View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Cleveland-Marshall College of Law

fogTATE %
Cleveland State University i

EngagedScholarship@CSU

Physics Faculty Publications Physics Department

2005

320-Channel Dual Phase Lock-in Optical

Spectrometer

Petru S. Fodor
Cleveland State University, p.fodor@csuohio.edu

S.Rothenberger
University of Pittsburgh

J-Levy
University of Pittsburgh

Follow this and additional works at: https://engagedscholarship.csuohio.edu/sciphysics facpub

& Part of the Physics Commons
How does access to this work benefit you? Let us know!

Repository Citation
Fodor, Petru S.; Rothenberger, S.; and Levy, J., "320-Channel Dual Phase Lock-in Optical Spectrometer” (2005). Physics Faculty

Publications. 199.
https://engagedscholarship.csuohio.edu/sciphysics_facpub/199

This Article is brought to you for free and open access by the Physics Department at EngagedScholarship@CSU. It has been accepted for inclusion in
Physics Faculty Publications by an authorized administrator of EngagedScholarship@CSU. For more information, please contact

library.es@csuohio.edu.


https://core.ac.uk/display/216947756?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://engagedscholarship.csuohio.edu?utm_source=engagedscholarship.csuohio.edu%2Fsciphysics_facpub%2F199&utm_medium=PDF&utm_campaign=PDFCoverPages
https://engagedscholarship.csuohio.edu/sciphysics_facpub?utm_source=engagedscholarship.csuohio.edu%2Fsciphysics_facpub%2F199&utm_medium=PDF&utm_campaign=PDFCoverPages
https://engagedscholarship.csuohio.edu/sciphysics?utm_source=engagedscholarship.csuohio.edu%2Fsciphysics_facpub%2F199&utm_medium=PDF&utm_campaign=PDFCoverPages
https://engagedscholarship.csuohio.edu/sciphysics_facpub?utm_source=engagedscholarship.csuohio.edu%2Fsciphysics_facpub%2F199&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=engagedscholarship.csuohio.edu%2Fsciphysics_facpub%2F199&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.csuohio.edu/engaged/
https://engagedscholarship.csuohio.edu/sciphysics_facpub/199?utm_source=engagedscholarship.csuohio.edu%2Fsciphysics_facpub%2F199&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:library.es@csuohio.edu

320-channel dual phase lock-in optical spectrometer
P. S. Fodor, S. Rothenberger, and J. Jevy

Citation: Rev. Sci. Instrum. 76, 013103 (2005); doi: 10.1063/1.1830013
View online: http://dx.doi.org/10.1063/1.1830013

View Table of Contents: http://aip.scitation.org/toc/rsi/76/1

Published by the American Institute of Physics

RIGHTS L1 N Hig


http://aip.scitation.org/author/Fodor%2C+P+S
http://aip.scitation.org/author/Rothenberger%2C+S
http://aip.scitation.org/author/Jevy%2C+J
/loi/rsi
http://dx.doi.org/10.1063/1.1830013
http://aip.scitation.org/toc/rsi/76/1
http://aip.scitation.org/publisher/

HTML AESTRACT * LINKEES

REVIEW OF SCIENTIFIC INSTRUMENTS?6, 013103(2005

320-channel dual phase lock-in optical spectrometer

P. S. Fodor,? S. Rothenberger, and J. Jevy
Department of Physics and Astronomy, University of Pittsburgh, 3941 O’Hara Street, Pittsburgh,
Pennsylvania 15260

(Received 6 May 2004; accepted 11 October 2004; published online 20 Decembgr 2004

