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Abstract

Single-Photon Avalanche Diodes (SPADs) monitor the
longitudinal density of the LHC beams by measuring the
temporal distribution of synchrotron radiation. The rela-
tive population of nominally empty RF-buckets (satellites
or ghosts) with respect to filled bunches is a key figure for
the luminosity calibration of the LHC experiments. Since
afterpulsing from a main bunch avalanche can be as high
as, or higher than, the signal from satellites or ghosts, an
accurate correction algorithm is needed. Furthermore, to
reduce the integration time, the amount of light sent to the
SPAD is enough so that pile-up effects and afterpulsing can-
not be neglected. The SPAD sensitivity has also been found
to vary at the end of the active quenching phase. We present
a method to characterize and correct for SPAD deadtime, af-
terpulsing and sensitivity variation near saturation, together
with laboratory benchmarking.

INTRODUCTION

The LHC REF cavities operate at about 400 MHz (2.5 ns
RF buckets), with a distance of at least 10 buckets between
nominally filled buckets (main bunches). A fraction of the
beam can be found in the nominally empty buckets, where
they are called satellite or ghost bunches [1]. The number of
particles in satellites and ghost bunches is typically less than
four or five orders of magnitude lower than the main bunches.
However, they can create background noise at the interaction
points and, due to their large number, cause problems for
luminosity calibration [1].

The purpose of the LDM is to measure the relative number
of particles in the different buckets, via the synchrotron
radiation emitted by the beam.

A schematic overview of the LHC LDM system (one per
beam) that was installed during Run 1 is shown schemati-
cally in Fig. 1: an SPAD registers individual synchrotron
radiation photons emitted from an undulator (below 2 TeV)
or separation dipole (above 2 TeV). Their arrival times rela-
tive to the LHC turn clock are stored with 50 ps resolution,
allowing a histogram over the longitudinal beam profile,
with sufficient statistics, to be generated in a few minutes.
The light intensity on the SPAD sensor can be adjusted by
moving individual neutral density (ND) filters in or out of
the light path. With little filtering, the average number of
photons per ghosts is high, but the counts per ghost that are
within one deadtime of a main bunch is reduced due to the
deadtime of the detector. For heavy filtering, the availability
of the detector is higher, but the number of photons per ghost
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Figure 1: Schematic overview of the LDM system.

lower. The filtering strength should therefore be chosen to
maximize the number of counts per ghost. A more detailed
description of the system can be found in [1].

An example of part of the beam profile histogram mea-
sured by the LDM during Fill 3005 in 2012 is shown in Fig. 2
(integrating over 5 minutes, or 3.3 million turns). Two fea-
tures must be taken into account when resolving the relative
bunch population:

1. Reduced detector availability due to the detector dead-
time.

2. Afterpulsing from main bunches, which is comparable
to, or greater than, the signal from ghost and satellite
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Figure 2: Part of the uncorrected profile histogram from fill
3005 (Beam 1). Main bunch separation is 50 ns. Satellites
and ghosts are visible around the main bunches as smaller
peaks.
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The LDM sensors used in the LHC are of the PDM-series
from Micro Photon Devices!, with Peltier-cooling and inte-
grated active quenching circuits. An identical spare detector
was used for the characterization described in this paper,
with the key figures summarized in Table 1.

! http://www.micro-photon-devices.com/
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Table 1: Characteristics of the Spare SPAD Used in Labora-
tory Tests (*= as measured in laboratory setup)

Photon detection efficiency | 49% (550 nm)

Deadtime, T ~72 ns

Afterpulse probability 4%

Dark count rate 300 Hz*

Timing resolution (FWHM) | 50 ps

Sensor diameter 50 um
METHODS

Detector Characterization

The principle of active quenching is well described in
e.g. [2]. After an avalanche occurs, the voltage over the
SPAD is lowered below breakdown to quench the avalanche
and allow most of the charge carriers that are trapped during
the avalanche to be released. After about T seconds, the
deadtime, the voltage is restored.

