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Reactor Flush Time Correction in Relaxation Experiments
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The present paper deals with the analysis of experimental data from conductivity relaxation experiments. It is shown that
evaluation of the chemical diffusion and surface transfer coefficients for oxygen by use of this technique is possible only if
accurate data for the conductivity transient can be measured at short timesmmediately after the step change in the
surrounding oxygen partial pressure. The flushing behavior of the reactor volume may, however, significantly influence the early
stage of the relaxation process. Large errors in the transport parameters are obtained from fitting the relaxation data to the
theoretical equations if this phenomenon is not properly recognized. Equations are presented which describe the transient con-
ductivity taking into account the finite flush time of the reactor. The regimes of surface- and diffusion-controlled kinetics are
discussed quantitatively.
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Relaxation techniques offer a useful tool for obtaining the chemi-many useful solutions to Fick’s second law, depending upon the
cal diffusion and surface transfer coefficients for oxygen of mixed particular initial and boundary conditions. In this section, the change
ionic electronic conductors. These materials are considered for apin the surrounding oxygen activity is taken to be instantaneous. The
plication as electrodes in oxygen partial pressure sersmtid ox- sample is considered to be a thin sheet, so that one-dimensional
ide fuel cells? and as semipermeable membranes for the separatiouliffusion occurs. In the section on Nonideal step response, equations
of oxygen from aif at high temperatures. The relaxation process are presented to modify the general solution for this geometry and to
follows after an instantaneous change of the oxygen activity in theincorporate the effect of a finite flush time of the reactor.
gas phase and brings about a change in stoichiometry of the oxide. . . . e .
This change can be measured by monitoring the weight or electrical General solutior—One-dimensional diffusion of oxygen into a
conductivity as a function of time. The oxygen transport parametersdense ceramic oxide can be described by Fick's first law
are obtained from fitting the experimental relaxation data to the

theoretical equations, depending on the particular type of sample J= — 58_0 [1]
geometry. Examples of relaxation techniques include conductivity ax

relaxation*® dynamic thermogravimetry,and solid-state electro-

chemical methodS. in which J, D, andc are the particle flux density, the chemical

_Ingeneral, the oxygen partial pressure in relaxation experimentgjittysion coefficient, and the concentration of oxygen, respectively.
is changed by switching between two gas flows with different oxy- appjication of the continuity equation for the particle flux density
gen partial pressures. In the derivation of the theoretical equations ifaa4s to Fick’s second law

is assumed that the oxygen partial pressure in the reactor is changed

instantaneously. This assumption simplifies the mathematical treat- Jc  _od%c

ment considerably. However, a correction must be applied if the i DW [2]
relaxation time approaches the flush time of the reactor volume. In

conductivity relaxation experiments, in which general reactor vol- 5

umes are small and, hence, flush times are short, a flush-time cowhere it is assumed that the chemical diffusion coefficibnis
rection is needed only if relaxation times are comparatively short,independent of concentration. The conditions for the flux density at
e.g., at high temperatures. On the other hand, the flush times erboth boundaries of the sampleat= + a can be written as
countered in, for example, dynamic thermogravimetric experiments

are usually large due to the inherently large reactor volumes. In . dc
these cases experimental limitations due to the finite flush time of J(a) = - D&
the reactor are likely to occur at any temperature of interest. Erro-

neous results may be deduced from the experimental data if this

= Ky[c(a) — ¢c.]

X=a

phenomenon is not properly recognized. and

In the present paper, equations are derived which describe the
transient response in conductivity relaxation experiments, taking N-a) = - Ba_c — Kyc(—a) —c.] [3]
into account the time needed for reactor flushing. From the analysis x| _ b ?

of these equations, a number of experimental conditions are formu-

lated, which should be met in relaxation-type experiments. whereK, is the surface transfer coefficientazhe sample thick-

Ideal Step Response ness, and,, the equilibrium concentration at infinite time after the

In conductivity relaxation experiments the relation between sto-SteP change IPo, The solution for the concentration profile as a
ichiometry and electrical conductivity is exploited. The time varia- function of time, cse{X,t), is obtained through an eigenfunction
tion of the conductivity of the sample is measured in response to &xpansion of the initial oxygen concentratlar(x,0) = ¢,
different oxygen activity in the gas phase. The conductivity relaxes
towards a new value as the oxide attains its new equilibrium state. — _ CaedXt) — Co
The relaxation process is assumed to be controlled by chemical dif- Csied X1) C. — Co
fusion of oxygen and the associated surface transfer rate. There are

