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An analytical framework for describing the RPC behavior under high irradiation is proposed, including the
effect of the fluctuations of the field. The description is compared with an equivalent MC and data for timing
RPCs, showing good agreement. Moreover, the formalism allows to clearly identify the main variables ruling the
process.

By using the DC electric properties of the plates, the MC allows to reproduce the charging-up process in a
dynamic situation, revealing that it takes place at the scale of the relaxation time, varying with the primary rate.

1. INTRODUCTION on the average field in the gap, the DC model can

A . . be applied ([8], [9] for instance), predicting an in-
first attempt to describe the RPC behavior crease of the maximum attainable rates propor-

at high rates including the electric propertles'of tional to the decrease of the ‘column resistivity’
the plates has been recently performed [1], despite od

the difficulties of such an enterprise are not neg-
ligible (see [2] for phenolic plates or [3] for float
glass).

Moreover, different ‘high rate RPC’ technolo-
gies are emerging, not being based on Bakelite or
glass electrodes [4], [5], and still the only available
analytical description of ‘rate effects’ is based on
a simple DC model ([6], for instance):

In particular, the fluctuations of Vg4, the role
of the relative dielectric permittivity €, of the
plates, and the area A affected per avalanche are
absent in the DC description.

2. DC MODEL AND DATA

Data for timing RPCs at high rates, taken from

Virop =V — Vyap = IR = Goppd (1) [10], have been analyzed under the following cuts:
that relates2 the ?Verage voltage drop ‘_/dmp at high 1. Particles with 8 > 0.75¢ (¢ the speed of
rates ¢[L=° T~'] with the ohmic drop in the re- light), close to the MIP dip, are selected.
sistive plates, namely IR. The current [ is pro-

portignal to the average charge per avalanche (g), 2. The electronic contribution to the time res-
that is ruled, expectedly, by the average voltage olution is reduced by purging events with
in the gap Vjqp, thus yielding: Gprompt < 200 £C (see [11]).

‘_/gap = ‘7gap(V7 ¢pd) (2)

3. Events within the first 2 ‘in-spill’ seconds
are removed, guaranteeing a stationary sit-
uation of the field in the gap (see section

*Corresponding author. diego@fpddux.usc.es 3).

being p the resistivity of the plate and d its thick-
ness. Aslong as a certain observable depends only
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4. The detector efliciency is corrected for the
geometric inefficiency estimated in [10].

The DC model allows to obtain V., (V, ¢pd) as
described in [7], [8], by assuming [12]:

7= a(Vyap = Vin) 3)
characteristic of the Space-Charge regime. Ex-
pression 3 together with eq. 1, results in:

: V-V,
Vgap:‘/lfh+( th)

(4)

Here, the attention is focused on the time dis-
tribution through the time at maximum ¢, and
resolution ¢,, and on the efficiency €. These
magnitudes can be parameterized from theoret-
ical considerations [11] and semi-empirically [13],
respectively:

_ 1 m
to(Vgap) = S(‘_/gap) In _ ln(l — E( _gap)) (5)
L KE()
or( gap) - S(Vgap) (©)
Vyap) = g ™

1+ e 0(Vgap—Vrer)

where the identification Vyq, — Vyep (DC model)
has been performed. The constants ¢,, § and
V.ey regulate the efficiency behavior and the pa-
rameterization of K as a function of the intrin-
sic efficiency ¢ can be found in [11]. my is the
charge necessary to fire the comparator threshold
in units of the electron charge and the growth co-
efficient S = a*vg has been measured following
[14], yielding:

Slns 1] = (6.0 £ 1.2)V,,,[kV] — 7.2 £ 3.1 (8)

for the gas mixture used in [10] and Vgep > 2.4
kV.

A fit to ¢, and ¢ data was performed, provid-
ing the values of a=2.9 pC/kV and V;;,=2.1 kV,
that are used in expression 6 for o, without any
extra assumption. The proposed description is
compared with data in figs. 1 (fitted) and 2 (non-
fitted).

