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Frequency-chirped readout of spatial-spectral absorption features
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This paper examines the physical mechanisms of reading out spatial-spectral absorption features in an
inhomogeneously broadened medium using linear frequency-chirped electric fields. A Maxwell-Bloch model
using numerical calculation for angled beams with arbitrary phase modulation is used to simulate the chirped
field readout process. The simulation results indicate that any spatial-spectral absorption feature can be read out
with a chirped field with the appropriate bandwidth, duration, and intensity. Mapping spectral absorption
features into temporal intensity modulations depends on the chirp rate of the field. However, when probing a
spatial-spectral grating with a chirped field, a beat signal representing the grating period can be created by
interfering the emitted photon echo chirped field with a reference chirped field, regardless of the chirp rate.
Comparisons are made between collinear and angled readout configurations. Readout signal strength and
spurious signal distortions are investigated as functions of the grating strength and the Rabi frequency of the
readout pulse. Using a collinear readout geometry, distortions from optical nutation on the transmitted field and
higher-order harmonics are observed, both of which are avoided in an angled beam geometry.
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I. INTRODUCTION I'=1 MHz, «=100 MHz/us is considered fastsince «
_ _ _ >T"2), while k=0.01 MHz/us is slow(k<I?).

The use of optical frequency-chirped fields has been pro-  proping a spectral absorption profile with a chirped field,
posed for a variety of optical coherent transient applicationsy, general, effectively converts spectral absorption features
including pulse compressiofi,2], variable true-time delay i, the frequency domain into its time-domain signatures.
programming 3-8, optical memory6-10, spectrum analy-  theqretically, any spectral absorption feature can be read out
sis [11,12, and afb'tfary wave form generatidd3-13, i a chirped field of sufficient bandwidth using absorption
among others. Detection of spectral absorption features of aghectroscopy, where the absorption spectrum of interest are
inhomogeneously proadened medlum.wnh chlrpgd field haﬁqapped into a time-domain signal excluding the coherent
been used extensively, for example, in absorption spectrqugnonse from the medium. In coherent transient spectros-
scopic studlgs for material characterlzatlm,lﬂ, hetero—_ opy, a brief pulse field can be used to probe the spectral
dyne detection of swept-carrier frequency-selective opticahnqorntion features of interest, simultaneously interacting
memory signal§7-10, and as part of a general signal pro- \yith a| atoms to create a time-domain readout field that is
cessing technique for readout of spatial-spectral gratinGfiered by the spectral features. The emitted photon echo
[18—2Q. This paper examines in detail the phenomenon o) resulted from a macroscopic polarization caused by
using a linear frequency-chirped electric field to read outyomic coherences, and the absorption features in the fre-
spectral absorption features of an inhomogeneous broaden gency domain can be calculated from the timing of the
medium and to map these features of the absorption SPeGhoton echees.
trum into temporal intensity modulat|0r_1 of the output f_|eld._ In general, when probing the spectral absorption features
Readout of spectral gratings and spatial-spectral gratings (it 4 chirped field, the concept of mapping of specific fre-
the focus in this work, and readout of a single spectral hole i ;ency absorption features into temporal intensity modula-
investigated for comparison. , _ _ tion is a useful but incomplete orj@6-19. For example, a

The interaction of a linear chirped field with the electronic spectral hole can be mapped to a temporal intensity feature
transitions of an ensemble of atoms can be characterized Ryii, ot significant distortion using a slow-chirped field, but
the Rabi frequencylc, the durationTc, the bandwidtiBe, ot with a fast one. For readout of a spectral grating, the
and the derived values of the time-bandwidth prodU&P) jteraction of the chirped field with the spectral grating gen-
TcBc and chirp ratex=Bc/Tc. For many applications, @ grates 4 delayed photon echo signal, and the beat of the echo
large TBP chirp is desired in order to stretch out the time for i, ejther the transmitted field or with a reference field
aV\znde bandwidth interaction. The chirp ratéas the unit of  giy65 5 delayed heterodyne beat signal that depends on the
Hz< and is typically set to obtain some level of spectral reso'chirp rate and the spectral grating features.

Iut!on. Using the adjectives .“slow" and “fast” to describe  This paper thus answers the general question: “What is
chirp rates can cause confuslon unless that rate is referencgth mechanism of spectral absorption features being read out
to some spectral width® of interest. As an example, for by an optical field scanned in frequency?” Section Il gives
background on the theoretical model used in the numerical
calculations for the readout simulations and the definition of
*Electronic mail: chang@spectrum.montana.edu certain spectral absorption features such as a spectral hole, a
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P —_— 2 and |2) to |3) determine the lifetimeT; of the excited state
IR Branch and the branching ratib of the two paths. The population
1 HE decay from|3) to [1) has a rate of 1T; where for most
o T 3 B el ) materials,T; <T. In the cases we are interested in, the op-
tical field only excites the transition betwefn and|2) since
any transition involving [3) is far off resonance. The
| Maxwell-Bloch model discussed above can be modified to
|7 o I handle three-level systems by adding the third level as an
(@) () atomic population sink/source to an open two-level system
. ~ consisting of[2) and|1). We developed a model where the
FIG. 1. Schematic of three-level System. The Optlcal field popula“on on thd?’) Ievely as the func“on Of t|me, space,
couples levelsl) and|2). The level|3) creates a population decay anq frequency of the two-level system, is calculated using
path. The life time of level2) is T,. The population i2) decays to 0 aquations. This third level population does not directly
|1) and|3) with a branching ratid. The life time of level|3) is T3 . : . . )
. . interact with the optical field. However, it changes the mag-
and its population decays to levid). . N . .
nitude of the population inversior in the open two-level
. . . . ystem and therefore affects the coherent interaction between
spectral grating, and a spatial-spectral grating. Section Il

! ; . he laser pulses and the atoms. Although extra energy levels
discusses the chirped readout physical process of certal b g 9y

