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Using the stoichiometric equation of growth and Monod type kinetic equation, a
deterministic model of growth of microorganisms in fed-batch culture was built.
A stochastic model of the process was developed on the basis of the deterministic des-
cription. A stochastic control algorithm which is using filtered data was developed.

1. Introduction
Interest to the computer-aided fermentations could be traced back

to the sixties p]. The first persons to point out the possibility of compu-
ter monitoring of indirectly measured parameters were Yamashita, Hoshi,
and Inagaki in 1969 [2 ]. The idea has been implemented in several
papers [3~9 ], where methodological and experimental problems of compu-
ter monitoring of fermentations, using indirectly measured parameters,
have been investigated. Much less attention has been paid to the problems
of parameter identification, using Kalman filter or other filtering schemes
[ю-п] Realizations 0f on-line control algorithms, published, could be
divided into three classes: a) control through monitoring and regulation
of a certain parameter (RQ, etc) at specific value, which ensures the
achievement of the formulated aim of the control p- 12 ’ 13], b) control on
the basis of a deterministic kinetic process model [7- 14-17], and c) recently
a stochastic control algorithm of fermentation processes was published
PB ].

A stochastic control algorithm which is using filtered data for partly
observable fed-batch cultivation process of microorganisms was built in
the present paper.

2. Results and discussion
2.1. A deterministic model of growth of microorganisms

Aerobic growth of microorganisms is described by a stoichiometric
equation

Xi Ca HbNc Od— CR-j-Xs МНз=
substrate

=Xii
biomass products

in which Xi, ..., x 1 are stoichiometric coefficients (not necessarily cons-
tant). Use of ammonia as nitrogen source does not restrict the generality
of the equation. In eq. (1) we have taken into account only the four major
elements comprising more than 95% of biomass carbon, hydrogen,
nitrogen and oxygen. Minor elements phosphorus,, sulphur, potassium,
etc. as well as variability of stoichiometric coefficients will be taken into
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account as uncontrolled disturbances in stochastic model of the growth
process.

Stoichiometric coefficients obey elemental balance equations
AX=O, (2)

where
a 0 0 —e —1 0 —i Xi

A= H3-f o—2 —/ x=
cOl g 0 0—k

’

;

_

d 2 0 —h —2 —1 —I
_

x 7
It follows from eq. (1) that

Qi/Xi=Qz/x2 =Qs/x3 = Qb/Xb=Qs/x&= Qe/x6= Qi/x7 , (3)
where Qi dQi{t)/dt, i= 1,2, ...,7 is production or consumption rate
of the corresponding components; Qt growth substrate, Q 2 oxygen,
Qs ammonia, Q 4 biomass, Q 5 —carbon dioxide, Q 6 water, and
Q? products, synthesized during the cultivation. It should be noted
that all the parameters used throughout this work except elements of
matrix A and constants cO , й, ..., c6, together with cti, 02, r2,r 3, introdu-
ced below, are functions of time. However, designation of the functional
dependence is removed from the equations, and preserved only in the
cases where emphasizing of the functional dependence is considered espe-
cially important.

The system of equations (2) has (7-rank A)>3 nontrivial solutions.
Let us assume rank A= 4, which is correct in most cases of growth. Let
us define vectors

ZT (*4, x e, x 7), YT
= (Xi, Xz, X.3, x5)

and matrices В and C according to equation
AX= BY-fCZ.

If matrix В is positively defined, then fundamental solution of eq. (2) is
determined by

Y= В 'CZ
or

Xi === QijXj, i= 1,2, 3,5, (4)
j—4, 6, 7

where
B-I C= {Qij).

From eq. (3) and (4) it follows that
Qi =[nQ4, Ml, 2,3, 5, (5)

where
Fi ]+1

. (6)
Biomass Q 4, products Q 7 and water Q 6 formed (cf. eq. (1)) change in the
fermentor according to (bounded) exponential law

Qk=FQi, Qi—CbQit, (7)
where

F=coQ/[V+CiQ+c2QyV+c3Q7 ] (8)
is a Monod (type) function taking into account growth inhibition by
substrate and by products, and Q/V is concentration of unutilized growth
substrate in fermentor

Q— ct Qi,
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a is added (controlled) and Q t utilized amount of growth substrate,
V is the current culture volume

V== cea,

and Co, ..., c 6 constants. In our case (see also [ l9]) :

Co= 40 mM-'h4
, Ci=loo шМч

, c 2
— 10 mM-1

,

c3 = 100 тМЛ c4= 0.4 h"1
, c s= 0,1 h”1

.