0

1 Z 2L cogax/a) exr{ B L)

W= (@ + L2 + Lycodap) ™
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where the horizontal bar indicates that the quantity is made dimen- 1.0
sionless. The time constantg are given by

a2

[5] kD

The time constants play an important role in the sense that the du-
ration of the transient experiment is given by approximately four to
five times the first time constant;. After this period, then = 1
term fades to almost zero as the oxide attains its new equilibrium
state. Similarly, then = 2 term fades after approximately four to
five times the second time constant. As is discussed later;, 0.0 . . T
(being much smaller than,) can be determined only from the ex- 0.01 0.1 1 10 100
perimental relaxation data immediately after the step change in oxy- I
gen partial pressure. Values of both time constants are needed for @
proper evaluation of the chemical diffusion coefficient and the sur-
face transfer rate simultaneously.

In Eq. 4, the parametdr, and the eigenvalues,, are solved

Figure 1. Ratio oft, andty vs.L,.

from
described. Instead, one might also considey, f,, @). It can be
_aKy shown that the transient is fully determined by this?%Ehe advan-
op tane, = B = La (6] tage is that clear criteria can be formulated to distinguish between

surface- and diffusion-controlled kinetics. The first two time con-

. . . ) stantsr, andt, have the highest values and, therefore, they can be
A simple method for numerical evaluation of the eigenvalugs  eyajuated with the highest precision. Higher terms in the series of
was presented in Ref. 10. From this equation, a characteristic Iengtﬁq_ 8 fade away faster, but they still contribute to the very early

scaleL . can be defined, given by stage of the transient. These higher terms cannot be ignored, in spite
B of the focus onr; andr, in this work.
Le= — [7] From the general solution presented by Eqg. 8 constrained ver-
Kir sions can be derived if the relaxation kinetics is under pure control

) ) ) o o _ by a limiting rate of the surface reaction or by that of the diffusion
As discussed in the next section, diffusion limitation occurs if within the solid. If the relaxation is rate limited by the surface reac-
a> L and surface limitation if < L. tion, the time constants, reduce to zero fon = 2. This can be
Assuming a linear proportionality between the changes of theexpressed as
electronic conductivity and the oxygen concentration, the dimen-

sionless transient conductivity,e{t) can be derived by integration
of the concentration over the sample volume (T1,7p,8) = (K_ 0,a [10]
tr
_ Uste[(t) — Op - t
Tstedt) = 0. —op 1- nzl An exp{ o [8]In the case of diffusion limitation within the solid the corresponding
condition reads
where
4a% 1 4a?
2Li (T11 T2, a) = — ., _T1 = — ,a [11]
An [9] wD 9 9m?D

- aﬁ(aﬁ + Li + L)

It is appropriate to mention here that the change of the conductivityln this special case the values for the other time constants are given
may not be proportional to the change of the oxygen concentrationby 73 = (1/25)7;, 74 = (1/49)7, 75 = (1/81)7, .. ..

In addition, the linear rate law adopted for the surface reaction lacks From the above it is apparent that the ratidt, is of relevance

a physical basis, which restricts the applicability of Eq. 3 in practice in the fitting procedure. In Fig. 1, this ratio is plotted as a function of
to small step changes in the ambient oxygen partial pressure. Obvik , which is a dimensionless transport number. FEgQr values
ously, the rate of the surface reaction will depend on the atmospheremaller than approximately 0.08, /7, equals almost zero. The fit
used to control the oxygen partial pressure. The surface reactiosf the experimental data falling in this regime will be independent of

rates will therefore be different in CO-G@r Hy-HoO mixtures. the value ofD. This is the regime where surface-controlled kinetics

