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Stark-level one-phonon dephasing process of N#-doped silicate glass fiber
studied with accumulated photon echoes
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Measurements of the homogeneous width ofBe,, 2G,-*l o/, transition of Nd* in a silicate glass fiber
at low temperatures by the technique of accumulated photon echoes show that the dephasing processes are
one-phonon processes between the Stark levels df Nithese dephasing processes differ from the commonly
observed processes of rare-earth ion-doped glasses: the local-configurational-change-induced dephasing pro-
cess and the Raman process with low-frequency modes. The densely distributed Stark levef&gp, ted
2G,, states are responsible for one-phonon processes. The transition-wavelength dependences of the homoge-
neous widthsT',(4.2 K) and T'(T—0) are explained by using the one-phonon process model.
[S0163-18297)03609-9

I. INTRODUCTION There are, however, some ambiguities in that attribution.
Since the temperature dependence of the homogeneous width
Many studies have been performed to clarify the mechawas not measured, it was not possible to clearly discuss the
nism of the anomalous optical properties of ion-dopeddephasing mechanism of this transition.
glasses from the viewpoints of pure and applied sciehtes.  In this paper we report experiments on accumulated pho-
a recent study of the accumulated photon ecRogs,have ton echoes for théGe,, *Gy-*lg, transition of Nd* in a

measured the temperature dependence of the homogenedit§€ silicate glass fiber at low temperatures. Several dephas-
width of the®D,-"F, transition of EG™ (Ref. 3 and of the ing mechanisms are discussed and the most probable dephas-

4F,,(1)-%14), transition of Nd* (Ref. 4 when both ions ing mechanism is attributed to the one-phonon processes be-

were doped in a pure silicate glass fiber at low temperature{Veen the Stark levels of Nd. The transition-wavelength

Both the temperature dependences showed a crossover froﬁﬁpendences of the homogeneous widll4.2 K) and

T linear (T<7 K) to T2 (T>7 K, Ref. 7. The dephasing n(T—0) are well explained by the one-phonon process
! L model.

processes could be well explained by the two-level system

(TLS) dephasing procebsind the Raman process with low-

frequency mode3!® A TLS models a local configurational Il. EXPERIMENT

change in glasses: These two dephasing processes are con- The experimental setup for the accumulated photon ech-
sidered to be relgyapt to ion-doped inorganic glasses as tl}f‘es is shown in Fig. 1. The excitation source was a mode-
thermally nonequilibrium na’Fure of the structure and the low- 5y aq dye laser with a repetition rate of 82 MHz and a pulse
frequency modes are peculiar to glasSes. width of 4 psec. The output of the laser was divided by a

~ The dephasing processes of ﬂﬁfslz 2Gyiz-*lgz transi- polarized beam splitter. An optical chopper modulated both
tion of Nd®" ions in ordered and disordered crysthlsF,

(Ref. 8 and Cak-YF; (Ref. 9] at low temperatures have

been considered to be one-phonon procéSdestween the PBS g, By

St.ark levels of the ions. On the _o_ther hand, the hompgeneous Mode-Locked 2 gzg;e' :

width of the *F5,(1)-%l4, transition of Nd* in a silicate Dye Laser j> |Computer I—— A

glass fiber between 1.6 and 44 K has been explained by the Eq

TLS dephasing process and the Raman process with low- Some (f1+f2)—’

frequency mode$. Obvious differences between the two < Coupler

transitions are the energy-level distributions of the excited o or

states. The Stark levels of tHiS,, and °G, states are -

densely distributed, whereas tHE;,(1) state is a single Delay Line mgr Fiber in
Cryostat

state. Here arises a question. What is the dominant dephasing
process of thé'Gg,, 2G,-*l g, transition of Nd* at low
temperatures when Nd is doped into inorganic glass such g 1. Experimental setup for accumulated photon echoes us-
as silicate glass? ing a mode-locked dye laser to measure the homogeneous widths of

The transition-wavelength dependence of the homogete“G,,, 2G,,-*l o, transition of Nd* in a pure silicate glass fiber.
neous width of thé'Gs,, Gy *lgp, transition of the N&"  The intensities of the pump and probe bedBagndE, were modu-
ion-doped silicate glasdHoya No. 5010 at 13 K was mea- lated by an optical chopper. The heterodyne-detected echo signal
sured and the dephasing mechanism of this transition was, &ass measured by changing the delay timgbetween the pump and
explained in Ref. 11, attributed to the one-phonon processeprobe beams.
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~ FIG. 2. Absorption spectrum of Nd in a pure silicate glass FIG. 3. Accumulated echo decay curve at 596 nm and 4.2 K.
fiber at 78 K. The dotted curve is a single exponential fitting withof 180 psec.