It is derived from equations (6), (7) that
M-*= [Vii+((Ci</ie JBcs qi7)/F)]+i

, /==1,2,3, 5. (9)
Eq. (5) and (9) together with eq. (7) and (8) form a system of nonlinear
equations the solution of which is (\a, F) (t, V, Qi, Q 4). Through integ-
ration by parts of (5):

_ „ t
Qi—Qi~ giQ4 / Q4pi dx-fpiQi,

°

t (10)
Q 4 =Q4 — Q5/Vs+ / [PS/(PS) 2 ]Qs£/t+Q5 /P5,

0

where «~» denotes the initial conditions, and «•», as usually, are time
derivatives, we obtain extended system (5), (7) (10) the solution of
which is {\ii, F) {t, V, Q5 (-)) . These functions will be used below in
constructing the stochastic model of the growth process and in non-
linear filtering of the data. It should be noted here that it is known from
the experimental investigations that the functions pi(-) and p 5 (-) for a
particular organism do not vary considerably. Usually the range for
,111 =2... 3 and for |ii5=0,2,.. 0,5. This fact simplifies essentially the
calculation of the functions.

In the cases when F and p* could be considered constants, at least
approximately, the calculations described by eq. (5), (7) (10) are essen-
tially simplified.

2.2. Stochastic model of the growth of microorganisms

Deterministic model does not take into account uncontrolled factors
(peculiarities of physiological state of the cells depending on the charac-
teristics of inoculum, deviations from homogeneity in fermentor, etc)
which cause batch-to-batch variations of the growth process [io ]. Beside
these ’intrinsic’ to the growth process stochastic factors, the errors of the
measurements should be also taken into account. These considerations
lead to the construction of the stochastic model of the growth. The simp-
lest stochastic model of the growth process is obtained in the case when
№(<)} is an observable process. Let us define the following model for
the growth biomass:

dQi=F{t, V, QS )Q4 di+übdwi, (11)
for the amount of consumed growth substrate:

dQi=iu{t,V, Q5 )dQ/l+Oidwi, (12)
and for the measurement procedures:

dli=\ii{t,Vy Qb)dQ lk-\-r i dwi, /= 2,3. (13)
Here w= {wi, ш4, w 2, ш3 ) Т and (w#) is a standard Wiener process, Oi,a 4 constants which characterize the noise of the process of substrate
consumption and biomass growth, respectively, and /q, i—2, 3 mean
square deviations of the measurements errors,
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If the process is observed with low noise (low observation
error), the real values of Q 5 could be replaced in equations (8) (10)
by observed values |s, and an additional equation is added to the
system (13)

db=\ii{ty V, b)dQi+rs dws .
(14)

Proposed replacement does not complicate the filtering problem. How-
ever, if (Q5 (/)} is measured with high level of noise (great observation
error), then the filtering problem is much more complicated, it has
infinite dimensions.

2.3. Filtering

From the analysis of the stochastic model of the growth process,
equations (11) (14), it follows that for each t conditional mean mt
=M and conditional covariation Ht = Gov (Q//|to, t]) °i the
unobserved vector Qt— (Qi{t), Qi{t)) J are calculated from equations

dm=a.m dt-f-G (BB T 4-R)'_1 (d| Am dt),
H =aH + Ha T +bbT

— G(BBT+R)“ 1 GT
,

where

a =H lol. b=f°‘ °|, A=fFT.
Lp i 0 J l- РIСГ4 Oi J L 0 J

B = (a 4p, 0), G =bB T-)-HA T
,

g=(gi), g=(|i). i=2,3,5 and
R= (r2.) diagonal matrix.

If one of the parameters £2 or is not measured in the experiment,
the calculations could be carried out according to equations (15) after
excluding the appropriate coordinates of vectors p and and also the
appropriate row and line from matrix R.