The development of a multiple-channel lock-in optical spectrom@tkdS) is presented, which
enables parallel phase-sensitive detection at the output of an optical spectrometer. The light intensity
from a spectrally broad source is modulated at the reference frequency, and focused into a
high-resolution imaging spectrometer. The height at which the light enters the spectrometer is
controlled by an acousto-optic deflector, and the height information is preserved at the output focal
plane. A two-dimensional InGaAs focal plane array collects light that has been dispersed in
wavelength along the horizontal direction, and in time along the vertical direction. The data is
demodulated using a high performance computer-based digital signal processor. This parallel
approach greatly enhancésy more than 100xthe speed at which spectrally resolved lock-in data

can be acquired. The noise performance of a working system optimized for thenW@&velength

range is analyzed using a laser diode light source. Time-resolved absorption traces are obtained for
InAs quantum dots embedded in a GaAs matrix, and for dispersed films of PbSe nanocrystals.
© 2005 American Institute of PhysiceEDOI: 10.1063/1.1830013

I. INTRODUCTION more, the range of modulation frequencies is limited by the
camera frame rate, which is usually quite low. Laser noise
Optical spectroscopy is a pervasive tool across physicalisually falls off significantly above a few kilohertz, higher
chemical, and biological sciences. With a typical spectromthan the frame rates of most high-sensitivity photometric
eter, light focused on the entrance slit is dispersed by a diftimaging devices like CCDs and FPAs. As a consequence,
fraction grating which spatially separates the light accordingrue phase-sensitive detection or lock-in amplifica‘il‘é?\is
to wavelength. Spectroscopic information is obtained bythe method of choice in the above-mentioned situations,
scanning the angle of the diffraction grating, allowing differ- when modulation at frequencies higher than a few kilohertz
ent wavelengths to pass through an exit slit. The availabilityis desired. However, due to the high photon fluxes and large
of charge-coupled deviq€€CD) and focal plane arragFPA)  backgrounds, it is not straightforward to parallelize lock-in
detectors has greatly reduced the amount of time required fdechniques.
the acquisition of optical spectra. Further parallelization has Here we present an implementation of a multiple-
been achieved by using so-called “imaging” spectrometershannel lock-in optical spectrometérlOS) which enables
that are optimized to preserve the vertical point-spread funcphase sensitive detection methods to be applied in parallel,
tion of the spectrometer, allowing multiple input fibers to greatly enhancing the speéaly more than 100xwith which
be imaged onto different horizontal portions of the detectoroptical spectra can be acquired. The operating principle of
array without interferencEThe increased throughput of such LIOS is described, and operation is demonstrated using a
parallel techniques has become critical for applications suceommercial 1310 nm laser diode. Also, time-resolved ab-
as Raman spectroscc?p)and near-field scanning optical sorption measurements are presented for InAs quantum dots

microscopy, where the signals of interest are small andémbedded in a GaAs matrix, as well as for dispersed films
background free. containing PbSe nanocrystals.

For many applications, the signal of interest is superim-
posed upon a large noisy background. Applications that fitl- PRINCIPLE OF OPERATION
this description include spectrophotometry, and a wide varia. Overview
ety of linear and nonlinear spectroscopies in which informa-

tion about the sample is encoded in the intensity or polariza- A straightforward implementation of a LIOS requires a
. T P yorp one-dimensional detector array and a minimum of one
tion of light.™ A simple background subtraction can be

achieved by svnchronizing the frame acauisition o an o t._Iock—in channel per detector. Lock-in amplifiers that employ
I'r\]/ Y SYne i Il % lator. H qui LA ‘ Ip Idigital-signal-processingDSF)11 methods have rapidly re-
cal chopper or simiiar modulator. HOWevVer, the SPectral 1€y, jqq the original analog lock-in amplifier design invented

sponse of such a technique is functionally equivalent to %y Dicke. Digital lock-ins have superior phase stability and

comb filter and thus is less effective than bandwidth narrow- . - .
king them f le f t
ing methods that use true lock-in amplificatﬁ)ﬁFurther- dynamic range, making them favorable for most demanding

applications except perhaps milikelvin transport experiments
where digital circuitry is usually avoided. Banks of up to 32
dElectronic mail: psfl@pitt.edu digital lock-in channels are commercially availabfegut for
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monochromator; an@DSP—digital signal processor. Time

FIG. 2. Triggering diagram for the data acquisition and acousto-optical de-

. flector control. The signals controlling the amplitude modulation are shown
a reasonable number of chann@dsg., 256 or 51 this ap- oy for normal operation ) and calibration(---).

