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obtained also from measurements of the charge collected
a function of the coordinate of the

on a single anode as a function
light spot. We present the first report of the experimental
measurements of the cloud width in drift direction
extracted from signal waveformns. The evolution of the
electron cloud width with drift time is compared with
theoretical calculations. Theoretical expectations agree

with our experimental results.

Introduction

In silicon drift detectors (SDDs) [1, 2] fabricated on
n—type silicon the electrons created by an ionizing particle
are forced by an electric field to drift toward readout
anodes. The electric field inside SDDs is a superposition
of a depletion field created by positive charges uniformly
distributed in the depleted silicon bulk and a transport
field created by a distribution of potentials on the
cathodes. The depletion field is responsible for both the
collection of electrons at the bottom of the potential
valley and the confinement of the created electron cloud
in the middle of the bulk during the drift. Along the drift
path the cloud expands, due to such effects as diffusion
and mutual electrostatic repulsion between electrons.
The diffusion itself causes an increase of the cloud width
o(t) = V2Dt, where t is the drift time and D is the
diffusion coefficient. Broadening of the pulses from SDDs
affects the coordinate and double particle resolution
as well as design parameters of front end electronics.
A theoretical analysis of the dynamics of electrons is
presented in [3] for the case of a constant transport field.
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In this paper we present experimental results on the
dynamics of electron clouds in SDDs. Electrons were
generated at different drift distances and the shape of the
cloud arriving on the anodes was measured. In this way
the cloud shape dependence on drift distance was studied.
Measurements were done using a STAR2.9 detector. This
is a bidirectional SDD designed for the silicon vertex
tracker of the RHIC STAR experiment [4]. Maximum
drift distance is 30 mm. Detector thickness is 300 um.
Further details about STAR SDDs can be found in [5, 6].

Section 1 briefly describes the experimental setup. In
section 2 the methods used to measure the cloud shape are
discussed. Section 3 shows experimental results.

I. Experimental Setup

For these measurements detectors were bonded to
mother boards with preamplifier sockets and bias voltages.
The front end electronics consisted of charge-sensitive
hybrid preamplifiers and hybrid shapers [7]. The

data were read out via a 500 MHz digital oscilloscope
TDS640A.

An IR LED [8] of wavelength 820 nm was used to
generate electrons. The repetition rate was 300 Hz, the
duration of a light pulse less than 8 ns. At 820 nm an
initial charge is generated near the detector surface. The
LED light was focused, by microscope, into a spot of
about 20um in diameter. Light pulses were transported
to the microscope via an optical fiber. The spot was
positioned in the 35um gaps between cathodes. One
light pulse generated about 6.2 x 104 electrons, i.e about
2.5 times that of a minimum ionizing particle crossing
the detector plane. Visible light was used to check the
focusing at different drift distances.

The SDD was placed under the microscope on a XY
stage with a position resolution of 0.5um for both axes.
The oscilloscope and controller of the XY stage were
connected via GPIB to a Macintosh computer. Software
for automatlzatlon of measurements was, writtens usmg"”
LabVIEW [9].
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We acquired average waveforms of signals from three
adjoining anodes at different positions of the light spot
along the ”drift” axis (X) and the axis parallel to the
anodes (Y). Measurements were performed in eleven
positions along drift length. At each drift distance the
light spot was moved along the Y axis with a step of
25pum and 40 - 65 measurements were taken. An example
of waveforms taken closest to the anode position is shown
in Fig.112.
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Figure 1: Waveforms from three anodes at “zero” drift

distance and collection of total generated charge on the central
anode.

The transport field was 400 V/cm. The drift time
versus drift distance is shown in Fig.2. The drift velocity
is 5.2um/ns.
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Figure 2: Drift time vs. drift distance.

II. Methods

A. Anode direction

Our goal is to determine the charge density of the
electron cloud projected onto the X or Y axis (i.e. the
”profile”) for a cloud drifted time t from the point of
generation to the readout anodes.

Let y be the distance from the cloud center to the edge
of the readout anode, Q;q:q the total charge of the cloud
and n(y,t) normalized density. The charge collected at
this individual anode is

y+4a
Q(y) = Qrotar ¥ / n(y',t)dy’, (1)
Yy

where A is the effective anode length along Y axis. For
our detector A is 250um. If the anode dimension is larger
than the cloud size or we sum over enough anodes to cover
the cloud we can rewrite (1) in terms of the cumulative
function ®(y,?)

®(y, ) QW) “/oo n(y',t)dy. (2)
y

- Qtotal -

Moving the light spot along Y we can directly measure the
cumulative function ®(y,t). The derivative of the ®(y,1)
with respect to y gives the average electron cloud profile
n(y,t) = 0®(y,t)/0y. It is worth mentioning that the
same technique is applicable to studies of electromagnetic
showers as demonstrated in [10]. Factors limiting the
accuracy of measurements are pulse-to—pulse fluctuations
of LED, electronic noise, accuracy in positioning of
the XY stage and precision of the calibration. The
contribution of all statistical fluctuations decreases with
increasing statistics. As long as position resolution is
much smaller than the cloud width the related error is
small.