the pump(E,) and probdE,) beams at frequencids of 1.0  Stark levels emits phonons and relaxes to the lowest of the
kHz andf, of 0.83 kHz. After a suitable delay of the probe Stark level, we cannot obtain the Stark levels energy struc-
beam, both the pump and probe beams were combined bytare.
beam couplefSIFAM; P22S63B5Pand guided to the fiber Figure 3 shows an echo decay curve measured at 596 nm
sample. The {;+f,) frequency component of the output and 4.2 K. The dashed curve is a theoretical fitting Wishof
beams from the fiber sample was detected by a lock-in amt80 psec, and assuming a single exponential decay. The
plifier. agreement between the fitting and the measured data shows

Echo decay curves were measured by changing the delajiat the echo decay curve can be assumed to be a single
time t,, between the pump and probe beams. Since the echexponential decay curve. We therefore approximated all the
field was detected by heterodyne detection, the decay commeasured echo decay curves as single exponential decay
stant of the echo decay curve gaVe2? whereT, is the  curves.
dephasing time. The homogeneous width is given by Shelby observed double exponential echo decay curves at
Ty=1/(7T,). shorter wavelength§A<585 nm in Nd®":ED-2 silicate

The input beam ratio of the pump and probe beams waglass'? We observed, however, only single exponential de-
set to about 3:1, and typical input intensities of the pump anday curves. This is due to the fact that since we measured
probe beams were, respectively, 0.84 and 0.30 mW. Whesacho decay curves at,>10 psec because of the collinear
the input pump beam intensity was between 0.30 and 3.@xcitation beam configuration, we could not measure a faster
mW, the measured, values were the same within experi- decay components correspondinglig>40 GHz.
mental error. Figures 4—6 showa) the homogeneous widths, (T)’s

The sample was a pure silicate glass single-mode fibemeasured at 590, 593, and 598 nm &bydthe temperature-
(cutoff wavelength of 780 nindoped with 20 ppm N . dependent parts of these homogeneous widthig(T)’s:
The 2.8-m-long fiber sample was coiled in a cage to a diam-
eter of 4 cm. Nondoped single-mode fibers for 515 nm AT H(T)=T(T)—(T'1,(0)). (1)
spliced onto both ends of the Ridfiber sample were used to
guide the excitation beams into and out of the cryostat. BeHere (I';(0))’'s are average values of the homogeneous
low 4.2 K, the sample temperature was maintained withinwidths in the temperature-independent region which for 590,
+0.1 K, and above 4.2 K, it was maintained withir0.2 K2 593, and 598 nm are, respectively, 2.2, 1.7, and 1.3 GHz. For
At 78 K, the transmission loss for 595 nm was 3.6 dB/m.

If the wavelength of the excitation beams were shorter 5
than the cutoff wavelength of the fiber sample, multimode ™
coupling of the laser beam with the fiber is possible. The
transverse mode of the pump beé) would have changed 4
as the delay time;, was changed. The change of the trans- 5 °
verse mode would have made echo signals very noisy. As 3
shown in the next section, however, we were able to obtain a = 3
clear echo decay curve, probably because the nondoped !
single-mode fiber purified the spatial mode structure of the
exciting beams. 2
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IIl. EXPERIMENTAL RESULTS AND DISCUSSION
FIG. 4. Temperature dependence(af the measured homoge-
The absorption spectrum of the fidfiber sample mea- neous width of théGgp, 2G7jp-*l o, transition of Nd* at 590 nm
sured at 78 K is shown Fig. 2. No clear profile of the Starkand(b) the temperature-dependent part of that width. The curve is a
levels is observed. Since the population excited to theseheoretical fitting assuming a one-phonon process.
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5 the Raman process with low-frequency modes can, respec-
tively, be written asAT and BF(T). Here, F(T)=T? at
T>40 K and changes more rapidly thaf at T<40 K, and
is defined as=(T=10 K)=1 (no dimensioh® A andB are
fitting parameters. ThAT and BF(T) functions were used
previously for the discussion of the dephasing mechanisms
of the homogeneous width of tR®,-F, transition of EG*
and of the?F4,(1)-*lg,, transition of Nd* which were
doped in a pure silicate glass fiber at low temperattifes.
by IR Bl e If we assume thaAI'(T)=AT+BF(T) in Figs. 4—b),
1 Tempeggturem 100 1 Tempe:aoture(m 100 we obtainA=300 MHz/K andB=150 MHz for 590 nm,