2.4. Control algorithm

In many important, from the practical point of view, cases of cultiva-
tion of microorganisms, the aim of the control is to maximize the amount
of biomass synthesized from the beginning of cultivation. It follows
from eq. (8) that the formulated aim is approximately achieved if the
amount of unutilized growth substance increases slowly according to
equation

Q{t) = {Vt/c2 [Vt+c 3Q7 {t)]yi*,
i. e. if the control is given by an approximate nonlinear equation

a(0 ss Q, (t) + { ( Vt/ci) [Vi+СгСь f Qt (t) dt]}‘®. (16)
0

In the framework of the stochastic approach the simplest aim of the
control is maximization of a mean value of the amount of biomass
M{Q4 (o Д[о,*]} synthesized from the beginning of cultivation. The aim is
approximately achieved by the control:

a (t) =mi(o + {(V//c2 ) [Vt+c3cs f mlt {x)dx]} ll2
, (17)

■o

where rm=(m 4 (/), m^/)) 1 is the solution of filtering eq. (15). It could
be shown that the proposed (separated) control (17) is admissible in the
sense that the system of eq. (14) has unique strong solution p°], and
there exists the feedback control from the observations.
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R. TENNO, К. TIISMA, Т. PAALME, R. VILU

BAKTERITE KASVU STOHHASTILISE JUHTIMISE ALGORITM
NENDE KULTIVEERIMISEKS FED-BATCH-REZUmiS

Kasutades kasvu stöhhiorneetrilist võrrandit ning Monod’ laadi kineetika võrrandit
on loodud deterministlik mudel, mis kirjeldab bakterikultuuri kasvu fed-batch- režiimis.
Kasvu stohhastiline mudel on loodud deterministliku mudeli alusel. Väljaarendatud
stohhastilise juhtimise algoritm /erf-6atc/i-kultiveerimisrežiimi jaoks põhineb determinist-
likul juhtimisseadusel, kus tundmatud suurused on asendatud filtreeritud kaudsete mõõt-
mistulemustega.

