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Abstract—We have developed a delay-line readout technique of a molecule into several charged fragments and the projection
for microchannel plate detectors with an increased acceptance for of the fragments onto one microchannel plate detector [14].

multiple hit events compared to standard two-layer delay-line an- - A mjcrochannel plate will respond to a large number of al-
odes. This technique allows unambiguous determination of arrival

time and position of at least two simultaneously detected particles, most simultaneously :?lrriving particle§ @ mUItih.it event) in the
and/or to detect an even larger number of particles in a shower, as Sa&me way as to statistically arriving (single) particles, as long as
long as any two particles do not arrive both at the same timend the integrated particle rate over time (multihit rate times average
atthe same position within certain limits. We demonstrate and dis- multiplicity) does not exceed the total count rate limit. There is
cuss the abilities and limitations of this technique and the relevance also a local count rate limit depending on pore size and single
for certain experimental _taSks' S _ pore recovery time. Consequently, the standard “image intensi-
Index Terms—Delay line, fragment imaging, imaging, micro- fier” technique, i.e., projection of the charge cloud(s) from the
channel plate, multihit, three-dimensional (3-D) detection. MCP stack onto a phosphor screen and recording the optical
image on the screen with a CCD camera, will also provide infor-
|. INTRODUCTION mation on the positions of the individual particles in a shower,
. . . . as it does for singly arriving particles. This requires already an
ETEEHO'\I‘ olf tsmglg\l/lecgar_tmles OIrI Ehot?ns \(/letth "; Mt advanced” CCD readout scheme so that each multihit event
1 |v(|:r0$ anr;fe f.)a e ( . ) 'fha (\;vet i gvetc?pe fec “_'tqqg individually recorded. Still, this technique cannot be used to
[1]. Mos applications require the determination o pos'_'oﬁnalyze the relative arrival times of the individual particles in
and/or arrival time of quasistatistically arriving particles, I multihit as defined above due to the low frame rate (image
photons from a celestial object or particles from a Iaborato%adout frequency) of even the fastest CCD cameras
source. TE ere e(ljre sevzlaraldreqdouggghods_eltr|1er W'E,h Ip hgstph(geveral alternative MCP readout concepts exist for precisely
screen—charged coupler device ( )or singie particie de %‘é’tecting the positioandtime for single particles, but only few
tion schemes in use, depending on the specific task [2]—[13].Of them can analyze multihit events
Fors_,ome a_lpplications, howevgr,_ there is need to d_et_ectabqrﬁt_.rom these techniques pixel detectors with a segmented
of particles, i.e., events of quasisimultaneously arriving par%hode and a large number of truly independent and fast elec-

glef;. Posn;]on an(Ijt.';]l!'tne of ?ach [k))amflefshatl! tl)e rei?rde?'tv%?nic channels can be considered to have the highest potential
efine such a multihit event as a burst of particles (at leas position and time sensitive multihit detection [15], [16],

arrl\c/jlngt W|tr|1|nfa fgw Imlcrots_elcon.dst, as tne faste;t electro ile methods using slow charge integrating circuits (such as
readout cycle for singie particies IS typically one mICroSeconfl,q qjstive anode) will not be adequate at all for such tasks.

An example for an application is the collision-induced breakup Pixel techniques and crossed wire anodes suffer from an es-

calating electronic complexity as the demand on position reso-
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simultaneously. From the relative delay that the signals expeire loops. If one of the wires (signal wire) from each layer is
rience along the lines before they arrive at the two ends of thet to a slightly more positive voltage (typically 50 V) than the
delay line the position along this direction can be determineather (reference wire), the electrons are collected on the signal
The two-dimensional position is then obtained by reading thére only. The charge cloud is almost equally shared between
second (perpendicular) delay-line in coincidence. The tintke signal wire loops of both layers, giving rise to differential
signal pick-up from the MCP finally completes the informatiorsignals on the two perpendicular transmission lines, the signal
on a detected particle (position and time). height being proportional to the charge in the cloud. The pulse

The position resolution is much superior than for pixel deteshape depends on the number of wire loops that have collected
tors as a resolution much better than the pitch distance of #heortion of the cloud, folded with the signal delay per loop and
collecting wires/tracks is achieved. This is due to an inheretfie time structure of the charge cloud emerging from the MCP.
center-of-gravity averaging on the anode. Position resolutiomlbe signal propagates to the ends of each transmission line with
well below 50um have been reported [11] and can be maira speed close to speed of light. DC-decoupled differential am-
tained for large-scale detectors [19]. The time resolution is wellifiers and constant fraction discriminator (CFD) circuits are
below one nanosecond. Only five electronic timing channels areed to produce four fast (norm) timing signals for each delay
required to obtain this information. As electronic timing circuitéine end. The time sequence of these signals codes the position
are comparably fast (unlike charge integrating circuits) severalboth dimensions. A fifth amplifier and CFD connected to the
consecutive signals can principally be handled on the chaM<P (dc-decoupled on bias contact) can be used to determine
with rather low dead time. Due to redundancy and checksumglie time of the particle impact. An outer trigger is then needed to
the signal sequences (as described in the next section) it is etlefine a (common) time zero for these five arrival time signals.
possible to analyze particle pairs that arrive within the electronite position of the particlesY, Y) with respect to the center
dead time as long as they are sufficiently separated in positiaf.the detector is given by