: . . . e always present around the optical transition of interest,
spectral absorption features and distortion due to nonllnear{-he rare-earth ions in crvstals can be modeled by either two-
ties of the interaction. Section IV presents detailed simula; Y y

tion results of readout of a spatial-spectral grating. A Com_IeveI or three-level systems for the purpose of coherent tran-

parison of collinear and angled beam configurations iéient optical processing. Which model to use largely depends

discussed, variations in grating strength and chirped Ratf" both .the !”natgnal and the time scale of the process. If the
frequency are examined, and distortion due to optical nutaPT0cessing time is much less thap the results of the three-
tion, saturation, and propagation effects is analyzed. Fina")J'eveI calculation are not significantly different from the re-
discussions and conclusions are given in Sec. V. sults of the two-level model. In the investigation of the
frequency-chirped readout, the three-level model is neces-

sary only when the chirp duration is comparable or longer
Il. BACKGROUND with T,.
When using an angled beam geometry, the model incor-
porates the assumptions of plane waves and small angles, so

. . that the field wave vector of thgh beam islzizlzziﬂzxyi,
In our previous work, a theoretical model based on

Maxwell-Bloch equations for generalized angled beam geWhere|kzi| is the projection ok; on thez direction, which is
ometry with arbitrary phase modulation was presentedassumed to be identical for all the fielks;=k,), and|k,yi is

[21,22. The Bloch equations describe the rotation of theye projection Oﬂzi on x-y plane(||2xyi|:0 corresponds to a
Bloch vector, representing the population inversion and theiinear geometry With a small angle between beams

polarization of a two-level atom driven by an electric field , -, - N . .
[as illustrated in Fig. @)]. The absorption is indicated by the (|k2|>|kxyi|)’ the directions of the input fields are converted

population inversionrs(w,2) of the Bloch vector and the to spatial phase modulati_on a_md the fields_ are assumed to
atom polarization is indicated by the in-phase and in-Propagate only alo_ng thedirection. When a limited number
quadrature terms,(w,z) andr,(w,z), wherew denotes the  Of pear_ns are appliete.g., the case of two to four beayna
frequency andz denotes the propagation direction. A Bloch Projection of these beams to the-z plane is a reasonable
vector for each atom over all frequencies of the inhomogesimplification that reduces the computation complexity,
neously broadened bandwidth is calculated. The macroscopighich gives|k,yi|=|k|. After the Bloch equations are used to
polarization, obtained from the summation of the Bloch vec-calculate the coherence and population dynamics, a spatial
tors of all atoms, acts as a source output electric field, anéourier transform is applied to obtain the various propaga-
Maxwell's equations govern the field propagation. The popution directions.
lation relaxation, determined by th2) lifetime, T,, and the A medium with thicknesd. (absorption lengthwl) is di-
coherence decay, determined By, should also be consid- vided into layers of thicknesAL along z. For each layer
ered in the calculation. Referencg&l] and[22] give more  (with absorption lengthwAL) the Bloch equations can be
details on numerical solution of the Maxwell-Bloch equa-used to calculate the Bloch vectors and the Maxwell equa-
tions for two-level system under various assumptions. tions calculate the field propagation. In this paper, most
This calculation can be expanded to a three-level systersimulations are single layer calculations, where the Bloch
as shown in Fig. ), where exists an intermediate energy vector is not a function okz. One example of a multilayer
level, |3), between the ground and the excited states. Thealculation is shown, where propagation effects lead to
atomic population decay from the excited to the groundhigher-order harmonics on the readout of a spectral grating.
states can go through two paths: a direct path ff2nto |1) An input chirped electric field with a square envelope can
and a path through lev¢d). The relaxation rates fg2) to |[1)  be represented as

«

I3

-1
\ 4 T,

A. Theoretical model for angled-beam Maxwell-Bloch
with arbitrary phase modulation
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1
chxp[i(wst+akt2+(p>] +C.C., trp<t<ty+T¢

0, t<toport>ty+Tc,

Qin(t) = 1)

whereQc=uEy/# is the Rabi frequency of the chirped field, power spectrum of two pulseQ,(t) and Q,(t)=BQ4(t—7)
w is the dipole moment of a two-level transitioBy is the  separated in time by delayis

field amplitude ty is the start time of the chirped fieldys is B 5 ) )

the start frequency, and is the field static phase. The term F(w) = (1+89)|Qu()|* + 28/ Qy(w)[* codwn),  (4)

w§tf§Kt2 represents the timg—dgpendent phase modulatiofhere (;(t)=wE(t)/%, E(t) is an applied electric complex
arising frqm the' frequency chirping. . field, Q;(w) is the Fourier transform of applied pul$g(t),
In all simulations, the temporal computation step was Sehnq g is a constant that defines the strength of the second

to accurately sample the highest frequency oscillation of th‘f)ulse relative to the first. The absorption coefficiefib) in
chirped field over its bandwidth, thus in a reference frameyg |inear regime is

oscillating at the center frequenay, of the chirped field

[22]. A symmetrically chirped field has&,=wy—Bc/2. The a(w) =[1-x - ycodwn)]ap(w), (5)
chirped field was assumed to oscillate without any phase _ 2 5 '
noise. To reduce the high bandwidth edge effect, the risian/herexf(_lﬂg 1 2y(w)” is deflnezq as the average_ab§0rp-
and falling edges of the chirped field were set to half Gauss-o" modlﬁcatlon andy= 2'8|Ql(‘f))| IS def_med as oscillation
ian profiles, where each edge had a duration ofshalf ~ @MPplitude of the spectral gratin@r grating strength The

width at 1/e of maximum and a total duration of 0.2s. spectral grating period is X/ The grating bandwidth and
" A envelope depend on the field spectrifh(w)[?> and ay(w).

When a grating is written using two identical pulggs=1),
B. Spectral absorption features theny=y. For exampleyy=x=1 (y=x=0.1) denotes a spec-

In this section, we define the absorption features of interiral grating with a population inversion that oscillates from
est: a spectral hole, a spectral grating, and a spatial-spectral t© 1 (-1.0 to -0.8. The population inversiom(w)
grating, and discuss the decomposition of arbitrary spatialcan be obtained from E¢3).
spectral absorption features.