P. TEHHO. К. ТИИСМА, T. ПААЛМЕ, Р. ВИДУ

АЛГОРИТМ СТОХАСТИЧЕСКОГО УПРАВЛЕНИЯ РОСТОМ БАКТЕРИЙ В
РЕЖИМЕ ПЕРИОДИЧЕСКОГО КУЛЬТИВИРОВАНИЯ С ПОДПИТКОЙ

С использованием стехиометрического уравнения роста и уравнения Моно пост-
роена детерминистическая модель роста бактериальной культуры в режиме периоди-
ческого культивирования с подпиткой и положена в основу соответствующей стоха-
стической модели. Алгоритм стохастического управления реализует детерминистический
закон управления путем замены неизвестных параметров отфильтрованными данными
косвенных измерений.
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	Fig. 1. Organic molecules studied as guests in amorphous hosts. They undergo photochemical hole-burning (PHB). Top; dimethyl-s-tetrazine (DMST), free-base porphin (H2P), free-base chlorin (H2Ch). Bottom: ionic dyes resorufin and cresylviolet (CV) [22]. Fig. 2. Log-log plot of Глот —FO versus T for: a dimethyl-s-tetrazine (DMST) cresylviolet (CV), resorufin and free-base porphin (H2P) as guests in PMMA b— CV resor.ufin and H2P in ethanol. All curves follow aT1 -3±°-i dependence [2o]
	Fig. 3. Double-logarithmic plot of FTom vs. T for pentacene in PMMA. (ГТот = 1/2Гьоlе for hole-burning data, and Г/ьош= (яТ^)"1 for photon echo data [']). The two upper curves (dashed lines) are reproduced from [*]• The lowest curve represents our holeburning data for Pt 7.5ХЮ-3 J-cm~2 [3].
	Fig. 4. '/«Fhole as a function of burning time for pentacene in PMMA at Г=l2 К for two burning powers. At P= 20 holes were detected simultaneously via’ the fluorescence excitation signal and the transmission signal through the sarnole At P = 0.75 mW-cm-2 holes were observed in fluorescence only For F 0 '/S ~ =ГАот = 0.50 GHz [3]. ’
	Fig. 5. VzT/ioie versus time after burning for pentacene in PMMA (sample of OD = 0.9) at 7=1.2 K. Holes were detected simultaneously in fluorescence (closed symbols) and in transmission (open symbols). From bottom to top, increasing values of burning fluences: />/ = 0.035±0.005, 0.35±0.05, 1.4±0.1, 6.0+0,5, 48+2 J-cm-2 [3],
	Fig. 6. Temperature dependence of the homogeneous linewidth Fh0m (we define Г нош=: VsF hoie for Pt-*- 0) of the o—o transition of resorufin in phase I and phase II of ethanol, between ~ 0.3 and 4.2 K- As a comparison, the photon echo data of [2] are shown (dashed line). Insert: detail of the extrapolation of Fhom to the fluorescence lifetime-limited value of resorufin, Гo= (2яГl)~1~20 MHz, when Г->-0, for both phases I and II of ethanol [4].
	Fig. 7. Log-log plot of Thom Г0 versus Г for the o—o0—0 transition of resorufin in phases I and II of ethanol, between ~ 0.3 and 4.2 K. Both curves follow а Г1-3*01 dependence over at least one decade in T [4].
	Fig. 8. a Effect of a magnetic field on holes burnt in zero field (thin curves) in the Si-t-So o—o transition of H2P in PE at 4.2 К for two different fields. Top: a field of Я —3.2 Tis applied to a hole of rhoie = 200 MHz; middle and bottom: a field of H = 6.0 T is applied to holes of, respectively, MHz and 984 MHz. b Fits of the theoretically calculated hole sphapes (eqs. (1), and (2)) to the experimental results for the same three holes of Fig. 8, a (see text) [s],
	Fig. 9. Hole shape D as a function of frequency v and magnetic field H, for a zero field hole of 500 MHz width, calculated with eq. (1). Insert: frequency shift of the maximum of the curve vs. field for different holewidths [s].
	KINETICS OF PHOTOPHYSICAL HOLE-BURNING IN TETRACENE-DOPED MTHF GLASSES
	Fig. I.a Profile of the inhomogeneously broadened TC absorption before (upper) and after (lower, offset) hole-burning. Part b illustrates the relative change in optical density, exhibiting the appearence of anti-hole states at energies above the zero phonon hole and the rise of OD by antiholes compensating the decrease of OD by hole-burning via the phonon wing of low energy sites.
	Fig. 2. Temporal progress of the hole-burning process detected via fluorescence intensity of the vibrational zero phonon line (dots). The solid line shows an upper estimate of the inherent dispersion as predicted by eq. (4) but disregarding any variations of tunneling matrix elements. A comparison with the experimental data indicates that the statistics of TLSs are essential for understanding the burn kinetics. Full circles denote the fit on the basis of eq. (4) which includes the Gaussian density of К and the inherent contribution to the dispersion. The fit parameters are a = 2.0, v 0 = 4.2X10-3 s->
	Fig. 3. a – Spontaneous recovery of a hole recorded via VZPL fluorescence (dots) and scanning the hole profile (circles) in the long time regime. The solid line represents the calculated kinetics assuming a Gaussian density of tunneling paramdters and hole saturation at —(AOD/OD)max = 0.55, using the parameter set a = 2.5, km =ks = = I.BXIO~3 s-1, 4sp = 0.3X10“3 s~L Section b shows data and fit curve on a logarithmic time scale. Deviations from a logarithmic decay law are obvious in the short time limit of the experimental findings.
	Fig. 4. Experimental hole profiles (lines) for various times after terminating the burn proeess as indicated, taken from the scan (circles) of Fig. 3. The holes are well approximated by Lorentzian line shapes (crosses) with constant width Г. This demonstrates that spontaneous hole-filling is not accompanied by spectral diffusion within the time frame of Fig. 3.
	Fig. 5. a The first 20 min of spontaneous OD recovery of holes of different depth detected via continuously recorded VZPL fluorescence (dots). Immediately after exposing the sample for burn times varying from 30 s to 4000 s and 7B = 0.5 mW/cm2 the interrogation intensity was reduced by a factor of 10~3. Solid lines depict the fits assuming correlated burn and recovery tunneling processes choosing the parameter set (see text) a —2, km = k5~0.007 s-1, &sp = 0.001 s-1 and a maximum hole recovery of 30%- b The same SHF-data yet plotted relative to the initial hole depth (10, 18, 32 and 47% from top to bottom, respectively) to illustrate that shallow holes recover faster than deep ones. Broken lines are guides to the eye not corresponding to the fits in Fig. sa.
	Fig. 6. Comparison of dispersive decays with Gaussian and uniform density of X calculated by means of eq: <2) with parameters Я,O=Ю, a= 3 and v 0 = 5 s-1 (Gaussian) and Xo= Ю, a 2.0 and Vo —5 s-1 (uniform), where a represents the square root of the dispersion in both cases. The inset illustrates both densities on a common X-scale. A logtime representation (lower plot) compares the decay with a logarithmic law indicated by the dotted line.
	Fig. 7. Schematic diagram of three possible TLS configurations accounting for unburnable sites (a), metastable holes (b) and stable holes (c). The notation of states and rates agree with the kinetic scheme in the text (eq. (5))