The suitability of the delay-line technique for multihit detec-
tion depends mostly on the ability of the electronic chains to X =(x1 —x2) - w1
determine the timing for several signals following each other Y =(y1 —y2) - v (1)
on the same line. There is an ambiguity between time differ-
ences originating from relative positions on the detector anghe time-of-flight (TOF) is simply
from the particle arrival time difference on the MCP that must
be resolved. TOF = t. 2)

For better resolving of this ambiguity we have developed a
three-layer hexagonal delay-line (“Hexanode”) [20]. The cowith z;, x>, y1, y», and¢ denominating the measured signal
cept of using additional anode layers has already been appligflving times with respect to time zero for the four delay-line
for similar experimental tasks using gas-filled particle detectogpds and the MCR., is the effective perpendicular propagation
[21]-[24]. Our Hexanode approach for MCP readout followspeed on the delay-line anode (typically 1 mm/ns). Noteithat
the design of the “standard” helical wire anode (HDL) as r§s much smaller than the real signal speed parallel to the wires.
ported in [8]. The HDL can already be used for a variety gfor simplification we assume here that is the same for both
multihit detection tasks if combined with adequate electronigelay-line layers.

readout circuits [25] In Sections Il and Ill, we will describe this For pure |mag|ng app“cation usua”y On|y two time digitizers

technique and discuss its limitations. In Sections 1V and IV Wgre used that directly measute — z» andy; — y», by two

present the three-layer hexagonal design and discuss the ady#@flependent start/stop clocks, being the “start” and:, the

tages for multihit applications. We conclude with prospects fogtop” signal (after delay), respectively, fot dimension.

future electronic readout schemes. However, if the absolute time information (e.g., the TOF) is of

interest it is advantageous not only to add a third timing channel

for the MCP signal but to measure all five timing signals with

respect to acommon time zero. The redundancy gives rise to the

so-called time sum spectrum far andY” direction. If external
The typical HDL [8] consists of two layers of wire pairs, eaclielays like varying cable lengths and electronic response times

pair wound around insulating rods at the edges of a rectanguae subtracted it is

metal base plate. The layers are aligned perpendicular to each

other. The two insulating rods have different thickness, so that Toum = T1 + T2 = y1 + y2 = const 3)

the inner and outer layers are separated by a gap of typically

1 mm. For each layer the pair of wires forms a transmissionT;,,, is independent from the particle position and corre-

line with low dispersion for a differential signal. The distanceponds numerically to the single path delay of the delay line

of the wires is typically 0.5 mm, so the distance per transmianode (typically 50 ns) if the MCP signal would be used as time

sion line loop is 1 mm. The wires collect the electrons fromero ¢ = 0). This well known constant can for example be

an MCP charge cloud. By applying an extraction voltage to thesed for consistency checks. For a “real” HDL one finds that

wires of typically 500 V with respect to the MCP exit over a dis?},,,, Shows some variation with position. If corrected for this,

tance of several millimeters, a proper charge cloud broadenitng width [full-width at half-maximum (FWHM)] of a time sum

is ensured to allow for a center-of-gravity averaging over ttepectrum is smaller than 500 ps (see Fig. 1).

Il. POSITION AND TIME SENSITIVE PARTICLE DETECTION
WITH A (STANDARD) HELICAL WIRE DELAY -LINE ANODE
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o T T T T T T T T T ] the CFD and in case of multihit events when the time distance
[ ” between particles is of the order of the electronic dead time.
As will be shown in the next section the multihit ability of the
delay-line anode is a consequence of this redundancy.
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Il. M ULTIHIT DETECTIONWITH THE HELICAL WIRE ANODE

Counts

10 ] The first condition to record a multihit event is the use of
E a multistop time-to-digital converter (TDC) with at least five
channels, sufficient range and also sufficiently small timing bin
le-1 kg ,” ”
0 60

TTTTTIT

size (time resolution). Analog TDCs (operating similar to an
ADC) can have a very good time resolution but cannot handle
. ] multihits as defined in the introduction since the electronic cir-
180 cuits have a too long dead time.
Multistop TDCs use a different technique. Very fast clocks
Fig. 1. Time sum spectrum @ = 1 + &» from a HDL anode. The bin allow the time determination between two signals just by
size is 90 ps. Only data within a 5 mm by 5 mm position window are display&ounting the clock pulses in this time window. No analog
here. The FWHM of the peak is 220 ps. The width of this peak is constant ovsifcuit is required, thus, the range is virtually unlimited and
tcgivf/g?;eb?/e;i‘ggtr ihﬁf’ 45-mm diameter), however the absolute peak posifigf; the number of hits to be acquired. Also, the double-hit
dead-time can be very low. Using a Vernier method the time
HFecision can be much shorter than the distance between two
&ock pulses. It is nowadays possible to achieve a bin size
of 100 ps and below with such a method, yielding sufficient
resolution for the absolute TOF timing and a decent position
resolution. It is to note, however, that the time resolution of
OX = Odx -V . (4) the front-end electronics (amplifiers and CFD) is significantly
better than the bin size of today’s multistop TDC8his limits
We assume for simplicity here thak = oy. Note, thatusually the position resolution of the delay-line anode. It is also the
odx Is found to be smaller thasy, the absolute time resolution mytihit dead-time of these TDCs that is determining the total
for the TOF. electronic dead-timé\t... Typically At, is 10 ns.