proach quickly becomes financially burdensome and un-

wieldy. . . . . the entrance slit of the spectrometer. Thus, at the exit port the
Here an alternative approach is described that combmqs L : oo .
ight is dispersed by the high resolution imaging spectrom-

the parallelism of an imaging device with the DSP Capab”'_eter along the horizontal axis according to wavelength, and

ties of modern lock-in amplifiers. The optical diagram of . o ) !
LIOS is depicted in Fig. 1. The key elements are a high_by the AOD along the vertical direction according to time

efficiency acousto-optic deflectqtAOD) (A-A Optoelec- (si'ugr'ci)' 'tl'hh; Ag?q 'Sbgon;rr?]"?i?ugg_r?]c,rgﬂg{gmuf ngﬁé
tronic, Francg a high-resolution imaging spectrometer P . .
(McPherson Inc., Chelmsford, MAa two-dimensional In- frequency-modulate(FM) to control the intensity and angle

GaAs FPA(Phoenix NIR Camera, Indigo Systems, Goleta,Of thg diffracted beam, respectively. BOt.h AM anq FM con
. ol signals are produced by synchronized arbitrary wave
CA) and a high-performance computer-based DSP. The FP, .
form generators. For broadband spectral applications, an

f(;’ilsle(:rssj;e; tr?rllénl;org::etlrtgonr: e?éz?]% ttztranhgrrgoirr]]ﬁ‘zlrr?];ﬁgaonAOD deflection provides 50%—70% diffraction efficiency,
P y P P but its flexibility, stability, and programmability outweight its

a_llong the 'ver_t|cal d|r§ct|or(d|sper_sed by the AOD The efficiency limitations. Additionally, the AM capability can be
time-domain information is Fourier-decomposed using a

. used for calibration purposes, as described below. The en-
computer-based DSP to produtend Y lock-in outputs for coded optical information in both the spectral and time do-

cevery \_Navelength c_har_mel. Amore detailed description of themains, is collected by the FPA. The acquisition is triggered
operation of LIOS is given below.

. ) . . .__.. by a TTL signal that is phase-locked to the reference fre-
Light from the experiment is coupled into a polarization- . i, .
. . . ) uencyfg, enabling phase-sensitive detection. Subsequently,
preserving single-mode optical fiber, and expanded and col;

limated inb a 6 mmdiameter beam. The AOD chosen for the bhe dgt:_ls_tdlemodullated using a high performance computer-
LIOS has an efficiency of 85% at 1/8m, a deflection range ased digital signaf processar.
of 40 mrad, and a bandwidth of 30 MHz at 1000 nm. Gen- o .
erally, better vertical imaging is achieved with longer focal B- Digital signal processing
length F spectrometers, so B=2.0 m spectromete(f/# The sequence of images obtained by the FPA is trans-
=14.]) is chosen. A ray-tracing analysis of the spectrometeferred in real time to a PCPentium Xeon dual processor at
indicates that a 1Qdm diameter spot incident on the entrance 2.2 GHz, 4 GB RAM which performs the DSP tasks. To
slit forms an approximately 32m spot at the detector plane. discuss the signal processing, we restrict ourselves to the
The (FPA) consists of a two-dimensional arrg320 case of monochromatic light, so that only a single spectral
horizontak256 vertica) of InGaAs square pixel detectors, channel is involved. The generalization to multiple channels
30 um in size, with sample-and-hold circuitry behind eachis straightforward. We adopt the convention that functions of
pixel. The maximum diffraction efficiency of the AOD cov- time (treated as a continuous indéxare represented with
ers only about half of the vertical range of the camera, so dildes [e.g., f(t)], and occasionally are written without an
subset of the camera, consisting mf=128 vertical pixels explicit time index(i.e., f). In a LIOS measurement, the
X n,=320 horizontal pixels, is used. The FPA is sensitive insignal of interest is modulated at a fixed reference frequency
the near-infrared regioif0.8—2.6 um) and has a specified fg=1/Tg. The signalS={St),tp<t<ty+mTg}, wherem is
noise-equivalent irradiance1.5X 1077 W cm? for the gain  an integer, represents the time-dependent intensity measured
setting employed. The camera is equipped with four 14-biby a fixed detector. This signal is encoded by LIOS in the
analog—to—digital converters operating from a 40 MHz busfollowing manner. As seen in Fig. 2, the frequency of the
allowing data transfer rates of up to 80 MB/s. Optimal AOD is ramped linearly in time, triggered by the phase of
throughput is achieved using “integrate-while-read” mode, inthe reference signal. The diffracted light from the AOD is
which data from the previous frame is transmitted while thefocused by a lens into the spectrometer and subsequently
current frame is being acquired. imaged onto a one-dimensional vertical array of pixels from
The AOD diffracts the light, scanning it vertically along the FPA. The signal image is obtained as the difference of
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FIG. 3. Signal image extraction using the difference method to eliminate large backgrounds.