Sensitivity It has been observed that as the voltage is re-
stored after an avalanche, the relative probability for a photon
or trapped charge carrier to trigger a new avalanche, S[¢], os-
cillates around its ideal, steady-state value of 1 during a few
nanoseconds. To characterize this behavior, the SPAD was
exposed to a laser pulse (<1 ns) and illuminated with a weak
LED pulse (~100 ns) during the time where the voltage is
restored. By comparing the response to the LED light with
and without the initial laser pulse, S[¢] could be measured.
The result is shown in Fig. 3. T nin and T 4y indicate
where S[t] begins to increase from 0 and settles at 1. S[¢] is
referred to as the sensitivity response profile.
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Figure 3: Sensitivity response profile after an avalanche at
t=0.

Afterpulsing We define R[] as the the probability that an
avalanche at + = 0 will cause an afterpulse avalanche at
time bin ¢, assuming there are no intermediate avalanches
reducing the availability. To measure R[¢], the SPAD was ex-
posed to a single laser pulse and the resulting afterpulse tail
measured. When correcting the afterpulse tail for reduced
availability and removing the constant background, the re-
sult is essentially an infinite series of convolutions between
the initial laser profile d[¢] and progressively higher order
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afterpulses:

Riqirlt]l = o[t] = ( R[] + R[t] = R[t]+...) (1)

Primary Secondary

R[?] is resolved by a deconvolution, and the result for the
spare SPAD is shown in Fig. 4. Note that the fluctuations
around ¢ =72 ns corresponds to the same fluctuations seen
in S[t]. The afterpulses were still measured several 100 ps
after the initial laser pulse (inset, Fig. 4), albeit reduced by
4-5 orders of magnitude.
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Figure 4: Single pulse afterpulse profile, R[¢].

Retrieving the Photon Rate

The goal of the correction algorithm is to retrieve the
relative rate of photons striking the sensor. Avalanches reg-
istered in the histogram are assumed to have three causes:
(1) Synchrotron radiation photons, y[t], (2) Afterpulses, r[t],
and (3) Background events (ambient photons, dark counts),
b[t] < 1. Square brackets indicate an average number per
time bin (50 ps) per turn. For a sufficiently long integration
time, the measured histogram (divided by the number of
turns), a[¢], contains the probability that an avalanche will
be triggered in an individual time bin. The probability that
no avalanche is measured (subscript m) in time bin ¢ can
then be written as:

1 —alt] = P(Uy[t] + Bplt] + Ri[t] = 0) 2

Here, I',,,[t], R, [¢] and By, [¢] are independent random vari-
ables from Poisson distributions with mean values y,,[f],
rm[t] and by, [¢]. Note that these means are in general lower
than y[¢], r[¢] and b[t], due to the detector deadtime. We
introduce the average sensitivity, h[t], as a scaling factor for
the probability to measure an avalanche at #, as compared to
an ideal detector that does not suffer from deadtime effects
(similarly to what was done for deadtime correction in [1]).
Setting @ = I' + B, h[¢] relates ©,, to © as (R,, is elaborated
later):

P(®,, > 0) = h[t]P(D > 0) 3)

For example if the first main bunch triggers an avalanche with
10% probability, A[t] will be reduced to 0.9 immediately after
the main bunch, reducing the number of avalanches from
following ghosts and satellites by 10%. The probability that
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a Poisson-variable with mean A is zero is e~*, from which
Eq. 2 can be reshuffled (omitting the time-dependence of
b[t]) to give:

1= (1= afte17

y[t]=-In|1- ]

4)

Average Sensitivity

In previous analyses of LDM data, the sensitivity response
profile S[¢] has been modeled as a binary function switching
from O to 1 after a constant number of time bins. With
S[¢] in fact behaving as shown in Fig. 3, a more careful
approach is needed. To estimate /4 in a particular time bin
12, only avalanches in the interval [ty — T pax,t2 — 1] will
have an impact (S[t] is restored to 1 for earlier avalanches).
This interval can be split into three regions as shown in
Fig. 5. Since the minimum time between two avalanches is
T, min. there are only five possible configurations, a-e, of
preceding avalanches in the three regions, as summarized in
Table 2. Their respective probabilities and resulting single-
turn sensitivity at ¢, are denoted p,-p. and h,-h.. The
average sensitivity h[t,] is the weighted sum ) p; ;. Note
that with an avalanche in I, or I3, h[t;] is O.

Il 12 Ig
TS,min >
TS min >
< TS max
T T
to i1 2

Figure 5: Regions considered to evaluate h[f;].