As will be shown clouds expand beyond three anodes
at large drift times. So, it is important to have another
method for estimating the cloud size. A method for
estimating the cloud size using measurements on a single
anode is shown, below. Assume that the cloud profile is
gaussian-like. The charge collected at an individual anode
is

y+A
o

QW) = Qi x [FREQEER) - FREQZ)], )
where FREQ is the frequency function defined in {11].
Measuring the charge collected at the anode as a function
of coordinate of the light spot and applying standard
fitting technique the cloud width and total charge can
be obtained. Obviously this method is free of systematic
errors related to calibration.

B. Drift direction

For analysis in the drift direction we use the fact that
the output signal from the anode is a convolution of an



electronics response function with the anode signal. In
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for our preamplifiers and shapers is

Pls+ 7))

Fls)= (s+ %

where 7, and 7 are two electronics constants. As will
be shown the shape of the electron cloud in the anode
direction is Gaussian. So, by fitting signal waveforms with
a convolution of the electronics response function and a
Gaussian, we are able to extract the cloud width in the
drift direction.

Analytical expression for this convolution was obtained
and coded as a FORTRAN function. To determine the
electronics parameters 7, and 77, waveforms were initially
fitted using five free parameters 7, 11, {9, o, @, where t; and
o are the position and width of the Gaussian respectively,
and @ is the charge collected on that anode. 7, and 7
were then fixed at average values obtained from about 200
waveforms taken at different drift distanses.

The anode signal induced by this Gaussian cloud will

have some deviatlons from a Gaussian shape, but we
expect that those deviations are not significant.

The method of cumulative functions was used to
extract the cioud shape for those drift times where the
cloud is fully covered by three anodes. In Fig.3 the
measured fractions of the collected charge, Q(y)/Q:otai;
as a function of y are shown for the light spot position
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closest to the anodes. At that drift distance each anode

provides two measurements of the cumulative function.
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cumulative function.

Differentiation of measured functmns gives n(y,t) and
—n(y,t) separated by the distance A. Fig.4 shows
cloud profiles calculated by numerical differentiation of
Q(v)/Qtotar. The profiles have a Gaussian-like form. The
width of the cloud at this point is o ~ 20pum in agreement

For all drift distances the amplitude from a single anode
measured as a function of coordinate of the light spot were
fitted by Eq. 3 with free parameters Qtotar and o. Results
of the fit for all drift distances for one anode are shown in
Fig.5. The quality of the fit is good for all distances. Both
methods are in good agreement.

The evolution of the cloud width with drift time
is shown in Fig.6. The dynamics of the electrons is
described by the continuity equation [3]. The solution
of the continuity equation, which takes into account
drift, diffusion and Coulomb repulsion, for Q = 6.2 x 10%
electrons is shown by a solid line. Values of other
parameters used in calculations are: diffusion coefficient
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Figure 3: Fraction of the charge collected on the anode(s) vs.
position of the light spot. a), b), ¢) — individual anodes; d)
— sum over three anodes.
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Figure 4: Cloud profiles.

D = 3.5um?/ns, electron mobility p = 1350pm2/nsV.
The agreement between measurements and theoretical
model of the dynamics of electrons is evident. The dash
line shows the evolution of the cloud width because of
the diffusion only. Dotted line shows the evolution of the
cloud width for the case of the Coulomb repulsion only.
Even at this low ionization, the contribution of Coulomb
repulsion is significant, particularly at short times while
the cloud size is small ( < 100pm).

B. Drift direction

Results of the waveform fits for one anode at four drift

distances are shown in Flg
all drift distances.
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Figure 5: Amplitudes from a single anode vs light spot

coordinate for all drift distances going from 0 mm to 29.89
mm in sequence: 0.0, 0.18, 1.26, 2.35, 3.42, 7.74, 12.07, 18.55,
22.87, 27.20, 29.89 mm. Points are data, solid line is fit.
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Figure 6: Dependence of the cloud size on drift time. Points
are data. Solid line shows a solution of the continuity equation
with both diffusion and Coulomb repulsion contributions.
Dash line shows the diffusion only. Dotted line shows Coulomb
repulsion only.

For each drift distance the width o of the Gaussian was
extracted from waveforms taken at different coordinates
of the LED spot along the anode. For the first three
drift distances we see a parabolic dependence of o on the
coordinate along the anode with a minimum at the center
of the anode. At very short drift distances, the electron
cloud expands rapidly. Even a small variation in drift
distance will cause visible variation in the cloud size. This
could be a possible explanation of the effect. The width
of the cloud for the first three distances was determined
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Figure 7: Signal waveforms for drift distances 0., 2.35, 12.07,
29.89 mm. Black dots are data, solid lines show best fits.
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Figure 8: Cloud width in drift direction vs. cloud width in
anode direction. Black dots are data, solid line shows linear
dependence.

as the value of ¢ in the minimum, for other distances the
weighted average was used.

A correlation between cloud width in anode and drift
directions is shown in Fig.8. It is a linear dependence.
That confirms that in both directions the electron cloud
expands in the same way. As one can see from Fig.8 the size
of the cloud in the drift direction is systematically larger
than the size in the anode direction. For our measurements
this can be explained by the following: 1) the duration of
the LED pulse increases the size of the initial spot only
in the drift direction; 2) the signal induced on the anode
by a single electron is a function with a finite width; 3)
the drift field is not uniform in the focusing region and



4) there are small local non uniformities in the drift field
outside the focusing region. Taking that into account we
can conclude that the theoretical model [3] of the dynamics
of electrons in silicon drift detectors is in agreement with

our experimental results.
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