two separate frames A and B obtained after triggering on th@resent system, the PSF3 with a 10X 10 um aperture.
positive and negative edge of the reference signal. This pro- For lock-in detection, it is necessary to define an appro-
vides a straightforward reduction of the background arisingpriate scalar product or metric for applying Fourier decom-
from the dark count of the camera detector and from theposition methods to the image of the original signal. The
unmodulated scattered light, allowing the extraction of smalfollowing metric is useful for determining the Fourier coef-
relevant signalgFig. 3). ficients of a signalS(t) that is periodic in Tr:(A|B)

In principle, it should be possible to calibrate the spec-= (2/TR)fTRA(t)B(t)dt With this definition, a natural basis
trometer in order to extract lock-in information from the for the space of square-integrable functions is given by
measured array. While it is possible to model the entire sysxo(t)—llﬁ X (t) =cog27kfgt), k=1,2,..., and Y(t)
tem accurately, taking into account nonlinearities and non=sin(2#lfgt), 1=1,2,...,. These basis funct|ons have the
uniformities from the AOD, and variations in pixel gain and property(X,|Y,)=0 and(X,|X;)=(Y,]Y,)= &, whered,, is the

offsets from the FPA, there is a much more straightforward<ronecker delta function. Fourier decomposition of an arbi-
and accurate method of extracting lock-in signals from the

measured response.

The LIOS detector can be regarded as a linear mapping ( ;)=(-)x(‘-_- )x(!)
C from the input signastgt) onto an array of pixel inten-
sities S={S,k=1,...,ny}:S—S. Because there are a finite = X
number of pixels, this mapping is not invertible; however,
it preserves the spectral information of interest, namely, the (W) (.) ( !) (.-".)
Fourier components at the reference frequency as well as
higher harmonics, provided the number of effective vertical
pixels exceeds the Nyquist critenonff> 2m. (The number (-) (-) ( ) (.)
of effective vertical pixels per reference period T is given
by n®=n, teafr/PSF, wherety,, is the time it takes to X
scan the FPA with the AOD, and PSF is the point-spreattig. 4. Graphic representation of the metiicextraction from the calibra-

function full width at half maximum(FWHM). For the tion signals for a single wavelength channel.
RIGHTS LI N K}
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Intensity (a.u.)
Intensity (a.u.)

SN u

0 16 32 48 64 80 96 112 128 0 16 32 48 64 80 96 112 128
Vertical pixels Vertical pixels

(©) (d)

trary function S(t) =2;_jaX (1) +=_ b Y,(t) is given bya, lows: ab=[C,S]=CT"x M X S. Typically, the components of
=(SX,) andb,=(3Y,). the signal are calculated up to the second harmonic. How-

Because there is no direct accesst), the task is to  ever, if desired higher harmonics can be easily included, with
find the best estimate fa, andb,, given the measured array an associated increase in computational resources. The range
of pixel valuesS,. Formally, this can be done by defining a of available frequenciek; is limited only by the bandwidth
scalar product for the domain «:[A,B]=(C 'A|C™!B). of the AOD, which in our case is a few megahertz. For high
The mappingC is singular(noninvertiblg, but singular value ~ frequencies, a “multiple-coat” method is used in which the
decomposition{SVD) may be used to find the best estimatesbeam is scanned vertically an integer number of times across
for a, andb. the FPA, before the data is transferred to the DSP.