	OPTICAL TRANSITIONS IN PROTON TRANSFER SYSTEMS
	Fig. 1, Tautomerization of a symmetric carboxylic acid dimer.
	Fig. 2. Schematic representation of the double-well tautomerization potential of an acid dimer coupled to a dye molecule. The wavefunctions are indicated as broken lines. The asymmetry of the doublewell potential is reversed when the dye molecule is excited. The rate of tautomerization can be determined in this case from time resolved emission measurements.
	Fig. 3. Projection on the a, b crystallographic plane of a thioindigo molecule doped substitutionally into a benzoic acid crystal. Two of the four tautomer configurations of the two equivalent acid dimers sandwiching the indigo molecule are shown.
	Fig. 4. Top; emission spectra of thioindigo in benzoic acid recorded under selective excitation of the tautomer configuration with the highest (lowest) energy when thioindigo is in the excited (ground) electronic state. The lines marked Ru R 2 and R 3 correspond to the different tautomer configurations I ct, a), ja, p> and |p, a>, |p,p>. The bands marked ph and и are phonon side bands and vibronic lines, respectively some of the other sharp lines are Raman transitions of the benzoic acid matrix. Bottom: time resolved fluorescence emission from the Ri, R 2 and R 3 configurations subsequent to selective excitation of Ri.
	Fig. 5. Schematic representation of the optical resolution by fluorescence line narrowing of the delocalized proton levels of an acid dimer coupled to a dye molecule. The wavefunctions are represented by broken and dotted lines. The inhomogeneous width of the electronic transition indicated schematically masks the ground state level splitting in conventional absorption or emission spectra. p b
	Fig. 6. Line narrowed emission spectra obtained for thioindigo in benzoic acid: excitation into a vibrational level (top) and the o—o-transition (bottom) of the higher energy la, (3>, IP, a> configuration. The homogeneous linewidth of the transitions in the excitation process masks the ground state splitings when a vibrational level is involved, while it makes a negligeable contribution to the instument limited linewidth of the bottom spectrum obtained by excitation of the o—O-transition.0—O-transition.
	Fig. 7. Transient grating measurements in proto (top) and deutero (bottom) benzoic acid doped with thioindigo. The full and broken lines are calculated decays neglecting and including relaxation processes of benzoic acid dimers near ground state thioindigo molecules. The peak near t— 0 reflects a fast process possibly related to multiphoton excitation of higher electronic states.

	DEPHASING OF OPTICAL IMPURITY STATES IN GLASSES: LOW-TEMPERATURE REGIME
	Fig. 1. Top: Inhomogeneous spectrum originating from homogeneous lines with different central frequencies. Bottom: Change of the spectrum through hole burning.
	Fig. 2. The components of the model and their interactions.
	Fig. 3. Energy levels of a system consisting of one impurity and one TLS
	Fig. 4. Energy levels of a system of one impurity coupled to several in the case displayed, four TLSs. The left hand side corresponds to TLSs with identical energy splittings, and the degeneracies of the various levels are given.
	Fig. 5. Linewidth averaged with respect to A and A. The A ranges used in the averages are indicated. The A range covers an interval of size 2.6 toD. Parameters: AF=o.3cod, 0d = 3OOK (Debye temperature), c = 3km/s (velocity of sound), q—2 g/cm3, /=1 ev (deformation potential).
	Fig. 6. Linewidth according to (11) in comparison with experimental data from [39] and [lB]. Short range interaction is assumed. The A range is over in interval of length 0.2 ■cod. Parameter values: <AF> = 10“3а)о, AFmax = 0.1446a)D, AF ос 1Д3, rmax-= 10/-min, 0D = —l5O K, c 2km/s, q=l g/cm3, k = 0.3, /=1 eV. (H2P free-base porphin; MTHF 2-methyltetrahydrofuran; PMMA polymethylmethacrylate; PE polyethylene).
	Fig. 7. Linewidth (in units of cod) of the optical transition Ri as a function of AF. Parameter values: A —B, F“ = 0.6t0D, 0d = 300 K, c=3.75 km/s, Q=2 g/cm3, /=leV. Left: A=2Fa; the straight curve segments on the left hand side of the figure describe a AF4 law. Right: A=2Fa+lo~3wp, to the left of their bends the curves-are proportional to AF2
	Fig. 8. Linewidth in comparison with experimental data. The long-range nature of the interaction is taken into account. The A range covers an interval of length 0 2coD Parameter values: Ahmax = 0.72383X10-3coD = 106AFmin (->- <AF> = 10-stoD for the upper curves), 0d = 2OOK, c = 2km/s, p = 2g/cm3, ft =l.O, /=leV Full lines: =6, dashed lines: 7min =7, dotted lines: ?tmin =8; Ämax = Xmm+7. Upper Curves: Ah pc 1/r3, lower curves; Ah oc 1/r4.