The overall good agreement with the DC model
suggests that the fluctuations of the voltage have
little influence over the RPC performances, once
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Figure 1. Time at maximum ¢, fitted to the DC
model. The efficiency ¢ was also included in the
global fit, but is not shown (see [15] for details).

the stationary situation has been reached (i.e: the
plates are charged-up). The implications of these
observations are discussed in the following.

3. ANALYTICAL DESCRIPTION OF
THE FLUCTUATIONS

Being the time resolution ¢, a second moment
of the RPC time response, it is expected to be
tightly related to the fluctuations of the voltage
across the gap. Fortunately, once o, is expressed
analytically (eq. 6), the influence of small fluc-
tuations on the variables can be estimated easily
[16]:

K2 , (EdS\? /rms, \?2
2 _ |t 2 (=2 E
rmsT_[Sz+t°<SdE) ( E )

where the presence of non-Gaussian timing tails
has been neglected (¢ ~ ¢,). It has been assumed
that rms,, (fluctuations of the field) and K/S (in-
trinsic avalanche fluctuations) are decoupled, and
that S%ili—% < %%, as is reasonable under typical
timing RPC operating conditions.

Eq. 9 can be used for evaluating the ef-

fects arising from static fluctuations due to non-

9)

gap
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Figure 2. Set of data for o, with improved statis-
tical significance (each point was obtained from
the average over more than two runs) and DC
model (lines, non-fitted). Open points stand for
the time resolution including the first 2 seconds
(charging-up time of the plates).

uniformities of the gap size g (Eyqp=EF, rms =

M ). The expectation for a typical 1-gap t1m1ng
RPC is presented in fig. 3 (V =3.2%kV, S =11

L dS/dV = 6.6 ns™! kV~! & = 78%). It
is shown the intrinsic resolution (rms) obtained
from formula 6 (dotted) and the contribution due
to mechanics (straight lines), together with the
total resolution obtained from the evalulation of
eq. 9 (curved lines). A worsening by 20% on the
time resolution for fluctuations in the gap size
above 4% is predicted, with the usual threshold
th105.

Remarkably, eq. 9 describes also the effect
of dynamic fluctuations of the field caused by
avalanches. In particular, the assumption that
rms,  and K/S are decoupled still holds, due
to the different time scales involved in charge
flow (the relaxation time of the glass is ~ s) and
avalanche fluctuations (~ ns).

The problem in a dynamic situation is more
how to get an analytical expression for rms, o
a step accomplished through the following model

3
2- [ L - /,
8 resolution for m= =10 -7
261 — resolution for m -10° L7 ne
2.4f - - resolution for m =10° R
oot | intrinsic resoluhon s

K [1/S units]

5
rmsg/g [%]

Figure 3. Influence of the mechanic inaccuracies
(rmsy/g) on the time resolution (in units of 1/5),
for a 1-gap timing RPC under typical conditions.
The straight lines indicate the contribution of the
mechanics and the curved ones stand for the total
resolution. This figure must replace the published
Fig. 2 in [16], as the reader can check.

1. The region illuminated by a single
avalanche is assimilated to an area A,
that is referred as the influenced area per
avalanche [1].

2. Each RPC gap is represented by the equiv-
alent circuit shown in fig. 4.

3. The charge released by the avalanches is
given by a sum of shots ¢, at the gap ca-
pacitance. As the avalanche drift times are
much smaller than the relaxation time of
the glass, the shots are considered as in-
stantaneous for the description of the latter
process.

Under these assumptions, the RPC behavior
can be described by a simple RC circuit, where
the current generated by the avalanches and the
voltage drop are given by:

> g, 8(t—t,) (10)
k
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Figure 4. Equivalent circuit for a 1-gap RPC con-
sisting of aluminum and glass electrodes.
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T O(t—1t, )(11
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and:
d
79 = R(Cylass + Cyap) = peo <6T * 5) 12)

is the RPC relaxation time. From the measured
DC values, p = 6.5 10'2 Qcm (T = 25°C) and
preliminary estimates of €, = 6, a value 7y ~ 5 s
is obtained.