The first step is to calibrate the system by measuring Figure 5 shows sine and cosine reference images ob-
images of the basis function§, andY,, These functions are tained by acquiring 1000 individual frames for a modulation
measured by amplitude modulating the AOD at the approprifrequencyfz=42 kHz. The 5° shear observed in the images
ate frequency and phase. A matfixcan be constructed as comes from intrinsic dispersion in the AOD. This shear does
follows: C=(Xg|Xq|Y1|X5|Y|...)T. This matrix is a represen- not impact in any way the performance of the design, since
tation of the mappingC, and can be used to construct a
metric. Using SVD, we may writ€=U X A X V'. A metric
M can be generated from this decomposition, with the prop- 25 }
erty that: C"X M X CXx =I. Simple mathematics givesvi

rics for all the wavelength channels employed. The
calibration procedure must be repeated if the modulation fre- 05 }

quency or the central wavelengtiyrating position are

changed, or if the overall light intensityot the ac modula- 0.0

tion) varies significantly. Once th& and C matrices are

known for all the wavelength channels, the Fourier coeffi-

cients of interesab=(ay,a4,b;,a,,b,,...,) can be quickly
calculated from a measuremedtsing the metricM as fol- FIG. 6. Diode laser spectrum obtained after demodulation.

=UX A™?x UT. The determination oM for a single wave- S a0l
length channel is graphically represented in Fig. 4. An iden- =
tical algorithm is used to determine the corresponding met- £ 15 }
£
3
£

1310 1312 1314 1316
Wavelength (nm)
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0.26 T y y and shot noise monotonically increase with the intensity fol-
024 ] lowing different dependencies: linear and square root, re-
. spectively. For the present setup, the noise data is accurately

~ 022} ¢ Noisedata - . . . .
2 —— Fit: N(T) = const. + a+I fitted with a linear function added to a constant background
5 020 T (Fig. 7), indicating that the performance of the system is
g 0.18 ] limited only by the laser noise and the intrinsic noise of the
8 016 ] camera, with the former becoming dominant above 1000
S counts/wavelength channel.
2 014 .

0.12 E Ill. EXPERIMENTAL RESULTS

0.10 A P s 'l A PR ET AP YTy | A A ey | - - - _

10 100 1000 10000 The implemented system, optimized for Juf wave

lengths, was used to study carrier dynamics in two semicon-
ductor systems: dispersed films of PbSe nanocrystals pre-
FIG. 7. Noise dependence on the laser intensity. pared through an organometallic route(Evident
TechnologiesTroy, NY) and InAs quantum dot arrays grown

each wavelength channel is demodulated using its ow ﬁ:pitaxially on GaAs substrates. Both systems are optically

unique metric, independent of the other channels. Verticaf‘cwe in the 1.2-1.5im range in which the efficiency of the

cuts along the wavelength channels give periodic function pck-in spectrometer peaks.

as expected. The number of periods observed is determmed Time- resolve% signals are otbt.amecrj]_frr?m Itthe iarr:ples us-
by tscafr Wheretg.,,is the vertical scanning time. INg a pump—probe experment in which ultrashort. pump

The functionality of the lock-in spectrometer has beenpmses(120 f$ create well-defined carrier populati'ons in the
tested using a 1310 nm diode lag&horlabsInc., Newton, sample, which are'subsequently probed using t|me-delay§d
NJ) driven close to the threshold current, with the intensityprObe pulses. Atypical optical setup employed in the experi-
modulated at 42 kHz. After demodulation of the acquiredment(':'g' 8 allows both degengra(apump:kprobg and non-
signal image, a high-resolution spectru@® nm in rangg degener_ate{)\pump< Nprobe expenments to be performed. A
of the diode output is obtaina@ig. 6), with a spectral reso- mechanical optical delay stage with a retroreflector is used to
lution identical with that of a scanned diffraction grating Chaq_?]e the delay ::)et\c;veebn the pump and probgTbe?(;nk
setup. However, the speed at which spectrally resolved da e time-resolved absorption Is measuredTat

can be acauired is enhanced by more than two orders df°m PbSe nanocrysta!line films deposited on fused silica
magnitudeq y substrates, shown in Fig(®. The 1.3um output(FWHM