	HIGH-RESOLVED OPTICAL SPECTROSCOPY OF MODEL PHOTOSYNTHETIC SYSTEMS
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	Fig. 1. Hole area (a) and hole width (b) as a function of time after burning. System: quinizarin in protonated and perdeuterated alcohol glass.
	Fig. 2. Hole area (a) and hole width (b) as a function of time after burning. System: tetracene in protonated and perdeuterated alcohol glass.
	Fig. 3. Reduction of the hole area by cycling the system (tetracene in alcohol glass) between the burning temperature Ть = 3 К and T—B К (curve 1 and 2). If the same cycle is repeated twice, no further reduction occurs (curve 3).
	Fig. 4. Hole area as a function of cycling temperature. Note that all data points are measured at the burning temperature TV Systems: quinizarin in PMMA and tetracene in alcohol glass (lower trace).
	Fig. 5. Change in optical density upon laser irradiation at the marked positions (arrows). AOZ)>O characterizes the spectral range of the photoproduct. a Tetracene in alcohol glass at 10 K- Note the occurrence of isosbestic points within 30 cm"1 of the laser frequency. b —• Quinizarin in alcohol glass at 4.2 K- Note that the isosbestic point is found 2500 cm""1 above the laser frequency.
	Fig. 6. Hole area as a function of a reduced temperature TJT* (see the text). The scaling behavior is quite obvious. The systems investigated are shown in the figure.
	Untitled
	Fig. 1. Organic molecules studied as guests in amorphous hosts. They undergo photochemical hole-burning (PHB). Top; dimethyl-s-tetrazine (DMST), free-base porphin (H2P), free-base chlorin (H2Ch). Bottom: ionic dyes resorufin and cresylviolet (CV) [22]. Fig. 2. Log-log plot of Глот —FO versus T for: a dimethyl-s-tetrazine (DMST) cresylviolet (CV), resorufin and free-base porphin (H2P) as guests in PMMA b— CV resor.ufin and H2P in ethanol. All curves follow aT1 -3±°-i dependence [2o]
	Fig. 3. Double-logarithmic plot of FTom vs. T for pentacene in PMMA. (ГТот = 1/2Гьоlе for hole-burning data, and Г/ьош= (яТ^)"1 for photon echo data [']). The two upper curves (dashed lines) are reproduced from [*]• The lowest curve represents our holeburning data for Pt 7.5ХЮ-3 J-cm~2 [3].
	Fig. 4. '/«Fhole as a function of burning time for pentacene in PMMA at Г=l2 К for two burning powers. At P= 20 holes were detected simultaneously via’ the fluorescence excitation signal and the transmission signal through the sarnole At P = 0.75 mW-cm-2 holes were observed in fluorescence only For F 0 '/S ~ =ГАот = 0.50 GHz [3]. ’
	Fig. 5. VzT/ioie versus time after burning for pentacene in PMMA (sample of OD = 0.9) at 7=1.2 K. Holes were detected simultaneously in fluorescence (closed symbols) and in transmission (open symbols). From bottom to top, increasing values of burning fluences: />/ = 0.035±0.005, 0.35±0.05, 1.4±0.1, 6.0+0,5, 48+2 J-cm-2 [3],
	Fig. 6. Temperature dependence of the homogeneous linewidth Fh0m (we define Г нош=: VsF hoie for Pt-*- 0) of the o—o transition of resorufin in phase I and phase II of ethanol, between ~ 0.3 and 4.2 K- As a comparison, the photon echo data of [2] are shown (dashed line). Insert: detail of the extrapolation of Fhom to the fluorescence lifetime-limited value of resorufin, Гo= (2яГl)~1~20 MHz, when Г->-0, for both phases I and II of ethanol [4].
	Fig. 7. Log-log plot of Thom Г0 versus Г for the o—o0—0 transition of resorufin in phases I and II of ethanol, between ~ 0.3 and 4.2 K. Both curves follow а Г1-3*01 dependence over at least one decade in T [4].
	Fig. 8. a Effect of a magnetic field on holes burnt in zero field (thin curves) in the Si-t-So o—o transition of H2P in PE at 4.2 К for two different fields. Top: a field of Я —3.2 Tis applied to a hole of rhoie = 200 MHz; middle and bottom: a field of H = 6.0 T is applied to holes of, respectively, MHz and 984 MHz. b Fits of the theoretically calculated hole sphapes (eqs. (1), and (2)) to the experimental results for the same three holes of Fig. 8, a (see text) [s],