3. Spatial-spectral grating

1. Spectral hole Similarly, a spatial-spectral grating in an inhomoge-

For the simulations of readout of a Lorentzian spectran€ously broadened medium can be created by two optical
hole, an absorption modification was analytically assigned t®ulses separated in both space and time. Using an angled
rs(w) with a predetermined hole width, hole depthp, and ~ beam ikg(iQE‘ZEUM assuming plane _ka\_/kezﬁl(t-X.Z)
center frequencys,. Such a spectral hole in an inhomoge- =Q1(DE* € and Q,(t,x,2)= B, (t-7)e">*€*. In one
neously broadened medium can be created by a single optici@lyer calculation, the propagation alomgis ignored. The
pulse. The hole width depends on the pulse duration, with #0wer spectrum has a spatial phase modulation,
limit '=Ty, wherel'y, is the homogeneous broadened width _ 2 2 2
of the medium’s atomic transition. The absorption coefficient Flw.x) = (1+5)|0(w)|*+ 2610y(w)|" codwr
a(w) as a function of frequency with a single Lorentzian = (Koy = kyy)X]. (6)

spectral hole is given by The absorption coefficient is also a spatial function

)ao(w>, © a0 =[1-x- ycosor-kplagw),  (7)

) ) _ Wherek,=ky—ki, is the grating vector. The simulations for
where ag(w) is the inhomogeneous broadened absorptiorprobing spatial-spectral gratings need Maxwell-Bloch equa-
profile before the interaction. By using tions for angled beam geometry, where the Bloch vector
3) rs(w,X) is also a function ok. For simulations of the readout

of spatial-spectral gratings, the absorption modification indi-
the population inversion of the Bloch vector can be detercated by Eq(7) was assigned to;(w,X) using Eq.(3).
mined.

p(I'/2)?
(0= wp)? + (I'/2)?

a(w) = (1 -

ra(w) =~ a(w)/ag(w)

4. Arbitrary spatial-spectral absorption features

2. Spectral grating Theoretically, in both absorption spectroscopy and coher-

A spectral grating in an inhomogeneously broadened meent transient spectroscopy, the absorption features to be
dium can be created by two collinear optical pulses separatgotobed can be arbitrary. In order to investigate the readout
in time where one is an attenuated replica of the other. Th@rocess in both of these spectroscopic techniques, these ar-
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FIG. 2. Schematic of chirped readout mechanisms of spectral &= -1 ! | I
absorption features. The left side of the schematic shows the input -10 0 10
chirped field intensity, the middle represents the medium with dif- Frequency (MHz)
ferent (spatialyspectral absorption features, and the right side ] ) ) ]
shows the output field intensitiega) Readout of a spectral hole, FIG. 3. Readout of a single spectral hole using chirped fields

where the transmitted field intensity is modified in time due toWith chirp rates varying fromc=0.1 MHz/us to x=10 MHz/us.
differential absorption(b) Collinear geometry readout of a spectral The spectral hole has a Lorentzian line shape with witith
grating, where the transmitted field is spatially and temporally over=1 MHz, depthp=0.5, andaL =0.1, shown on the bottom of the
lapped with an emitted photon echo field, and a beat signal is crefigure. The readout field haQc=0.16 kHz andTc=10 us. The
ated representing the features of the spectral gratijgAngled time scale of the simulation result®p) is converted to frequency
beam geometry readout of a spatial-spectral grating, where th@epending onc. For a chirped field withc<T?, the spectral hole is
transmitted field and emitted echo field propagate along differen€losely mapped to the time domain, while fer-I'? distortions are
directions due to spatial diffraction of the grating. In this case, theobserved.

spectral grating structure is contained in the timing of the emitted

echo field, but can also be measured by interfering the echo fieldratings with different grating vectors has to be included into
with a reference field, creating a delayed heterodyne beat signal. the basis set.

Ignoring any nonlinearities, the readout of an arbitrary
bitrary absorption features can be decomposed into a bas#patial-spectral absorption feature with a sufficient band-
set. Choosing a spectral grating basis set makes for a conveddth pulse is effectively the sum of the readout signals of
nient investigation of the readout process, since a field difeach spatial-spectral grating with different delay and differ-
fracted by a spectral grating simply gives a time delayecent spatial grating vector. To investigate the readout mecha-
echo. An arbitrary spectral absorption feature as a superpaism, it is important to understand the readout of a single
sition of spectral gratings with different delays can be ex-spectral grating, especially for investigation of the readout of

pressed as spectral absorption features using coherent transient spec-
troscopy.
a(w) = J v.codwT+ ¢,)dr, (8)
0 Ill. CHIRPED READOUT OF SPATIAL-SPECTRAL

ABSORPTION FEATURES
where vy, is the grating strength and. is the phase of the
spectral grating with delay. The zero-delay grating compo-
nent corresponds to the average absorption that modifies the A spectral hole is a singular spectral absorption feature
transmission of the probe field. All the nonzero delay specover inhomogeneously broadened medium that can be read
tral gratings diffract the probe field and generate photon echeut by a chirped field. Figure(8) depicts this readout pro-
oes with corresponding time delays. cess schematically, where a chirped input fig&ft section

For more complex cases, where the absorption is not onlgf the figureg interacts with a spectral hol@niddle section
modulated spectrally but also spatially, this decompositiorto result in a modified temporal intensity profile of the trans-
analysis is very useful for analyzing the readout of spatialimitted chirped fieldright section. For effective mapping of
spectral absorption features. Similarly, arbitrary spatialthe hole to a temporal intensity profile, the frequency of the
spectral absorption features can be decomposed to a basis shirped field should scan over the hole widthfor a time
of spatial-spectral gratings. Depending on the complexity ofst> 1/I", which implies that a chirp rat&<I'?> should be
the spatial absorption modifications, a set of spatial-spectralsed.