Distinguishing between surface reaction and diffusion occurs. FolL, values larger than approximately 30, the ratidr;
control.—Relaxation experiments are carried out for evaluation Ofbecomes almost constant at 1/9. Here, the fit of the relaxation data is

the chemical diffusion coefficierD and the surface transfer rate independent of the value &f; due to diffusion-controlied kinetics.
K. In the most desirable case, the transient depends heavily oA\l intermediate values df,, the relaxation process is under mixed
both parameters. Such a strong dependence guarantees accurate g@2tr0! of surface transfer and diffusion. Only when the experimen-
termination of both transport parameters from a single experimenttal data fall into this regime, accurate values for bbtlandK;, can
However, the relaxation may be dominated by only one of the trans-be obtained from the fitting procedure. Since the latter regime cov-
port processes. This is the case if the relaxation kinetics is undeers the range from surface- to diffusion-controlled kinetics, restrict-
pure control of either the surface transfer reaction or the diffusion of
the mobile species within the solid, as opposed to the situation 2rom the ratior, /7,, the value ofL, can be obtained as suggested by Fig. 1.
where the kinetics is Ungel' mixed control. Subsequently, the eigenvalag can be solved using Eqg. 6. The full set follows from
In relaxation studies,§, K, @) is usually taken as the indepen- (D, Ky, a) = (a%71a}, aLl,/7iaf, @), using Eq. 5. This proves that the set
dent set of parameters with which the transient response can be fullyd, K, a) can be obtained from the set( 75, a).
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ing L, to values between 0.03 and 30 in the fitting procedure allowstivity to each impulsgDirac §—peak)of the oxygen partial pressure
for proper evaluation of; andt,, which are needed to evaluate can be evaluated. By applying the superposition theorem, the flush-
both® andK, simultaneously time-corrected conductivity transient is given by the superposition
" : . SO S
L e o . of the impulse responses. This is similar to the method presented
surg(lzté?gi)rl;ﬁ'o\ﬁzlgerse dilr?]tlensngkr\éngubet\e/\;etgg glﬁl5£r2| rﬂl);]eoc\i,;,_and below, which uses the convolution theorem in the Laplace domain;
. gim 99 vV ” the Laplace transform method is applied here because it is more
ever, the important relation betweéry and the ratio ofr; and,

- transparent.
was not discussed by these authors. L . . — .
In the derivation a dimensionless transfer functit¢s) is used,
Flush-Time Correction defined as
Nonideal step response-n this section a gradual equilibration _ Losedt)]
of the oxygen partial pressure due to the finite time required for H(s) = LlPaedt)] (18]
ste|

flushing the reactor volume is considered. The boundary conditions

in this case read in which L denotes the Laplace transform operator, given by

~dC o
Ja) = - Px. .~ KulC(a) = Ceql L[F(1)] = J f(t) - exp( — stydt [19]
- 0
and ) ] S — )
Using this definition H(s) can be expressed in the form
~dC
J(—a= -Dbg T Kelc( — a) — ceql [12] His) = L[ogef)] _ 1 > Ay o [20]
L[Este[(t)] S n=1l+ s,
where ceq(poz) denotes the equilibrium oxygen concentration . _ o
which, in contrast ta., in Eq. 3, is now a function of time. The Laplace transform[pcistr(t)] can be obtained similarly
The idealized step can be described using the Heaviside function 70
u(t). This function is defined to be zero for negative valuet afd L[pcstr(t)] = [21]

unity for positive values. The step change in oxygen partial pressure 1+s-m

can thus be expressed as
pstep(t) = po + (P — Po) - u(t) [13]

The Laplace transform[ocisrx(t)] is given by’
Loastet)] = — H(s) - L[Poista(t)]

1 E An - Th
S n:ll+5'7n

or in a more convenient dimensionless form
ST

t) — = - — .
Praft) = 2 Po [14] 1+ sy
P = Po

[22]

The conductivity transient in the time domain is obtained by the
inverse Laplace transform of Eq. 22. The convolution thedfem
3States that the product of the Laplace transforms of two functions

f(t) andg(t) equals

Assuming continuously ideally stirred tank react@ISTR)"
behavior in the actual reactor volume, the oxygen partial pressure
a function of timepgstr(t) can be derived to be

t t
PaistR(t) = P + (Po =~ Px) - eXD( - T—f) [15] L(f*g) = L(f) - L(g) = L fof(T) Sg(t — T)d’T} [23]
with . .
This theorem can be used to obtain the response to the CISTR be-
V, Tsp havior of the reactor if two functions can be found such that the
T D T [16] product of their Laplace transforms equals the right side of Eq. 22.
v, tot r . . . . .
Two functions satisfying this condition are
where @, is the flow rate of gasV, and T, denote the reactor 1 %
volume and temperature, respectively, whilgrp refers to room f(ty = — — - ex;{ — —| andg(t) =1 - 2 A, - exp
temperature. The dimensionless oxygen partial pressure can be writ- Tf n=1
ten as ¢
_ - — 24]
_ Paistr(t) — Po F{ ( T ) [
) = ———— = ex — 17 n
Paistr(t) Po— P T [17]