Table 2: Possible Avalanche Configurations in /;-/3 During
a Single Turn (x=avalanche in region I, I; or I3)

L L I P hlt2]
- X - Pa ha [12] = 0
X - - Db hplt2] #0
X - X De he[t2] =0
- - X Pd halt2] =0
B - B Pe he [t2] =1
2pi =1 | hlt2] = ¥ pihilt2]

a: If there was an avalanche in I, there could not have
been one in /; and there can be none in /3. Since avalanches
in the I>-bins never occur in the same turn, the probability
for this configuration, p,, is given by a sum of a[t] over I,:

Pa = Zt’e[z alt'].

b: The probability of an avalanche at ¢y € I} is a[t¢]. For
this case to occur, there must be no subsequent avalanches
up to t, — 1. Assuming that h[t] is known for all ¢ < #,, we
use the corrected avalanche rate, a’[f]:

a’[t] = alt]/hlr] (5)
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to estimate pj. Given an avalanche at ¢y, the sensitivity at
t1 > to is S[#; — to] and subsequent avalanche probabilities
are estimated as S(¢1 — to)a’[t1].

The probability of no avalanche in /3, given an avalanche
at t¢, is denoted P(!I3]ty) and estimated to:

tr—1

Pnl) = |

11=t0+Ts,min

(I =S[ti —told’[t:])  (6)

pp is given by a sum over all o € I;:

po =Y. altglP(Llro) @

toel

Finally, &, is the weighted sum of S[t, — #¢]

hy = " altolP(slt0)S(t2 = 10) [ py @®)
to€l)
¢: Given an avalanche in I, this is the complement of case
b
pe = altolP(Llto) = ©)
toel;
= > altol(1 = P(Llt0)) =| D altol |- py

toel toel;

d: The probability of an avalanche in I3 is: P(l3) =
Dol alto] = pe + pa. Therefore:

pa = P(I3) — pc (10)
e: This is the last case, i.e:
Pe =1 —=(pa +pp+ pc + Ppa) (11)

To evaluate h[t;] for all #, in the entire histogram, h[t;]
must be evaluated iteratively since, since h[t, — 1] and a’[f; —
1] are used.

Afterpulse Rate

To estimate the rate of measured afterpulses, it is tempt-
ing to convolute a[¢] with R[¢] and then multiply with the
average sensitivity i[¢]. However, this would in general un-
derestimate the afterpulsing rate where main bunches are
closer than Ty ,,,;, since two main bunches spaced by 25 or
50 ns will never cause an avalanche in the same turn. For ex-
ample the rate of measured afterpulses from the first bunch
in Fig. 2 is completely unaffected by the presence of the
second main bunch, no matter how high its intensity. This
single-turn correlation between a primary avalanche and its
afterpulses therefore needs to be addressed. To evaluate how
an avalanche at ¢ affects the measured rate of afterpulses
at t,, we therefore distinguish between recent afterpulses,
r.[t], and late afterpulses, r;[t]. The total afterpulse rate
rmlt] is the sum r, [t] = r,-[t] + r[t].
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Recent afterpulses We define "recent” to mean 1, —fy <
2T, min, i.e. about 140 ns in our case. Given an avalanche at
to € [t2 = 2T min.t2 — Ts.min], an afterpulse at #5 can occur
only if there are no subsequent avalanches in the interval
[to + 1,£, — 1]. We estimate the probability for this to be:

-1

P([to + 1,12 — 1]I19) = l—l 1= S[t1 —tola’lt] (12)

t1=to+1

Here, the corrected avalanche rate a’[#] is used. In the case of
Fig. 2, the influence by the second main bunch on afterpulses
from the first main bunch would be masked by the factor
S[t1 — to].

Since no avalanches in [t) =27 nin,t2 =T, min] can occur
in the same turn, the total rate of recent afterpulses at #; is a
straight sum over #¢:

IZ_Ts,min

rinl= )

to=12—2Ts,min

altolP(Mzo + 1,22 — 1]|t0) R[22 — 0]
(13)