A. Chirped readout of a single spectral hole
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Figure 3 shows simulation results for readout of a singleings, where the summed interference between the echoes
hole with a chirped field, with the effect of varying The  generated from these spectral gratings with different delays
fixed spectral hole hai=1 MHz andp=1.0,aL=0.1. The contributes to this oscillation.
chirped field had()-=0.16 kHz, B.=20 MHz, andx was
varied by varyingTc.

Seven cases of various chirp rates from 0.1 Mkiz/
(Tc=200 us andB:T-=4000 to 10 MHz/us (Tc=2 us and
BcTc=40) are shown. For the cases whete:1 MHz/us, When probing a spectral grating with a low Rabi fre-
the results show that the hole can be effectively mappeguency chirped electric field, a photon echo signal is emitted
quite close to its actual width from the modulation on thethat is a delayed chirped electric field. The echo field ampli-
absorption of the chirped field. Wherr 1 MHz/us, trailing  tude profile depends on the spectral grating envelope and the
edge effects in time can be observed as the chirp scans pagput chirp field amplitude profile. For readout of an ideal-
the feature. Foik>1 MHz/us, the width of the peak be- ized high bandwidth spectral grating, which has a flat enve-
comes wider, and the interference of the coherences induceé@pe over the readout bandwidth, the echo is an attenuated
by the hole and the input field emerges as strong trailingind delayed input field, i.eQq(t) ={Qiy(t—7), where is the
edge effects in time. These trailing edges can be understogtho efficiency. Using the chirped field in E¢l) as the
by decomposing the spectral hole to a set of spectral graiaput, the echo signal can be written as

B. Chirped readout of a spectral grating
and a spatial-spectral grating

9

0 (t) _ gQCei[ws(t_T)+l/2K(t - T)2+(p] +c.C., tO +r<t< tO + TC + 7
¢ 0, t+r<tyort=ty+Tc+r

The echo field is given aB4(t)=Q(t)%/x and the transmit- tracted by frequency analysis of the oscillation frequency
ted field isEndt) =0 Qi (1) %]/ 1, whereo is the attenuation  Nonlinearities are ignored in E@10), and are considered in
due to the average absorption over the frequency. Secs. llIC4 and 11 C5.

For readout of a spectral grating, the output intensity is Figure 4 is an angled beam simulation to show chirped
the beat of the emitted echo signal with the transmitted fieldeadout of an idealized high bandwidth spectral grating, with
in the regions that they overlap temporally and spatially, asy=0.1, aL=0.1, and 1#=1 MHz. The input chirped field
depicted in Fig. 2). These two fields beat with each other had Q¢c=1.6 kHz, Bc=10 MHz, Tc=10 us, and thusx
when < T, with regions of nonoverlap of durationon the =1 MHz/us. From this result, it is clear that both the trans-
front and back of the pulse envelope. For readout of anission and the echo are chirped fields, and the echo is de-
spatial-spectral grating, the transmitted field and echo artayed by a time that corresponds to the inverse of the grating
spatially separated since the echo is generated along a diffgperiod, as shown in Fig.(8). The grating period information
ent phased matched direction as showed in F{g). One is carried in the generated echo field timing. The delayed
way to measure the time delay is to make a measurement dfeterodyne result is shown in Figc4, representing the sum
the arrival time of the echo intensity. Another way is to makeof the echo and transmitted fields. Effects due to the enve-
a delayed heterodyne measurement where the echo signall@pe and period of the spectral grating, the chirped field pa-
made to beat with a reference field. If the echo field is addedameters, are not considered here, but are taken into account
to the transmitted field,,,dt), the result is identical to col- in Secs. Il C 2 and Il C 3 below for the cases of collinear
linear readout of a spectral grating, the case shown in Figand angled readout geometries.

2(b). A replica of the input field can be used as a reference

pulse, which has the advantage of removing distortions on C. Considerations of chirped readout of spectral grating

the transmitted field from the beat signal. In general, an echo
beating with a reference pul&g.(t) =g AQi,(t)/ ], whereé

is a constant ang=o is for the spectral grating case, gives a  Figure 5 shows a set of typical simulation results for read-

1. Variation of chirp bandwidth

heterodyne detection signal out of an idealized high bandwidth spectral grating with
210 varying chirp rates ranging fronk=0.125 MHz/us to «
E (1) +EL1)2= Clrezy /2171 + t+d)], =8.0 MHz/us by varying Bc. In this figure, the chirped
[Brer(®) + Ee(0) u? &7+ )1 +m cosirt + @) fields begin at Sus with Tc=10 us andQc=1.6 kHz. The

(10) grating parameters arg=0.1, 1/r=1 MHz, andaL=0.1.
The beat signal starts when the underlying echo emerges
where the normalized beat amplitude7ét)=2&4/(£+{?),  at 6 us. The intensity oscillation before s is due to the
the intensity oscillation frequency ig=«7 and the oscilla- leading edge of the echoes, which is replicated as the readout
tion phase iS<I>=wST—%K72. Thus, the delayr can be ex- pulses. The frequency of the beat can be seen to increase
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5 is shown to experience & phase flip for a doubling of the
¥ transmission chirp rate, consistent wit_h Eq10). Thus for this case of.
= readout of an idealized high bandwidth spectral grating with
§ 0 a chirped field, the spectral grating period is translated to the
%’_ /echo oscillation frequency of the beat signal.
[
w s 2. Variation of chirp duration
(a) . The discussion above assumes that the spectral grating
; (109 has an idealized high bandwidth while the chirped field has a
g Transmission £ limited bandwidth. If the spectral grating has an envelope
S 0.75 - F0.03 § width that is narrower than the chirp bandwidth, the echo is
E 05 | D echo | 002 E still a delayed chirped field with the same chirp rate as input
2 — 8 field, but having a temporal envelope that is modified by the
Tg“ 0.25 0.01 E grating spectral envelope. Figure 6 shows angled beam simu-
S S lations for readout of a spatial-spectral grating with three
0 0 different fields by varyind- to be 200, 20, and Zs, with a
(b) fixed Be=20 MHz (from —10 MHz to 10 MH2 and Q¢
5, 091 =1.6 kHz. Thus the chirped fields hac=0.1 MHz/us in
i Fig. 6@), k=1 MHz/us in Fig. &b), and k=10 MHz/us in
£ o9 Fig. 6(c). The grating had a Gaussian shape envelope of
§ 8 MHz (full width at 1/e of maximun), wherey=0.1, 1/r
% 0.89 - =0.4 MHz, andalL=0.1. The simulations show chirp rates
£ that give readout signals varying from absorption spectros-
2 copy to coherent transient spectroscopy. In each figure, the
0.88 ‘ ‘ ‘ top trace shows the spectral structure of the spatial-spectral
© 0 5 T":‘: () 5 20 grating, the middle traces show the transmitted readout in-