‘ A=220 MHz/K, andB=70 MHz for 593 nm, andA=130
MHz/K and B=260 MHz for 598 nm. These values fit well
with the experimental resultgBelow 6 K the agreement
between the theory and the experiments is not good at every
wavelength. If the dephasing were governed by the TLS and
Raman processes, however, these temperature dependences

) ) _ contradict the commonly observetf temperature depen-
590 and 593 nmAI'y(T) is nearly proportional td" linear,  jence afT>10 K’. In addition, theA parameters of this

and for 598 nm it is proportional t61'4whenT>Fi K.Below  ansition of Nd* in silicate glass fiber are an order of mag-
6 K the temperature dependf?ce of tEy(T)'s becomes iy ge larger than thé value of the’F 3,,(1)-*l 4, transition
steeper thanT linear or T-" Because the measured ;¢ NG3* in silicate glass fibetA=15.8 MHz/K andB=54.9
AT',(T)'s have experimental errors, we use mainly the VaI'MHz at 892.5 nrf).

ues atT>6 K for the discussion of the dephasing mecha- Assuming strain coupling between the Ndons and the

nism. _ _ _ _ TLS's of silicate glass, Huber, Broer, and Goldifigsti-

In the following, we discuss the possible dephasingmaieq the magnitude of the homogeneous width of the
Enechimlsms of the homoga(ineous width of (85 4F40(1)-*1 g, transition of Nd™ in a silicate glass by the
G729, transition of the Nd* sample. The ﬁglman Pro- 115 dephasing process. In their calculation, they used the
cess of the Debye model with acoustic phoror®n be a4 of the energy shifts occurring when NdYAG crystal
_excluded becausze the temperature del%endence of_that ProceSSubjected to hydrostatic pressifelhey showed that the
is steeper tham” at T<Tp/2=247 K~ whereTp is the  pomogeneous width is proportional to the energy shift
Debye temperature of silicate glass. Similarly, the Raman.g sed by the hydrostatic pressiiteThe hydrostatic-

process with low-frequency modes can be excluded %ecauiﬁessure-caused energy shifts of the Stark levels df@iag,
its temperature dependence is steeper fffaat T<40 K. 2G4, transition of the NA":YAG crystal are about

First we consider the possibility of the TLS dephasingiy ee times as large as those of fa,,(1)-41, transition*
process and the R4aman process with Iow—frequeqcy Mod§Re estimate that the homogeneous width of f@&,,
peculiar to glasse¥? The theory of the TLS dephasing pro- 2G, %o, transition by the TLS dephasing process are three
cess predicts that the homogeneous widiis proportional  imes as large as that of tHE ;(1)-*l4, transition when
to T""# if the density of the TLS'sp(E)<E". Since a  gephasing is caused by the TLS dephasing process. The mea-
T-linear temperature dependence for #i,(1)-"lg2 tran-  gredA values, however, are an order of magnitude larger
siton of N&** in silicate glass fiber has already been ihan the obtained\ value for the*F4(1)-41 4, transition.
observed,we assume that the temperature dependence of thehe absence G2 dependence down to 10 K and the larger-
TLS dephasing process for the measured transition iSTlSO {44-estimated values show that the TLS dephasing pro-

linear. The contributions of the TLS dephasing process andass and the Raman process with low-frequency modes are
not the dominant dephasing mechanisms.
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FIG. 5. Temperature dependence(af the measured homoge-
neous width of théGgy, 2G7,-*l o, transition of Nd* at 593 nm
and(b) the temperature-dependent part of that width. The curve is
theoretical fitting assuming a one-phonon process.

5 5 In trying to account for theAT',(T) values by the one-
10; o (@) 1°§ ) phonon proces¥, we use the following equatiot?:
s . S ATy(T)=C/[exp(AE/KT)—1], )
10E _10E
¥FE / g g where AE is the energy difference between two specific
% C » = F Stark levelsk is the Boltzmann constant ar@ is a fitting
= (5L eee® 8L parameter. When determining ti® and AE values in Eq.
g F (2), we used data also &t<6 K and the inhomogeneous
B L broadening was neglected for simplicity.
Y IR 131 i "”'1'00 The curves in Figs. 4-B) were obtained usin@€=4.2
1 Tempe:aoture (K) 100 Temperature (K) GHz andAE=6.2 cm ! for 590 nm,C=2.2 GHz andAE