	Fig. 9. Hole shape D as a function of frequency v and magnetic field H, for a zero field hole of 500 MHz width, calculated with eq. (1). Insert: frequency shift of the maximum of the curve vs. field for different holewidths [s].
	Fig. I.a Profile of the inhomogeneously broadened TC absorption before (upper) and after (lower, offset) hole-burning. Part b illustrates the relative change in optical density, exhibiting the appearence of anti-hole states at energies above the zero phonon hole and the rise of OD by antiholes compensating the decrease of OD by hole-burning via the phonon wing of low energy sites.
	Fig. 2. Temporal progress of the hole-burning process detected via fluorescence intensity of the vibrational zero phonon line (dots). The solid line shows an upper estimate of the inherent dispersion as predicted by eq. (4) but disregarding any variations of tunneling matrix elements. A comparison with the experimental data indicates that the statistics of TLSs are essential for understanding the burn kinetics. Full circles denote the fit on the basis of eq. (4) which includes the Gaussian density of К and the inherent contribution to the dispersion. The fit parameters are a = 2.0, v 0 = 4.2X10-3 s->
	Fig. 3. a – Spontaneous recovery of a hole recorded via VZPL fluorescence (dots) and scanning the hole profile (circles) in the long time regime. The solid line represents the calculated kinetics assuming a Gaussian density of tunneling paramdters and hole saturation at —(AOD/OD)max = 0.55, using the parameter set a = 2.5, km =ks = = I.BXIO~3 s-1, 4sp = 0.3X10“3 s~L Section b shows data and fit curve on a logarithmic time scale. Deviations from a logarithmic decay law are obvious in the short time limit of the experimental findings.
	Fig. 4. Experimental hole profiles (lines) for various times after terminating the burn proeess as indicated, taken from the scan (circles) of Fig. 3. The holes are well approximated by Lorentzian line shapes (crosses) with constant width Г. This demonstrates that spontaneous hole-filling is not accompanied by spectral diffusion within the time frame of Fig. 3.
	Fig. 5. a The first 20 min of spontaneous OD recovery of holes of different depth detected via continuously recorded VZPL fluorescence (dots). Immediately after exposing the sample for burn times varying from 30 s to 4000 s and 7B = 0.5 mW/cm2 the interrogation intensity was reduced by a factor of 10~3. Solid lines depict the fits assuming correlated burn and recovery tunneling processes choosing the parameter set (see text) a —2, km = k5~0.007 s-1, &sp = 0.001 s-1 and a maximum hole recovery of 30%- b The same SHF-data yet plotted relative to the initial hole depth (10, 18, 32 and 47% from top to bottom, respectively) to illustrate that shallow holes recover faster than deep ones. Broken lines are guides to the eye not corresponding to the fits in Fig. sa.
	Fig. 6. Comparison of dispersive decays with Gaussian and uniform density of X calculated by means of eq: <2) with parameters Я,O=Ю, a= 3 and v 0 = 5 s-1 (Gaussian) and Xo= Ю, a 2.0 and Vo —5 s-1 (uniform), where a represents the square root of the dispersion in both cases. The inset illustrates both densities on a common X-scale. A logtime representation (lower plot) compares the decay with a logarithmic law indicated by the dotted line.
	Fig. 7. Schematic diagram of three possible TLS configurations accounting for unburnable sites (a), metastable holes (b) and stable holes (c). The notation of states and rates agree with the kinetic scheme in the text (eq. (5))
	Fig. 1, Tautomerization of a symmetric carboxylic acid dimer.
	Fig. 2. Schematic representation of the double-well tautomerization potential of an acid dimer coupled to a dye molecule. The wavefunctions are indicated as broken lines. The asymmetry of the doublewell potential is reversed when the dye molecule is excited. The rate of tautomerization can be determined in this case from time resolved emission measurements.
	Fig. 3. Projection on the a, b crystallographic plane of a thioindigo molecule doped substitutionally into a benzoic acid crystal. Two of the four tautomer configurations of the two equivalent acid dimers sandwiching the indigo molecule are shown.