tensity and emitted echo intensithoth normalized to the
FIG. 4. Readout of an idealized high bandwidth spatial-spectral"PUt field intensity, and the bottom traces show beating
grating(y=0.1 and 1#=1 MHz, andaL =0.1) with a chirped field between the input and Qcho fle_lds and the transm|_53|on and
(Qc=1.6 KHz, Bc=10 MHz, Tc=10 s, andk=1 MHz/us). (a9  €cho fields(also normalizeyl With a very slow chirp as
The frequency versus time of the transmitted field and delayed ech8hown in Fig. €a), the echo is delayed by=2.5 us and the
field, (b) the transmitted field and echo field intensities, separated afansmission intensity envelope of absorption and the echo
they propagate along different directions due the spatial gratingntensity each show a temporal width of 8 MHz/80 us.
diffraction, normalized by the input pulse intensity, aejithe beat  The beat of the transmission and echo fields is essentially a
of the transmitted field and echo field, where the oscillation fre-temporal mapping of the spectral absorption features, as the
quency is related to the delay time. envelopes of the transmission and echo are mostly over-
lapped in time, but showing a nearly Gaussian envelope that
accordingly with the wvarying chirp rate from is slightly distorted as compared to that of the grating. The
0.125 to 8 MHz. For example, probing a spectral gratingbeat of the input field and echo signal shows an accurate
with chirped field with k=4 MHz/us gives an oscillation mapping of the grating periodic structure and information of
frequencyr=4 MHz. In this figure, the oscillation phase  the echo envelope as shaped by the grating envelope.

Kk (MHz/ us)

m 0.125 FIG. 5. Simulation of readout

) of idealized high bandwidth

W 0.25 spectral gratings with different
chirp rates « varying from

W 0.5 0.125 to 8.0 MHzks, where
the chirped field begins at fs.

1 The spectral grating hag=0.1,
programmed with a delayr
=0.1. The readout chirp field has
The results show that the beat

8 frequency changes according to

‘ ‘ . ‘ . . . \ . \ the chirp rate of the readout
5 6 7 8 9 10 11 12 13 14 15 field.

Time (us)

Intensity (a.u.)
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FIG. 6. Readout of a narrow bandwidth spatial-spectral grating with a broad bandwidth chirped field with varying chirp rates. The
spectral grating envelope has an 8-MHz Gaussian stfapevidth at 1/e of maximum, with a spectral grating period of #£0.4 MHz,
where y=0.1 and «L=0.1. The chirped field ha€)c=1 kHz and B;=20 MHz (=10 to 10 MH32, and «=0.1 MHz/us in (a), «
=1 MHz/us in(b), andk=10 MHz/us in (c). In each figure, the top traces are the spectral gratings, the middle traces show the transmitted
field intensity and echo field intensity, and the bottom traces show the intensity beat of the input field and edhpfieldracg and
intensity beat of the transmitted field and echo figddver trace. All intensities are normalized to the input field. This figure shows examples
of the absorption spectroscopy (@), coherent transient spectroscopy(@, and an in-between in cagb).

For the case of a delay comparable with the width ofof readout of low-bandwidth spectral gratings with varying
readout envelope, illustrated in Fig(bp, the echo is over- grating periods, the use of a fixed chirped field will result in
lapped with the transmitted field but is also offset signifi- Signals that span from absorption spectroscopy to coherent
cantly from the readout envelope. The beat of the echo antfansient spectroscopy. Figure 7 shows the angled beam
transmission gives the spectral grating period but the envesimulation results of readout of this case, where spectral grat-
lope information is distorted. For the case of a delay that igng envelope has a Gaussian shape 40 Mfil width at
much longer than the readout envelope, illustrated in Figl/€ of maximum, wherey=0.1 andalL =0.1. The spectral
6(c), the echo is completely separated from the transmissiorfratings are assigned with a 445 MHz in Fig. 7a), 1/7
The spectral grating information can still be read out from=0-1 MHz in Fig. qb), and 1/r=0.05 MHz in Fig. Tc) as
the delay and shape of the echo field. However, the mappin f;O;IcV)I: ::rllatrrilts]tovsittr:atchees ;;é?ﬁ;l'g;r[;;:;'z:t; rlg(g%i?tgg o
concept of absorption spectroscopy cannot be applied for th ' ;
last case. Wheffo<1/Bc (not shown, the spectral grating 40 MHz. The readout field ha¢=1 kHz, Bc=160 MHz

information is only read out from the echo field timing, com- ("80—80 MH3, Tc=40us, and thusk=4 MHz/us. The
monly known as coherent transient spectroscopy. content of the top, middle, and bottom traces of each figure

follows that of Fig. 6. Comparing the results, the transmis-
sion signals are almost identical for the different spectral
grating periods. The echoes are chirped fields and modified

A fast or slow chirp rate is ultimately related to the spec-by the grating envelope, with delay times0.2, 10, and
tral absorption features that are to be resolved. For the cas¥® us, respectively, with a width of 1@s. As in the previ-