The fluctuations of V(¢) can be evaluated
through the Campbel theorem (see [17]) as

2 2 g2
rms? = p_ng (1 + i (13)

Voo 27, A 2

in the absence of shot-to-shot correlations. Such
correlation can be introduced, in average, by re-
calling the relation between ¢ and ¢ (eqs. 3, 4)
and taking the parameters a and Vi from sec-
tion 2. The resulting description is denoted as
‘Campbel theorem with drop’ in the following,
and, remarkably, contains all the information of
the shape of the charge spectra in a single param-
eter, rms,/q.

The accuracy of the analytical description is
checked by a MC simulation that includes the cor-
relation shot by shot. For illustration, three char-
acteristic charge distributions are considered in

simulation: dN/dg~1, dN/dq~1/q, dN/dg~e1,
defined such that rms,/¢§ = 0.6. The shape of
dN/dq is assumed to be independent from the
field, in agreement with the uniform value of
rms,/J = 0.7 observed for the prompt charge [15]
(in 4 gaps, therefore rms,/q = 1.4 per gap). The
MC and analytical solutions are compared under
stationary conditions in fig. 5 (4 = 1 mm?).

A=1mm?

rmsv

A [M.C.] Flat charge spectra (rms _/q=0.6)
O [M.C.] 1/q charge spectra (rms _/q=0.6)

[M.C.] Exponential charge spectra (rmsq/q:0.6)
~ Campbel theorem

~ '~ Campbel theorem with drop
* Average field drop [v]

10°

10° 10
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Figure 5. Fluctuations of the voltage (rms, )
for the proposed analytic descriptions (full line,
dot-dashed line) together with MC calculations
for different charge spectra.

Due to the average description of the correla-
tion between shots, discrepancies up to a factor of
2 are present at the highest rates considered. De-
spite this, a relevant scaling property is common
to both the analytical and MC solutions:

rms2
rmsvgap (1 + 7 q) 14
Vaarop 2N (14)

The higher the average number of shots con-
tributing per influenced region N = Ag¢r,, the
smaller is the contribution of the fluctuations.
With rms,,_— obtained from the exact MC, eq.
9 can be used for constraining the value of A
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(rms, =rms, /g). An approximation to the
multi-gap situation is done by assuming that all
the gaps are uncorrelated and contribute the same
to 0,. The results shown in fig. 6 indicate that
A< 0.3 mm? is at odds with data, while estimates
of this magnitude from electrostatic calculations
[18] point to values at the scale of mm?.
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Figure 6. Data and model for two different values
of the influenced area A (rms,/q = 1.4 per gap).

4. THE CHARGING-UP TIME

The charging-up time (t.,) can be defined in a
natural way as the time it takes to the RPC to
reach a stationary situation, whenever a certain
amount of charge is released over the surface of
its resistive plates. If this happens as a conse-
quence of the application of HV, the time scale of
the process is, in fact, the relaxation time of the
plates. A similar effect occurs when the irradia-
tion over the RPC starts suddenly. In that case,
simple considerations lead to the expression [15]:

T,
teq(Tgapd) = a¢i)d
by assuming an accumulation of shots with aver-
age rate ¢, whose charge is correlated as described

In(1 + agpd) (15)

by eq. 3.