=4.9 cm ! for 593 nm, andC=2.5 GHz andAE=5.6 cm *

FIG. 6. Temperature dependence(af the measured homoge- for 598 nm. Although the Stark-level srilittings are not evi-
neous width of théGsy,, 2Gyp-*14p, transition of Nd* at 598 nm  dent in Fig. 2, a Slm"a%E VaA!UG [11 cm = (Ref. 15] was
and(b) the temperature-dependent part of that width. The curve is @btained from théGs,, 2Gy,-1 4, transition of Nd*:LaF,
theoretical fitting assuming a one-phonon process. crystal. A similarC value(C=2 GHz atAE=23 cm }) has
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also been obtained in PrLaF;.2 If we assume the Debye

model, the rate of phonon emission and absorption scales 4

w31° where w is the frequency of phonons. Therefore we

expect C~2x(6.2/23°=0.039 GHz at 6 cm! using the 8T

value of PF*:LaF,; and assuming that the density of phonon I

states are the same for crystals and glasses. Although the Q 2r

scaling is not always applicablgor example, the scaling =<

does not apply well to the data in Table | of Ref),8he 1

larger value than that expected by the Debye model shows

that the one-phonon process is caused by the low-frequency 0 . !

modes of silicate glass. 585 590 595 600
The agreement between the theory and the results of the Wavelength (nm)

experiments shows that the dephasing is probably caused by

the one-phonon processes between the Stark levelsbf.Nd  FIG. 7. Measured homogeneous widths as a function of transi-
This kind of dephasing process differs from the often ob-tion wavelength. Boxes show'n(4.2 K) and circles show
served dephasing processes of rare-earth ion-doped glassks{T—0). The curves are theoretical curves for the one-phonon
the TLS dephasing process and the Raman process with [ovgrocess model with the upper one for 4.2 K and the lower one for
frequency modes peculiar to glas$és. 16

Now we consider the possibility of the one-phonon pro- . . .
cesses of the excited and ground states. In interpreting tHi9her temperatures. The homogeneous width at 588 nm is

previous experiments on accumulated photon echoes for tHEMPerature independent®&4.2 K. A similar tendency has
4F,(1)-%14, transition of Nd" in a silicate glass fiber be- een observed in thg transnmn—waveleglgth depepdence of
tween 1.6 and 44 K we attributed the dephasing mechanismt€ homogeneous width measured for N&D-2 silicate

to the TLS dephasing process and the Raman process wi{2SS:

low-frequency modes and excluded the possibility of the This dependence can be expl_ained qualitatively by the
one-phonon processes. The magnitud® gfT) of the *Ge one-phonon process in the following way. Assume that the

2G,,,-%1 oy, transition is larger than that of tHE 5(1)-l 4 energy .spli'.ctings of the Stark levels whi_ch contribute to the
transitiof when N&* ions are doped in a silicate glass fiber. dephasing increase as the wavelength is decreased. We then

Therefore the contribution of the one-phonon process in th€XPect that the homogeneous width will be temperature in-
ground state should be smaller than that in the excited statdePendent at higher temperatures when the transition-
We exclude the contribution of the one-phonon processes i avelength decreases. And if the parameﬁbrbecome_s
the ground state and consider that dephasing is only caus ger at shorter wavelengths_, t_he overall - transition-
by one-phonon processes between the excited Stark levels §gveélength dependence shown in Fig. 7 can be well under-

the*Ge,, 2G,-*1 o, transition, at least in the measured tem- St0° N
Deratusr/é reg7i/rzne-9/2 The transition-wavelength dependence of the homoge-

The different dephasing processes between “Bg, neous widths shown in Fig. 7 can be explained numerically
2G4, transition and the*Fy(1)-4ly), transition of in the following way. The energy of thgth Stark level is
Nd*" in a silicate glass fiber may be attributed to the differ-91Ven DY Ej andE, is set to 0. The energy difference be-

ences of the energy-level distributions between’g,and ~ Ween the jth and kth Stark levels is given by

%G,,, states(densely distributed stateand the*F,,(1) state AP:EJK (=AEy). For simplicity we C?”S.ider. +on|y %ne—
(single state Phonon emission and/or absorption in fag, ~ PNONON Processes between adjacent levpisj(-1). The

4 2 ’
and?G., states will occur easily because of the narrow dis- Cs/2 8nd "Gz, Stark levels are Kramers’ degenerate levels
tribution of the energy levels and show at most seven levélsso here we consider seven

The dephasing processes of #@cy, 2G,-%lgp transi-  EVEIS. . . .
tion of Nog* i a?npordered crysteﬂL5é2F3 (Fggf. g)’]z and a The homogeneous widti,;(T) between thgth excited
disordered crysta[CaF-YF; (Ref. 9] have already been Stark level and the ground state is givertby
considered to be the one-phonon processes between the Stark
levels of N&*. Therefore the dephasing process of 6eg),,
2G4, %l o transition of Nd* is considered to be determined
by the one-phonon processes between the Stark levels of
Nd*" regardless of the disorder of the inorganic host material
(crystal or glasp

Figure 7 shows the transition-wavelength dependences gf;,
the homogeneous widthE,(4.2 K) and I',(T—0). The
boxes show values obtained at 4.2 K, and the circles show Tha(T)=As{N(AEg) + 1}, (5)
the temperature-independent homogeneous wWig{i — 0).