Late afterpulses For late afterpulses, the assumption is
made that the gap between avalanche occurrence ¢y and after-
pulse time ¢, is sufficiently large that the average sensitivity
h[t,] can be used to estimate the afterpulse:

rilt2l = Yy <i,27, iy -1 All0IRIE2 = tolhl2] =

= h[t2] X (a = R)[2]
where * denotes discrete convolution and R[¢] is identical
to R[t], but with the contribution from recent afterpulses

masked:
~ 0 if r< 2Ts,min
Rir] ={ Rl i 1> 2T, i (15)
RESULTS
Afterpulse Rate

In order verify the accuracy of the afterpulse rate, r,, [?],
the SPAD was illuminated with 300 laser pulses spaced at
25 ns with a repetition rate of 100 kHz to simulate the typical
main bunch rate under operational conditions. The light
was attenuated with neutral density (ND) filters of different
strengths (0-2, corresponding to three orders of magnitude).
Figure 6 shows the measured histogram, a[?] (solid), and
the predicted afterpulse rate, r,,,[¢] (dashed), at the end of
the pulse train. r,,[t] and a[f] are in excellent agreement
up to ND1, where the number of counts per main bunch
is about 0.13 (=0.2 at full availability). At this count rate
(5.2 x 10%/s), the availability in the pulse train is in general
reduced by about 40%.

With NDO, the SPAD is close to saturation, but the counts
per bunch are only marginally higher (0.15). The discrep-
ancy between a[t] and r,,[f] can be explained by an SPAD
feature unaccounted for in the current model. At the end
of the deadtime, there is a time window of a few ns where
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the bias voltage is above breakdown, but the signal output
is still inactive. Avalanches occurring in this window will
be unaccounted for, causing an overestimation of A[¢]. The
quenching of these avalanches is also delayed, so that the
longer lasting avalanche current will trap more charge carri-
ers and increase the afterpulse rate.

| = 10 xayplt] |;

| = ayplt]

alt], v, [t]

8.48
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Figure 6: a[t] (solid) and r,[¢] (dashed) at the end of a 300

long 40 MHz pulse train. ay polt] is offset by a factor 10

for readability.
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Photon Rate

In order to verify the correction algorithm, the SPAD
was exposed to two pulsed lasers with different intensity,
simulating operational conditions with 40 MHz high inten-
sity "main bunches" with intermediate "ghosts" of about
2.4%x107° times lower intensity. ag4r[t] in Fig. 7 shows
the initial part of the pulse train. The afterpulsing between
main bunches shows a larger variation than the amplitude of
the "ghosts", with almost discontinuous jumps one 7 after
each main bunch. When removing the afterpulses to esti-
mate y[¢] + b (Eq. 4), the baseline between main bunches is
flattened, which greatly facilitates estimation of ghost and
satellite population. As there are inevitably some unregis-
tered avalanches, the estimated baseline is slightly higher
than the "true" background rate (as a reference, ay [t] shows
the signal with only the low intensity laser on). The higher
baseline, which is fairly stable, can be explained by late
afterpulses accumulated from unregistered avalanches.

LHC LDM Data Correction

The correction algorithm has also been tested on some
data sets from LHC Run 1. One example is shown in Fig. 8.

Uncorrected, the afterpulses alone produce a baseline
variation between main bunches that is several times larger
than the ghost and satellite signal. After correction, the
baseline is flattened and the satellite and ghost bunch profiles
are more apparent.

A gradual decrease of the corrected baseline between
main bunches can be seen in the signal. This is an effect of
the unregistered avalanches, which are more likely to happen
where there are main bunches, and result in an overestimation
of h[t], with the effect that r,,, [] is overestimated and y[¢]+b
consequently underestimated. The closer the window where
avalanches can occur without being registered is to the main
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Figure 7: Initial part of LHC-like pulse train with interme-
diate ghosts (red: high+low intensity laser, blue: only low
intensity laser, green: calculated y[f] + D).

bunch separation (a multiple of 25 ns), the more enhanced
this effect would be. It has been confirmed that the end of
this window is very close to 75 ns. For Run 2, the deadtime
of the SPADs has been adjusted to minimize this effect.
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Figure 8: Raw (red) and corrected (blue) LDM data from
fill 3005, Beam 2.

i
1450

Time Resolved Diagnostics and Synchronization

MOPD11

CONCLUSIONS

A model based characterizing the response of Single-
Photon Avalanche Diodes has been developed to enable
the removal of afterpulse signals to retrieve the underly-
ing relative photon rate. Its accuracy and ability to distin-
guish between afterpulse and photon induced avalanches has
been confirmed experimentally under LHC-like conditions
at count rates over 5x10%/s.
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