The charging-up process according to M.C. is
illustrated in fig. 7 (up). Thus, t., can be defined
as the time it takes to reach a certain fraction f of
the voltage drop corresponding to the stationary
situation:

k
= . Vd’r’o ﬂ'(te )
Varn(teg) =it 3, =577

=1

= fVirop(o0) (16)

where the stationary value Vy,..p(00) coincides
with the value obtained from the DC model (eq.
4) and the sum runs over an infinite number
of cells. For convenience, f is defined so that
f=1-1/e=63%, yielding t.q = 7, in the low
rate limit. With such a prescription, the stabi-
lization time can be evaluated for different rates
and values of the influenced area. The behavior
of the stabilization time is shown in fig. 7, being
in qualitative agreement with the measurement
of Ref. [3] (decreasing at high rates) and does
not depend substantially on the influenced area.
The decreasing behavior is a consequence of the
fact that the maximum voltage drop achievable
in the gap is roughly limited to the value V — V4,
while the rate can grow indefinitely, reducing the
average time necessary to reach such situation.
In data, the charging-up process shows up as
drifts on the RPC observables as a function of
the time within the spill. In particular, the aver-
age prompt charge decreases (lower gains) while
the formation time of the signal increases. Aim-
ing at comparing with data, the expected behav-
ior of Vyop(t) was determined from MC (fig. 7,
up) so that t,[Vyap(t)] can be predicted by using
eq. 5. For obtaining the best agreement, a value
of €, ~ %er(DC) was assumed, corresponding to
T, ~ 2.5 s (fig. 8). In fact, as the stabilization
time does not depend on A and all the parameters
are constrained by data (section 2), the compar-
ison shown in fig. 8 depends only on the relative
dielectric permittivity, €,.. The observed discrep-
ancy points to the need of more theoretical efforts.

5. CONCLUSIONS

A framework for describing analytically the be-
havior of RPCs at high illumination has been
introduced and compared with MC, allowing to



116 D. Gonzdlez-Diaz et al. / Nuclear Physics B (Proc. Suppl.) 158 (2006) 111-117

800
[M.C.] (averaged over cells) :
700} - - - - - ------mm oo o=
600} = Vg = 700 volts
/ :
_ 500¢ y S
> :
=2 ,
€ 400} 7
> 7’
/
300t :
K ® = 1200 Hz/em?
, :
2001 : — A=025mm’
4 -- A=1 mm?
100t ,/ A=5 mm?
/I
0 1 1
0 1 2 3 4 5 6 7 8 9 10
time [s]

t 1t
eq

0.4} E
200 400 600 800 1000 1200

@ [Hz/em?]
Figure 7. Up: average behavior of Vy.op(t).

Down: stabilization time ¢., as a function of rate,
normalized to the relaxation time 7, (MC). Dif-
ferent values of A are considered. Eq. 15 is also
shown (line).

identify the main variables ruling the phenom-
ena, namely, pd (ohmic drop of the applied volt-
age), A7, (fluctuations of the electric field) and 7,
(charging-up time of the plates). The model has
been applied to data from tRPCs, showing a good
agreement within a simple DC model, thus con-
straining A (the influenced area per avalanche) to
be larger than 0.3 mm?.

The MC describes the charging-up process,

100 T
® =580 Hz/em?  V =3.3 kV/gap
50f
oF - g

t [ps] (arbitrary offset)

o

-2501

b oL Ly
o u o O
o O O o

‘

— T

data

" model

[e,~ 1/3£(DO)]

-300f
-3501

-400

5 10 15 20 25 30 35 40 45 50
time [s]

Figure 8. Behavior of t, as a function of the ir-
radiation time, obtained by using together eq. 5
and Vyop(t) from MC. Open circles show data
corresponding to the mean value of the time dis-
tribution ¢ (averaged over 200 shots).

showing that it takes place at a time scale of
the order of the relaxation time (7,) of the RPC.
Such effect explains naturally the overestimation
on rate capabilities reported for short spills [19].

If further work confirms the negligible impact
of the fluctuations of Vg4, in timing, it would
open the possibility of over-biasing the voltage
in the chamber at high rates. The feasibility
of such approach must, however, be considered
with care: in the present case, the voltage drop
at V = 32 kV, & = 1200 Hz/cm?, is as low
as Virop =~ 0.7 kV requiring, however, an over-
voltage as large as AV = 2.5 kV (around 3 times
the actual drop) for keeping V4, at 3.2 kV. Such
over-voltage must take into account, eventually,
the charging-up time.
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