	Fig. 4. Top; emission spectra of thioindigo in benzoic acid recorded under selective excitation of the tautomer configuration with the highest (lowest) energy when thioindigo is in the excited (ground) electronic state. The lines marked Ru R 2 and R 3 correspond to the different tautomer configurations I ct, a), ja, p> and |p, a>, |p,p>. The bands marked ph and и are phonon side bands and vibronic lines, respectively some of the other sharp lines are Raman transitions of the benzoic acid matrix. Bottom: time resolved fluorescence emission from the Ri, R 2 and R 3 configurations subsequent to selective excitation of Ri.
	Fig. 5. Schematic representation of the optical resolution by fluorescence line narrowing of the delocalized proton levels of an acid dimer coupled to a dye molecule. The wavefunctions are represented by broken and dotted lines. The inhomogeneous width of the electronic transition indicated schematically masks the ground state level splitting in conventional absorption or emission spectra. p b
	Fig. 6. Line narrowed emission spectra obtained for thioindigo in benzoic acid: excitation into a vibrational level (top) and the o—o-transition (bottom) of the higher energy la, (3>, IP, a> configuration. The homogeneous linewidth of the transitions in the excitation process masks the ground state splitings when a vibrational level is involved, while it makes a negligeable contribution to the instument limited linewidth of the bottom spectrum obtained by excitation of the o—O-transition.0—O-transition.
	Fig. 7. Transient grating measurements in proto (top) and deutero (bottom) benzoic acid doped with thioindigo. The full and broken lines are calculated decays neglecting and including relaxation processes of benzoic acid dimers near ground state thioindigo molecules. The peak near t— 0 reflects a fast process possibly related to multiphoton excitation of higher electronic states.
	Fig. 1. Top: Inhomogeneous spectrum originating from homogeneous lines with different central frequencies. Bottom: Change of the spectrum through hole burning.
	Fig. 2. The components of the model and their interactions.
	Fig. 3. Energy levels of a system consisting of one impurity and one TLS
	Fig. 4. Energy levels of a system of one impurity coupled to several in the case displayed, four TLSs. The left hand side corresponds to TLSs with identical energy splittings, and the degeneracies of the various levels are given.
	Fig. 5. Linewidth averaged with respect to A and A. The A ranges used in the averages are indicated. The A range covers an interval of size 2.6 toD. Parameters: AF=o.3cod, 0d = 3OOK (Debye temperature), c = 3km/s (velocity of sound), q—2 g/cm3, /=1 ev (deformation potential).
	Fig. 6. Linewidth according to (11) in comparison with experimental data from [39] and [lB]. Short range interaction is assumed. The A range is over in interval of length 0.2 ■cod. Parameter values: <AF> = 10“3а)о, AFmax = 0.1446a)D, AF ос 1Д3, rmax-= 10/-min, 0D = —l5O K, c 2km/s, q=l g/cm3, k = 0.3, /=1 eV. (H2P free-base porphin; MTHF 2-methyltetrahydrofuran; PMMA polymethylmethacrylate; PE polyethylene).
	Fig. 7. Linewidth (in units of cod) of the optical transition Ri as a function of AF. Parameter values: A —B, F“ = 0.6t0D, 0d = 300 K, c=3.75 km/s, Q=2 g/cm3, /=leV. Left: A=2Fa; the straight curve segments on the left hand side of the figure describe a AF4 law. Right: A=2Fa+lo~3wp, to the left of their bends the curves-are proportional to AF2
	Fig. 8. Linewidth in comparison with experimental data. The long-range nature of the interaction is taken into account. The A range covers an interval of length 0 2coD Parameter values: Ahmax = 0.72383X10-3coD = 106AFmin (->- <AF> = 10-stoD for the upper curves), 0d = 2OOK, c = 2km/s, p = 2g/cm3, ft =l.O, /=leV Full lines: =6, dashed lines: 7min =7, dotted lines: ?tmin =8; Ämax = Xmm+7. Upper Curves: Ah pc 1/r3, lower curves; Ah oc 1/r4.
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