This leaves the integral
In the derivation it is assumed that the oxygen release and uptake by

the sample is negligible. The time constant referred to as the Gosrdl) = — ! 1— A . exd — l o iex
flush time in this paper, denotes the characteristic time needed to~ ¢'ST 0 =, " T Tt P
flush the reactor volume. From Eq. 17 it is calculated that after a

period of 4 X 1 has elapsed, only 1.83% of the original reactor gas t—r1

volume has not been replaced yet. It should be noted that the valid- B T dr [25]

ity of Eq. 17 extends not only to NO, mixtures, but also to
CO-CG, and H-H,O mixtures, since it can safely be assumed that to be evaluated. The final equation, which takes the flush time into
gas-phase reactions do not occur. account, is

The transient conductivity can be calculated in several ways.

Inspired by djgjtal signal analys?é", Eg. 17 can be written as the b Note that a minus sign appears in this equation, because both pressure transients
sum of an infinite number of impulses. The response of the conducwere not made dimensionless in the same way.
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1.0 By analogy with Eq. 26, the general form of the response with
flush-time correction can be deduced to be
g - t 0 ) .
ost(t) = 1 - exp( - —) =2 D A
Tf n=1m=1 Tn,m Tf
0.5 - t t
exp — —exp — — [31]
Tn,m Tt
For two-dimensional diffusion in beam-shaped samples with a rec-
tangular cross sectiona2x 2b, the pre-exponential factors and
0.0 time constants are given by
. ¥
2 2
0 600 i 1200 Anm = 72— 2|_0‘2 " hZ2.p2 ZLBZ [32]
time (s) ap(ag + Ly + Ly BR(Bm + Lg + Lp)
Figure 2. Three transients with different flush times. and
1
Tn,m = 2 B 2 [33]
Tn ~ Qp m
o t)y=1—-—exg — —| — A LY IR
cisT() F{ Tf) = T T (a) (b)}
exr{ _ l) _ exp{ _ i) [26] In this equa_tio_n;xn deno_tes the roots of Eq. 6, whifg, denotes the
Tn T roots of a similar equation
Three different transients, calculated from Eq. 26, are presented _ bKy =L 34
- . . = Bn tanB, = — B [34]
in Fig. 2. The sample thickness is taken to be 0.04BrandK;, are D

1.6-10" 4 cn?s ! and 6.3- 10~ *cm s'%, respectively. The tran-

sients are calculated for flush times of 0, 30, and 60 s. Note that the For three-dimensional diffusion in short cylind®sf radius R
effect of the flush time is most pronounced in the early stage of theand length 2, the pre-exponential factos, ., and time constants
relaxation process. Whereas the ideal step response initiates imme- are given by ’

diately att = 0, the effect of increasing the flush time is that it leads

to a more gradual behavior in the early stage of the relaxation pro- 4'—5 2'—§

Anm = . 35
TR e

Flush-time correction for other sample geometred hus far, only
the case of one-dimensional diffusion was considered. This case cad"d
be generalized to obtain the flush-time correction equations for

many other sample geometries. For long cylindrical samples with Tom = 21 5 [36]
radiusR, only the equations for the pre-exponential factdrsand ' ~| [ an Pm
the time constants,, need to be changed D (;) * (E
412 : :
A= o [27] v_vhere the eigenvalues, andp, are given by Eq. 6 and 29, respec-
pn - (pn + Lp) tively.
and Discussion
A number of conclusions can be drawn from Eq. 26. In the
R2 discussion given below, only the case of the thin sheet geometry is
™= o [28] considered. However, the conclusions drawn remain valid for other
pnD sample geometries as well. Key parameters are the flushrtintbe
first and second time constants,andr,. Different regimes can be
The eigenvalues are now obtained from a different equation distinguished depending on the ratio between these parameters. The
regimes of interest are shown in Fig. 3 and are discussed separately
RK, in the following sections.
Prda(pn) = LoJo(pn) B Jo(Pn) [29] Fast flushing regime—If reactor flushing is fast compared to the