Both I',(4.2 K) andT',,(T—0) are smaller at longer wave- where

lengths. At 596 and 598 nm, the measured homogeneous

widths are temperature independenfat2.5 K, and are the N(AEjj+1)=1exp(AE); 1 /kT) -1}, (6)
same value. As the transition-wavelength decreases, the ho-

mogeneous width becomes temperature independent at A=Ay, @)

pa(T)=AN(AE ) + Ao, )
Lpi(T)=Ajj +aN(AEjj 1) + Ajj - 1{N(AEj; - 1) + 1}

(j=2 to 6), (4
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and A, is the lifetime contribution of the first Stark level at length of the first Stark level was set to be 598 nm. The
T—0. The inhomogeneous widths of all the Stark levels ardéemperatures were set to be 1.6 K for the lower curve and 4.2

assumed to be the same and are set;tg. K for the upper curve. For simplicity, the;’s were set to be
The echo signaEg,dt;,) induced from the population the same for alj’s. Although theAE;;,, values are tenta-
grating by the pump beaf;, is given by*%° tive, the whole transition-wavelength dependence of the ho-

4 mogeneous widths are well explained by the one-phonon
Eechd 122 PiWj(w )exd —27l'nj(T)tio],  (8)  process model. If we assume that,,>220 cni® or

whereP; is the electric dipole moment between fta ex-  ©@inh=<130 cm ', the agreement becomes worse even if we
: ! o (i change both thé\;; ., andAE; ,; parameters. As the inho-
cited Stark level and the ground staf¥,(w)'s (j=1-7) are jj*1 ji+1 :

. 7 e +
weight functions which take into account of the inhomoge-MOYENeous widths of théDO"lFO transition of Eﬁ+ In-a
neous broadening, and are given by silicate fibef and the*F5,(1)-*l 4, transition of Nd* in a

silicate glass fibérare, respectively, about 240 ¢hand
W,(w)=exp{—4(In2) (o, — E; /h) % wly). (9)  about 80 cm*, the assumed value of 170 Ciis considered

, to be not far from the true value.
Here w,_ is the laser frequency measured from the center of

the first excited-state Stark level. The spectral width of the
exciting laser is assumed to be much smaller thag. Since
the spectral width of the laser was about 10 ¢rand the The temperature dependence of the homogeneous width
typical inhomogeneous widths of rare-earth ion-dopedof the *Gy,, 2G5,-*l o, transition of Nd™ in a pure silicate
glasses are of the order of 100 chi® this assumption is glass fiber measured between 1.5 and 44 K by using accu-
considered to be satisfied. The measured homogeneous widthulated photon echoes cannot be explained by the TLS
I'i(w_,T) is given by assuming Ed8) to be a single expo- dephasing process and the Raman process with low-
nential decay curve proportional to éxp27l'y(w ,T)ty,]. frequency modes peculiar to glasses. The dominant dephas-

Because the Stark levels of Ridin a silicate glass fiber ing process is instead considered to be one-phonon processes
have not been measured, we must assume the values for thetween the Stark levels of Rid as in the case of ordered
Stark-level splittings. Using the Stark levels of NcED-2  and disordered crystals. The densely distributed Stark levels
silicate glas¥ and Nd*:LaF, crystal® as references, we of the “G;,, and ?G,/, states are responsible for these one-
tentatively set the Stark-level splittings from the lowest onephonon processes. Our experimental results show that the
as 5.6, 70, 80, 6.2, 190, and 200 chand tried to fit the data dephasing process of this transition is considered to be inde-
plotted in Fig. 7. pendent of the disorder of the inorganic host matédalstal

The curves shown there are obtained by using the follower glas$ and to be governed by one-phonon processes. The
ing parameters:A;=0.80 GHz, A;,=2.5 GHz, A,;=1.5 transition-wavelength dependences of the homogeneous
GHz, A;,=1.6 GHz,A;5=3.3 GHz,A5=3.1 GHz,A4;=8.3  widthsI'(4.2 K) andI',,(T—0) are explained well by using
GHz, andw,,;;,=170 cm *. The center of the transition wave- the one-phonon process model.

IV. CONCLUSION
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