tuned to its center wavelength. The optimum 
angular position of rotation of the second axis 824 may be 
determined where the output laser beam 122 is at its maxi 
mum power. 
0090 The optimum angular position of rotation for the 
third axis 826 may similarly be, for example, determined by 
iteratively adjusting the angular position of rotation and 
measuring the optical power of the output laser beam 122 
over the tuning range of the laser system. The optimum 
angular position of rotation of the third axis 826 may be 
determined where the output laser beam 122 is at its maxi 
mum power across the entire tuning range of the laser 
system. 
0091 Alaser system using a pivot arm such as pivot arm 
800 may be initially tuned by, for example, first rotating the 
third axes 826 to align the grating lines of transmission 
grating 808 so that they are orthogonal to the first axes of 
rotation 822, as noted above. This may be initially done, for 
example, without transmission grating 808 being installed in 
pivot arm 800. Next, transmission grating 808 may be 
installed and aligned in pivot arm 800. The first axis 822 
may then be rotated to tune the laser system at its center 
wavelength. Then, for example, the rotation for the second 
axis 824 may be determined such as described above, by 
using a power meter to measure the output of the output laser 
beam 122 and fixing the rotation at the position of maximum 
output power. The laser system may then be tuned across its 
tuning range and the output laser beam 122 analyzed to 
ensure optimum performance across the entire tuning range 
and the second and third axes 824 and 826 adjusted to ensure 
optimum performance of the laser system across the entire 
tuning range. 
0092 All documents, patents, journal articles and other 
materials cited in the present application are hereby incor 
porated by reference. 
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0093. Although the present invention has been fully 
described in conjunction with several embodiments thereof 
with reference to the accompanying drawings, it is to be 
understood that various changes and modifications may be 
apparent to those skilled in the art. Such changes and 
modifications are to be understood as included within the 
Scope of the present invention as defined by the appended 
claims, unless they depart therefrom. 
What is claimed is: 
1. A laser system comprising: 
a highly reflecting Surface; 
a light source which provides light; 
a lens which collimates the light to provide a collimated 

coherent light beam; 
a diffraction grating which reflects at least a portion of a 

wavelength of light of the collimated coherent light 
beam towards the light source; and 

a pivot arm connected to the diffraction grating, wherein 
the pivot arm is configured to pivot the diffraction 
grating to thereby adjust the wavelength of light 
reflected by the diffraction grating towards the light 
Source as well as adjusting an optical path length for the 
laser system. 

2. The laser system of claim 1, wherein the pivot arm 
rotates about a rotational axis located at a pivot length 
spaced from the diffraction grating to adjust the reflected 
wavelength of light such that a length between the diffrac 
tion grating and the light source is adjusted when the 
diffraction grating is pivoted. 

3. The laser system of claim 2, wherein the pivot length 
is selected to minimize the number of mode hops across a 
tuning range of the laser system. 

4. The laser system of claim 2, wherein the pivot length 
is selected to be between a calculated minimum pivot length 
and a maximum pivot length, wherein the minimum pivot 
length is calculated using a change in Littrow angle for 
rotating the diffraction grating from a center wavelength to 
a longest wavelength for the laser system and the maximum 
pivot length is calculated using a change in Littrow angle for 
rotating the diffraction grating from the center wavelength to 
a shortest wavelength for the laser system. 

5. The laser system of claim 2, wherein the rotational axis 
is located on a line determined to pass through a calculated 
point located directly below a point on the diffraction grating 
at which the coherent light beam intercepts the diffraction 
grating, and wherein the line is at an angle corresponding to 
a Littrow angle for the diffraction grating when the laser 
system is tuned to a center wavelength. 

6. The laser system of claim 1, wherein coherent light 
Source and the lens are located on a moveable assembly to 
adjust a position of the coherent light source and lens with 
respect to the diffraction grating. 

7. The laser system of claim 1, wherein the pivot arm 
comprises at least first, second and third axes of rotation 
about which at least a portion of the pivot arm may pivot. 