relaxation process, the final oxygen pressure of the ambient is

. . ' ) quickly achieved and the conductivity response approaches the ideal
in which J, andJ; denote the first and second Bessel functions of step response, given by Eq. 8. This regime is referred to as “Fast

the first kind, andR denotes the sample radius. The flush-time- fiyshing regime” in Fig. 3. From the mathematical point of view,

corrected response is still given by Eq. 26 as before. the exp(— t/7;) terms Eq. 26 can be neglected, while the first few
Other diffusion problems can be treated similarly. For long 7./(7, — 7;) terms approach unity. This regime is found for
beams and short cylinders, the general form of the equation without>j‘20_r” f '
f .

flush-time correction reads A general rule of thumb for this regime follows from the follow-
© o ing argument. The time needed for a single experiment is four to
Este;{t) =1- 2 2 An,m : EX[< -
n=1m=1

t ) [30] five times the first time constant. The second time constaty is
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4 1.0 0.02
T Fast flushing
log| =+ i
g{ﬂ} 5 4 Void regime = | 0.01
/ Flushtime correction 8
0 - 0.00 g
0.5 4 ;
2 1 - -0.01 &£
Interm_ediate [a)
4 regime L 0.02
Sensor
- regime 0.0 0.03
T T T . T -V.
-4 0 4 8 12
T 0 600 1200
log| —- time (s)
Ts

Figure 4. Two dimensionless transients. Although the difference is very
Figure 3. Depending on the values of the first two time constants, four small (right side axis), the transport parameters deduced from both curves
regimes can be distinguished. The regime where the flush-time correction igliffer significantly.
needed is indicated. The triangular marker corresponds to the transient of
Fig. 4 with a 20 s flush time.

graph was simulated with a flush time of 20(3;and K, values

case of mixed controk, becomes even smaller, as discussed in thewere taken to be 1.47-10°and 1.75-10" *cm s~ *, respectively.
section Distinguishing between surface reaction and diffusion con-Using these values;; andr, are calculated to be 300 and 29.4 s,
trol. Proper evaluation of parameters from experimental data in-respectively. The selected values correspond to the triangular
volves accurate determination of both andTZ. In order to be able marker in Flg 3. The other transient was calculated neglecting the
to correctly neglect flushing behavior, the flush-timeshould be at  flush-time correction, using Eq. & andK,, were taken to be 4.60
least ten times smaller than. In conclusion, the flush time should 10~ ® and 1.00-10 % cm s~ . The relaxation behavior is in the
be at least 500 times smaller than the duration of the experiment ifegime of mixed controfL, = 2.98), where it can be expected that

diffusion limitation is assumed, and 5000 times smaller in the caseyqih B and K, can be evaluated accurately. The difference in the
. . , .
where the regime of mixed control changes to pure surfaceygnsients is very small. However, a discrepancy of more than a

limitation. . ~ . .
factor of three is observed f@. The error in the value oK, is as
Slow reactor flushing; sensor regimeln this regime the sample large as 75%. The flush time is much smaller than the duration of

remains in quasi-thermodynamic equilibrium with the ambient dur- the experiment, but still large differences th andK,, are found.

ing the flushing itself. Although the oxygen partial pressure is Thjs clearly indicates the importance of taking the flushing behavior
changed, the sample reacts fast so that the equilibrium between gagt the reactor cell into account.

phase oxygen and sample oxygen is maintained. Basically, the |t may pe difficult to detect which of the regimes in Fig. 3 pre-
sample behaves as an oxygen sensor. This regime is therefore rgjls from an experiment. A hint in the direction of the sensor re-
ferred to as “sensor regime” in Fig. 3. No quantitative information i can be obtained from the temperature dependente &fince

on the transport parameters can be obtained from experimental dajg, chemical diffusion and oxygen surface transfer are thermally
in this regime. It can only be applied to measure the flush time