3. Variation of spectral grating period
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FIG. 7. Readout of a narrow bandwidth spatial-spectral grating with broader bandwidth chirped field with varying grating structure. The
spectral grating envelope has a 40-MHz Gaussian stfapievidth at 1/e of maximun), wherey=0.1 andaL=0.1. The spectral grating
period is 1/=5 MHz in (a), 0.1MHz in(b), and 0.05 MHz in(c). The center of the gratings is shifted to —40 MHz. The readout field has
k=4 MHz/us andQc=1 kHz. The chirped field haB-=160 MHz(-80 to 80 MH2 andT-=40 us. The arrangement and normalization of
the traces is consistent with Fig. 6. The insets in the top portiorib)aind(c) show expanded portions of the spectral grating, for clarity.
This figure shows examples of absorption spectroscogg)incoherent transient spectroscopy(@, and an in-between case (h).

ous case, the beat signals show oscillations, where for thigeld interacts with the atoms in an inhomogeneous broad-
case whenr<10 us as illustrated in Fig. (8), the readout ened medium, there is an oscillation in the transmission due
signal is nearly a mapping of the spectral absorption featuresg heterodyning between light that is unabsorbed and light
This is the case close to the results in R&fl]. As the delay  that is re-radiated by previously excited absorbers earlier in
time is increased, the mapped readout is distorted, as ShowRat pulse[2]. This oscillation can be referred to as optical
in Fig. 7(b). For the case when> 10 us, the echo is signifi- - tation from chirped field excitation, or, optical chirped nu-
cantly shifted from the envelope as shown in FigC)7S0  ation Thus the chirped field is reshaped by the population
that the beat of transmission and echo fields shows both the,y ¢oherence dynamics due to interactions between the field
spectral grating envelope and the oscillation at dlfferemand atoms at different frequencies. Simulations show that the

times, where the oscillation from the beat of the echo with__ .~ "~ .
either the transmission or input field are nearly identical, aoscnlatlon a_mplltude_and _frequency both depend(y «, _
L, along with variations in the spectral structure of the in-

case that is a hybrid of absorption and coherent transie .

spectroscopy. Whens T, (not shown, no temporal overlap omogeneous broaQenlng. . .

or interference between the fields would result and the grat- Ve report from simulation results that optical chirped nu-
ing period information would only be contained in the arrival ttion is observed when a chirped field interacts with a spec-

time of the echo, which is also called coherent transient spedt@l grating. Furthermore, the chirped nutation shows up on
troscopy. both the transmitted field and on the echo field. Figure 8

shows the results of an angled beam simulation with chirped
4. Distortion from optical nutation nutation on the transmission and echo fields for readout of a
Material nonlinearities can cause distortions in the readspatial-spectral grating withy=0.1, 1/7=1 MHz, and alL
out signals, such as optical nutation. When an optical chirped 0.1 for varying cases df)c and « of the chirped field.
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FIG. 8. Simulations showing chirp nutation on the transmitted field intensity and on the echo field intensity, for readout of a spatial-
spectral gratingy=0.1, 1/=1 MHz, andaL=0.1) with a chirped field, in angled beam geometry. The intensities are normalized by the
input field intensity. The top graphs shows the intensity of transmitted figdger tracesand of the echo field, while the bottom graphs
show modulated intensity signals for the case of beating the input field and ech@fipkt tracgand beating the transmitted field and echo
field. In (a), Q=160 kHz, Tc=10 us, andk=1 MHz/us. In (b), Q=16 kHz, Tc=10 us, andk=1 MHz/us. In (c), Qc=160 kHz, T
=10 us, and«=4 MHz/us. This figure shows the chirped field dependence of the amplitude and oscillation frequency of chirp nutation.

The top traces of Fig.(@) shows the transmitted field and probability of atoms being driven by an optical field. The
echo field for the case oflc=160 kHz, B.=10 MHz, T  relationship of the transition probability with the Rabi fre-
=10 us, and thusc=1 MHz/us. Both the transmission and quency of a chirped field is different than that for a brief
the echo have fairly strong nutation oscillations. The lowerpulse. The population inversion of the Bloch vector for on
traces in Fig. 8a) show the beating signals between theresonant two-level atoms driven by a chirped field with Rabi
transmission and echo fields and the input and echo fieldsrequency()c have been studied in R4R23] using Landau-
where the chirped nutation oscillation contributes distortionZener theory, where the inhomogeneous broadening is not
to the beat signal for the case of beating of the transmissiononsidered. The analysis with Maxwell-Bloch equations
and echo fields. However, the distortion due to the chirpshows that, whe B> 1, the population inversion of the
nutation is reduced when beating the echo with the inpuatoms in the inhomogeneous broadening medium is given as
pulse, quantitatively illustrated further in Sec. IV.

For comparison, Fig. ®) shows the case of lowf)c r3(w,t) = (1-20)r3(w,t), (11)
(9,0216 kHZ),W'th Samex ar_ld Tc as Fig. &a), where the ~wherers(w,1) is the population inversion after the excitation
chirped nutation amplitudes is reduced on both the transmis;y, 5 chirped fieldrs(w,to) is that before the excitation, and
sion and the echo. As a result, lowerifit of the chirp 202, . _ .

O(Qc,k)=1-e ™2/« is defined as the driving strength of

readout field will reduce this kind of distortion on the read- g ] ) )
out signal. The chirp nutation amplitude and oscillation alsdth® applied chirped field, which takes on a value between 0

depend on«. Figure §c) shows the case for the saifig and and 1. The case whem(w,t)=0 corresponds to the transi-
T as Fig. 8a) but with a fasterk, whereB;=40 MHz, T~ tion being driven by a field with an effective pulse area of

=10 s, and thusc=4 MHz/us. As shown, the faster chirp 7/2, which gives
rate reduces the nutation amplitude, but increases the chirped 1
nutation oscillation frequency on both the transmission and Qgﬂ) ==JkIn2. (12)
the echo field intensities. The reduced nutation amplitude is ™
gzﬁiﬁted, since faster chirp rate means less spectral energ}/gure qa) plots O(Q) (log-log scalg for a chirped field
Y- with =4 MHz/us, and Fig. ) plots 20(Qc)-1 (linear-
5. Saturation effects log scalé which varies over a range ¢f1,1]. The dashed

Another nonlinearity in the readout process is the saturaline indicates wherec=0"?'=0.53 MHz andrs(w,t)=0
tion of the transition, which is indicated by the transition for any population inversion initialization. These traces show
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that for Q<O @=02, and for 0c>0"?, © ap- Distortions associated with the readout process were re-
proaches 1 and the transition becomes saturated. These gslved only when they arose above this noise floor. On the
sults provide helpful information in determining the chirped vertical scale of the PSD results, the value of 0 dB is defined
field for the readout process. The effects of overdriving theas the peak strength for the settings ¢£1 and ¢
transition in readout will saturate the readout signal strengtiF 1 MHz, and all the readout signals in the simulations below
and contribute more distortions, as discussed in Sec. IV. are normalized with this signal strength.