8. A method for generating a coherent light beam com 
prising the following steps: 

(a) providing a collimated coherent light beam; and 
(b) pivoting a pivot arm connected to a diffraction grating 

to adjust a position of the diffraction grating, thereby 
adjusting a wavelength of light of the collimated coher 
ent light beam reflected by the diffraction grating as 
well as adjusting an optical path length for the laser 
system. 
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9. The method of claim 8, wherein the pivot arm rotates 
about a rotational axis located at a pivot length spaced from 
the diffraction grating to adjust the reflected wavelength of 
light such that a length of an optical cavity is adjusted when 
the diffraction grating is pivoted. 

10. The method of claim 9, wherein the pivot arm adjusts 
the position of the diffraction grating in a range of positions 
from a first position, to a second position, the first and 
second positions corresponding to a minimum wavelength 
of light and a maximum wavelength of light reflected by the 
diffraction grating, and wherein the pivot length is selected 
to minimize the number of mode hops across a tuning range. 

11. The method of claim 9, wherein the pivot length is 
selected to be between a calculated minimum pivot length 
and a maximum pivot length, wherein the minimum pivot 
length is calculated using a change in Littrow angle for 
rotating the diffraction grating from a center wavelength to 
a longest wavelength for the laser system and the maximum 
pivot length is calculated using a change in Littrow angle for 
rotating the diffraction grating from the center wavelength to 
a shortest wavelength for the laser system. 

12. The method of claim 9, wherein the rotational axis is 
located on a line determined to pass through a calculated 
point located directly below a point on the diffraction grating 
at which the coherent light beam intercepts the diffraction 
grating, and wherein the line is at an angle corresponding to 
a Littrow angle for the diffraction grating at a center wave 
length. 

13. The method of claim 8, wherein the provided colli 
mated coherent light beam is provided using a coherent light 
Source and a lens, and wherein the coherent light source and 
lens are located on a moveable assembly, the method further 
comprising the step of: 

adjusting a position of the moveable assembly to adjust 
the position of the coherent light source and lens with 
respect to the diffraction grating. 

14. The method of claim 8, wherein the pivot arm 
comprises at least a first, second and third axes of rotation 
about which at least a portion of the pivot arm may pivot. 

15. A laser system for generating a coherent light beam 
comprising: 

means for providing a collimated coherent light beam; 
means for reflecting at least a portion of a wavelength of 

light of the collimated coherent light beam; and 
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means for adjusting a position of the reflecting means to 
thereby adjust a wavelength of light of the collimated 
coherent light beam reflected by the reflecting means as 
well as adjusting an optical path length for the laser 
system. 

16. The system of claim 15, wherein the adjusting means 
comprises means for rotating the reflecting means about a 
rotational axis located at a pivot length spaced from the 
reflecting means to adjust the reflected wavelength of light 
Such that a length of an optical cavity is adjusted when the 
reflecting means is rotated about the rotational axis. 

17. The system of claim 16, wherein the adjusting means 
adjusts the position of the reflecting means in a range of 
positions from a first position to a second position, the first 
and second positions corresponding to a minimum wave 
length of light and a maximum wavelength of light reflected 
by the reflecting means; and wherein the pivot length is 
selected to minimize the number of mode hops across a 
tuning range for the laser system. 

18. The system of claim 16, wherein the pivot length is 
selected to be between a calculated minimum pivot length 
and a maximum pivot length, wherein the minimum pivot 
length is calculated using a change in Littrow angle for 
rotating the reflecting means from a center wavelength to a 
longest wavelength for the laser system and the maximum 
pivot length is calculated using a change in Littrow angle for 
rotating the reflecting means from the center wavelength to 
a shortest wavelength for the laser system. 

19. The system of claim 16, wherein the rotational axis is 
located on a line determined to pass through a calculated 
point located directly below a point on the reflecting means 
at which the coherent light beam intercepts the reflecting 
means, and wherein the line is at an angle corresponding to 
a Littrow angle for the reflecting means at a center wave 
length. 

20. The system of claim 15, further comprising 
means for adjusting, with respect to the reflecting means, 

a position of the collimated coherent light beam pro 
viding means. 

21. The system of claim 15, wherein the adjusting means 
comprises at least a first, second and third axes of rotation 
about which at least a portion of the pivoting means may 
pivot. 