> ; . S ctivated processes; should show significant temperature depen-
experimentally. The sensor regime occurs if the first time constan@ence_ If the system is in the sensor regime, a curve fit without
71 IS less than approximately one-third of the flush-time '

ductivi | : h h | ._flush- time correction to a transient can still appear satisfactory. In
erigrglclmaufgt\;\\/”ttgngeoaflxrﬁﬂme?;pv?/ﬂiln;et?]t:‘tetme gf;ﬁtr%rr;goum% 'S this case, the time constant derived from the transient is misinter-
g6 is o%/ the order of three to, four. With apflow rate of 10(()]. preted as,, rather than the flush-timg . As indicated in_Eq. 161y
g . ’ . hardly depends on temperature. Therefore, an Arrhenius plot of the
mL min~ *, a flush time of the order of seconds is expected. How-

for th ) X . h | d first time constant can reveal whether or not the system is in the
gver orhtlermog_lr_?]wmetrlc %xperlgnents, t 5eLrea%t_oLvo urr|1es_ tenﬂ Qensor regime. If it is suspected that the system is in the sensor
e much larger. These can be as large as 5 L, which results in aflusfygime, a relaxation experiment can be performed in which the
time of 13-17 min. Therefore, thermogravimetric analySi$sA)

; . - . . flushing gas flow rate is reduced by a factor of three. If the sensor
experiments in which the dynamic response with respect t0 an oxy;ggime holds, the sample responds three times slower, while only a
gen partial pressure step is measured are virtually impossible.

minor change of the relaxation transient is observed if the sample is
Intermediate regime—In this regime,r, cannot be evaluated N the regime of surface limitation.

since Z,=1;. It becomes impossible to obtain data on bbttand

Ky simultaneously. The only parameter that can be obtained from Measurement of Flush Times

the fitting procedure is the value &f; provided that., < 0.03 can In order to measure the flushing characteristics of the reactor
be assumed, as discussed in the section on Distinguishing betweelume, a new type of oxygen sensor was developed. The sensor
surface reaction and diffusion control. does not yield an absolute value of the oxygen partial pressure, but

. ) . _ . ) ) it is extremely sensitive towards rapid changes in the oxygen partial
Flush-time correction r(_aglme—ln this rgglme, the flush tlme_ is pressure in the ambient. As can be deduced from Eg, Becreases

of the same order of magnitude gs Equation 26 should be applied  yith decreasing sample thickness. Therefore, for sufficiently thin
for evaluation ofD andK, . Neglecting flush-time effects can lead samples, the response time of the sample becomes much smaller
to large errors in these parameters. This can be illustrated using thinan the time needed to flush the cell. This means that the sample
simulated data presented in Fig. 4. Here, two transients are plottebehaves as a sensor for a change in the oxygen partial pressure,
for one-dimensional diffusion in a planar sample of 0.5 mm thick- while its response can still be measured in an experiment like any
ness. The difference between the transients is indicated also. Onether sample.
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Figure 5. Reactor flush timess. flow rate. The theoretically expected in-
verse proportionality between the flush time and the flow rate is indeed
observed.

The sensor was made by depositing a porous 500 nm layer o
Lay sSrh sC00;5.5 on a 30% porousk-alumina disk by pulsed laser
deposition® Because gas-phase diffusion is extremely fast, the po-
rosity of the substrate can be neglected; it is unimportant for the
sensor’s response time. A lock-in amplifi@G&G Princeton Ap-
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both. ForL, = aK,/D < 0.03, the surface transfer is rate limiting,
while for L, > 30, diffusion is rate limiting. In the remaining case,
a regime of mixed control exists. In curve fitting routines, limiting
the value ofL, between 0.03 and 30 enables correct evaluation of
both time constants; and t,. This is shown to be essential for

accurate determination of both transport paramebeendK., .

Four different regimes can be distinguished based on the values
of the first and second time constants of the transient, and the char-
acteristic time needed to flush the reactor volume. Both transport

parametersd and K,, can be obtained under the conditions 0.03
<L, < 30 andr; < 2-1,. ForT,=20-1, the transient equation
associated with fast flushing can be applied. In the case where

> 1,,7¢, only Ky, can be determined. It was demonstrated that a
correction is necessary if the sample reacts fast with respect to the
time needed to flush the reactor. Assuming that the reactor volume
can be regarded as a continuously ideally stirred tank reactor, ana-
lytical equations for the relaxation transient were derived for several
sample geometries.

f A method to measure the flush time experimentally was pre-
sented. It is based on the fact that thin samples show fast relaxation
behavior.

The University of Twente assisted in meeting the publication costs of this
article.

plied Research 52)Qvas used to measure the sensor response. The

lock-in integration time was set to 100 ms. The short integration
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