1IV. ANALYSIS OF SPATIAL-SPECTRAL B. Comparison of collinear ar_1d angled beam
GRATING READOUT readout geometries

As discussed above, when probing a spatial-spectral grat-
ing, the transmission and echo are spatially separated,

A series of simulations was performed to investigate theyhereas for probing a spectral grating, these fields are spa-
effects of grating strength, chirped field intensity, and a comtially and temporally overlapped and create an output beat
parison between collinear and angled beam readout. For thggnal. By using an angled beam geometry and beating the
series of simulation results presented in this section, severacho instead with a replica of the input field, the distortions
parameters were constant. Each simulation used 8n the transmitted field due to absorption, saturation, and
50 us time window using 100 000 pointt0.5 ns/point  chirp nutation effects can be avoided.
and a 200 MHz frequency span using 10000 points Figure 10 shows simulation examples of chirped readout
(20 kHz/poiny. The chirped readout field hadBc  signals for both the collinear geometry and angled beam ge-
=160 MHz, Tc=40 us, and thusk=4 MHz/us, so that 25 ometry. Two cases are considered: distortions due to the
points were used to represent one cycle of the fastest oscilransmission[Fig. 1Qa)] and higher order harmonid$ig.
lation of the chirped field. An idealized high bandwidth 10(b)]. Figure 1@a) shows simulation results that compare
spatial-spectral grating was used withr:/L MHz. Simula-  the PSD readout results for collinear and angled geometries
tions were single layer witikL=0.1, except one that was run for y=0.1 and():=0.1 MHz. The peak at=1 us extracted
with aL =1 to show higher-order harmonics due to propaga-delay time is the fundamental signal from the grating period.
tion in the collinear case. In both cases, this peak strength is nearly identjlcal ab-

The readout signals are presented in terms of the powesorption in a thin medium while for the collinear case the
spectral densityPSD) of the resultant output signal that was noise level at 1.5us is ~20 dB higher than for the angled
obtained by chirped readout. For post-processing, this tenease, due to the distortion on the transmitted field.
poral signal was sliced at 6/&s and then truncated'® The effects of field propagation can introduce higher-
points after 6.5us, which corresponded to approximately order harmonics to the readout results, which become clear
130 cycles of the 159 total cycles in oscillation signal. Thisfor the case of readout of a spectral grating, but can be
signal was then processed to remove the dc component. Ttevoided with readout of a spatial-spectral grating in an
periodogram function inMATLAB DSP toolbox was per- angled beam readout geometry. FigurgbdGhows the re-
formed with a Blackman window applied to thé®2oints.  sults of simulations for a collinear and angled beam geom-
The calculated power spectrum gives the oscillation fre-etry, where the absorption length id. =1 with a ten-layer
guency and the extracted delay is calculated according to calculation, fory=0.01 and(2-=0.001 MHz. These low set-
=vl k. For the PSD peak results in this section, the quantizatings were used to approach the numerical noise flowni-
tion noise floor occurs at approximately —140 dB at +tp%  mizing the distortion noise floor observed in Fig(dQ. The
around the peak due to the numerical computation settingpeak atr=1 us is observed in both cases, while for the col-

A. Data post processing for readout signal
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0 ! ; o and higher-order harmonics from the readout signal. The
) iﬁgﬁ;i:;im angled beam readout geometry was chosen to further inves-
= 50 1 tigate the chirp readout process of spatial-spectral gratings.
‘g', Variations of y and ¢, as they affect the PSD signal
2 100 strength and distortions, are explored in detail in this section.
% In general, signal strength and distortions can depend on pa-
S 55 4 rameters such as absorption length, spectral grating purity,
- and readout laser stability, which will be investigated in fu-
ture work.
-200 : ; :
0 1 2 3 . -

@) Extracted time delay (us) 1. Grating strength variation

125 : . ‘ Simulations were performed to investigate the effecty of
& : Collinear beam on the PSD peak signal strength. Figure 11 plots the simula-
2 Angled Beam tion results as peak signal strengtdB) versus grating
% 178 (aL =1, aAL=0.1) strength, for the cases 6i-=0.001, 0.01, 0.1, and 1 MHz,
& | | with an inset showing the actual PSD results O
I N =0.001 MHz. These simulations show that the signal
s /o | strength of the PSD is proportional #6. The expected peak
-‘%’ 275 signal strengths from linear calculation were plotted as solid

lines, and peak signals follow the lines fo¥-<0.1 MHz.
395 ‘ : ; Theoretical analysis indicates that the saturation occurs
0 1 2 3 aroundchﬂ(g/z) (as discussed in Sec. llIThe peaks for

(b) Extracted time delay (us) Qc=1 MHz are saturated but are still nearlyy?.