=17 nm) of the optical parametric oscillator was used both
to pump and probe the system. Both the pump and the probe
are intensity modulated using photoelastic modulators at
The system noise is characterized using an optical pard-=42 kHz andf,=47 kHz, respectively, and lock-in detec-

metric oscillator (Spectra Physics OpalMountain View, tion is performed at the difference frequendy=f,—f,
CA), tuned at 1250 nm with a FWHM of 17 nm. In particu- =5 kHz. For each wavelength channel, the measured signal
lar, the rms noise was measured as a function of the inputorresponds to contributions from only a few nanocrystals
intensity. Typically, three major noise sources have to beand is affected by the noise sources mentioned above. A
considered: camera noisitself comprised of thermal noise statistical average for an ensemble of nanocrystals is ob-
and electronic circuit noige laser noise, and shot noise. tained by spectrally averaging the time-resolved signal over
The different noise sources can be distinguished by measuthe 320 channels of the lock-in spectrométeig. 9b)]. The

ing their different dependence on the light intensity. Whiledata collected over a similar time span using an identical
the camera noise is independent on the intensity, both lasexperimental setup and a similar averaging method, but with

Intensity (No. of Counts)

C. Noise characterization

<32 mm 775 nm L1-13pm 200 fs to 20 ps
. oW - —-- 100 fs R
Solid State Pump| % | Ti : Sapphiref ---- oro f--1{---8 E‘\' N '\
Laser Laser /' ! K :
! ¥----8|
M :
Delay line i M BS Pulse stretcher § | 7100 "7
- V| Pulse — . i
; —-—’U ", ________________ . FIG. 8. Optical setup for a pump-probe experiment.
I \\ : (M) Mirror; (BS) beam splitter{ GLP) Glan—Laser po-
V- = == V]

larizer; (OB) 40X objective; (FC) fiber coupler. The
flipper mirror (FM) allows switching from a degenerate
to a nondegenerate experiment.

{ pEM| v4, 1, | |PEM£A/4,I,|

e R

L 2 BS
Lock —in

Spectrometer]
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FIG. 9. (a) Time-resolved absorption on PbSe films obtained by precipitation of colloidal nanocrysjaseraged data over the 320 channels of the lockin
spectrometer; an¢t) data averaged over all the wavelengths using a InAs detector.

a single InGaAs detector and conventional lockkig. 9c)]
shows a deteriorated signal-to-noise ratio, arising from the *f; 5.0

less efficient data collection and the lack of demodulation =
capabilities along individual wavelength channels. The oscil- 3 40
lations observed around zero delay for the lock-in spec- E 3.0
trometer data arise due to the energy-time uncertainty rela- <
tion and correspond to the p@V spectral resolution of the g 26
spectrometer. % 1.0
Time-resolved absorption experiments are also per- £
formed on self-assembled InAs quantum dots systems grown F

GaAs. The quantum dots are probed using a nondegenerate 5128

setup, with the pump tuned to 775 nm and the probe tuned to % "12“ ‘4_

1240 nm. Carriers are created by the pump pulse in the % 1242 "’.‘iﬁ"‘ 500
GaAs, and relax quickly into the wetting layer and the quan- ?5 1244 ““

tum dots, where they eventually reach the ground state. Be- 2

10
, : ! a0 ° aotay ®
cause the pump—probe experiment is nondegenerate, interfer- e

ence and scatterlng from the pump laser is eliminated, and l'—tIG 10. Pump-probe time-resolved absorption on InAs quantum dots.

is pOSSIble to modulate the pump begat fR_47 kHz) in  Data acquired in parallel on 320 channels covering a wavelength range
order to provide the reference for phase-sensitive detectiomns 8 nm.
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