FIG. 10.(a) Comparison of power spectral densiBSD) results
of the readout signal for collinear versus angled beam readout, for a
chirped field with{2c=0.1 MHz, y=0.01, and using a single layer  Simulations were performed to investigate the effects of
vyith al=0.1 (see text for other parametelzrsUnder the.se cgndi- Qc on the PSD peak signal strength. Figure 12 plots the
F'O“Ev thLeSaDngleddbetam_ ge(ilr;etéy results in aflo‘("erld't_StO”'O”_t‘;']OO‘simulation results as peak signal strengtiB) versus Rabi
in the readout signal omparison of simulations wi _ — (2
higher-order harmonicsgdue to fieldppropagation for collinear amﬂ’?)q;fy’erll/(l:l)-qz('\i/g_:ﬁzjiszc;tredtr\]/\(zthczsdeasﬁfeg_lig.el.W(r?(e:r_eﬂtﬁe grat-
angled beam geometry readout, 8¢=0.001 MHz,y=0.01, and . """ . . . .
using ten layers witleL=1. For a single period spectral grating, the ing will be erased after p(l;gzt;lng with a f:hlrped field. The
higher-order harmonics are avoided with the angled beam geometr?,raph shows that fa2c <", the pe4ak signal strengths of
but are observed in a collinear beam geometry. he PSD are nearly proportional @ [according to Eq.
(10)], and forQC>Q(C’T/2) saturation in the peak strength oc-
curs as the grating becomes inverted, with a corresponding
fgrop in the signal strength.
The PSD sidelobe level at 18s is also plotted in Fig.
2. When the distortions rise out of the computational noise
bor, they increase a@% (a second-order nonlinearjtype-
Jcrre saturating, where as the peak growsﬁ'ﬂé. From the
i

2. Chirped field amplitude variation

linear case, the peaks at 2 andu8 are the second- and
third-order harmonic echoes that arise from propagation e
fects. In the collinear beam geometry, the fundamental an
higher-order echoes all propagate along the same beajy
while for angled readout of a spatial-spectral grating, th

h matchin nditions mandate that the higher-or
phase matching conditions mandate that the higher-ord scussion of Sec. Ill C 4, these distortions come from chirp

echoes propagate along directilefi=k,+mk;, wherek, is 1 tation on the echo field. However, the laser noise and spec-
the wave vector of the readout fiell, the spatial grating tral grating processing also contribute to the sidelobe level,
vector, andm is the order number. Thus the problem of which are not discussed in this work.

higher-order harmonics can be overcome using angled beam

readout of single delay spectral grating. When beating the

first-order echo with a reference pulggther the transmitted V. CONCLUSIONS
field or a replica of the input pulseonly the fundamental
peak appears at=1 us in the readout signal. This work has bridged the gap between absorption spec-

Higher-order harmonics can also be stored into a spatialtroscopy and coherent transient spectroscopy by showing
spectral grating as an effect of the grating writing processcases of both, as well as intermediate cases. The frequency-
due to saturation, propagation in writing, and multiple shotchirped readout processes, in the regimes of absorption spec-
integration, which will be covered in future work. troscopy, coherent transient spectroscopy, and intermediate
cases are analyzed with the same mathematical treatment. In
absorption spectroscopy, the spectral absorption features are

As shown above, the angled beam geometry has the adrapped into the time domain using a slow-chirped field. The
vantages of removing the distortion of the transmitted fieldchirp rate is slow or fast only related to the spectral features

C. Readout signal strength and distortion
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FIG. 11. Simulation results of grating strength variation for chirped field readout of a spatial-spectral gratin@-widt01, 0.1, and
1 MHz (see text for other parametgrd?eak signal strength simulation results are shown as symbols, and the lines are a linear theory
calculation. The signal strength of the PSD is proportionaftor all cases, wher€l-=1 MHz shows saturation. For reference, the inset
shows the signal strength of the PSD versus extracted time delay for the c@ge-6f001 MHz.

of interest. If a fast-chirped field is applied to a spectralThis echo signal can be interfered with the transmitted field,
absorption feature, the mapping concept will not be accurateas occurs inherently for the collinear case, or with a refer-
For example, a spectral hole is a singular spectral absorptiognce input field, for the angled case, to create an oscillatory
feature that can be mapped into the time domain by a chirpebdeat signal whose frequency is determined by the chirp rate
field with a slow chirp ratéx <T'2). When chirp rates are too and delay. The readout of a spectral grating or a spatial-
fast (k>1"), a blurring of the spectral feature can be ob-spectral grating does not require a slow-chirped field.
served. The emitted echo signal is proportional to the grating
Spectral gratings and spatial-spectral gratings can be reairength and to the Rabi frequency of the chirped field. When
out by a chirped electric field. When a chirped field interactsanalyzing the PSD of the readout oscillations, relationships
with an idealized high bandwidth spectral grating or spatial-between the peak of the PSD analysis and the input param-
spectral grating, a delayed photon echo signal is produceeters can be established. The PSD peak signal strength is
with the same chirp duration and chirp rate as the input fieldproportional to the echo strength squared. High readout field

0

xk=4MHz/ps y=0.1 / *
50 : *
Peak signal strength/’// |
-100 I o " ¥
/ ]
|
-150 ] |
|
|
|
|
|
|
|
|
|

' Sidelobe level g
-200 /
-250

/./Numerical noise
-300 T/
-350
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Signal strength (dB)

_ (7/2)
QC - QC

u”
:

FIG. 12. Simulation results of Rabi frequency variations, showing the peak signal strengthsuat(th® expected time delayand the
sidelobe level at 1.9s for a grating withy=0.1 (see text for other parametgrsThe lower solid line corresponds to the numerical
computation noise level and the upper solid line indicates the peak signal strength in the linear case. The dashed line indidates when
:Qgﬁz). At Q->0.01 MHz, distortions above the computational noise floor are observed that inerﬂ{sbefore saturating.
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Rabi frequencies will lower the peak signal due to saturatiorfects of higher-order harmonics of the main delay component
effects. High Rabi frequencies also cause distortions due toan be avoided.
the effects of chirp nutation. Chirp nutation is observed on

both the transmitted field and on the emitted echo field, and

depends on the Rabi frequency and chirp rate of that field.

These effects should be balanced with the overall photon

budget when choosing appropriate readout field strengths for We gratefully acknowledge the support for this work by
readout. An angled beam geometry is preferred over a cokthe National Aeronautics and Space Administration Ames
linear one, as the effects of distortions due to transmission dResearch Center under Grant No. NAG2-1323 and from Sci-
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