Especially for analyzing multihit events the time sum can Equipped with such TDCs one can determine the position
serve for more than just a consistency check, it is an impQ{nd time of certain multihit events with a HDL [21]. As long as
tant source of information. First of all, (1) and (2) allow redunthe time distance\t,,, between those two particles in a shower
dant determination of the position and time for a particle. If fafhich are closest in time is bigger than the maximum dwell time
some reason one of the signals on the delay-line ends ¢6)9.,of a signal on the delay-line<( Ti.m), there is no need for
has not been registered, thieposition information can still be 5 special event recovery routine. Independently of the particle
recovered: positions all five signals1, =2, y1, ¥2, andt from an “early”

article 1 arrive earlier than those of “late” particle 2.
Y'=(2y1— Taum) Vi 6 P If Toum > Aty, > A, a time sum chsck is required to
Equivalent equations hold far,, 22, andys,. verify whether the first signal on a delay-line anode end belongs

If the time zero is defined by an outer trigger, the TOF of th#® the early or the late particle. Equations (5) and (6) might be
particle with respect to that trigger can be determined witholeeded to recover events because some of sighals, y1, y2

-
T T

=

—

120
[Channels]

Due to the center-of-gravity averaging the achievable positi
resolution is only determined by the relative time resolution
x1 andzs, y1 andys, respectively. liz4 is the time resolution
for X, one finds for the position resolution

the MCP signat and (2) for the two particles can arrive within the electronic dead time on
some delay-line end. However, at least on one of the delay-line
TOF =1+ 22 — Toum = y1 + Y2 — Toum- (6) ends of both theX andY layer signals from both particles will

e available, together with the corresponding MCP signals of

With (5) and (6) it is possible to recover position and Togoth particles. The event can always be reconstructed if (5) and

if at least one signal from each layer and only one more of tleg) are used for each particle’s signals

remaining values (out afy, zs, 1, o, andt) are available. gy for At > At an event can only be reconstructed if

It is to note that the position resolution for such a “recovereqy . .o ative particle positions are separated by at leAst —
event depends on the accuracy of the time sum information. §9pp) .v, in X andY coordinate. A detailed analysis can be

as the precision dfy,,, is usually worse than afyy it is then " . . ; “ ” L
; " ~._found in [25]. This results in a cross-shaped “dead” region in
the widtho (Tyum) of the T, peak determining the position und in [25]. Thi uts | P gon|

. . . a relative position plot (see Fig. in next section) and, thus, to
precision of Fhe re_covered coordinate a'ccor.dlng to (4).' Also tgeposition dependent multihit efficiency for particles that arrive
TOF resol_ut|o_n will degrade to (L) if ¢ IS nqt avallabl_e. within the electronic dead time. Furthermore, if particles arrive
However, if this decreased (worse) resolution is not seriously
affecting the relevance of the acquired data, the redundancies

L The time precision of multistop TDCs is expected to soon reach 30 psec [26].
of (5) and (6) can be used for event recovery when 'nd'v'duﬁlthe TDC bin sizeAt dominates the time resolutiod£ small) the position

signals are “lost.” This can be due to false threshold settingstiin sizeA X is given byA#/2 - v .
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Fig. 2. Sketch of the Hexanode.
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. . . ~ Fig. 3. Images of test mask obtained from the three independent hexagonal
Y coordinates of the particles are ambiguous and only their disordinate combinations and from a subset where all three coordinates are used

tance can be determined. Note that these considerations are @ksotext).

simultaneously, i.e., within the time sum peak width, F@and

valid for all other delay-line types that have only two delay lines

for the two spatial coordinates. Xuv =u

As this situation is unsatisfactory for some applications we Vv :L (u = 20)
have developed a new anode for improved multihit performance, 3
the so-called Hexanode. Xuw =u

Yuw = — L~(u—i—2w)
IV. HEXANODE FORIMPROVED MULTIHIT READOUT V3

By using a third helical anode layer it is possible to resolve the Xvw =(v _1w)
ambiguity for simultaneously arriving particles [18]. Further- Yow=-—"(v+w). (8)
more, the cross-shaped dead region collapses to a much smaller V3
point-like shape of diamete&2At, - v, or smaller as will be . . ]
shown later. Fig. 3 shows four representations of a test mask image (1-mm

Fig. 2 shows a schematic drawing of the Hexanode. The pgp_les with 2-mm distance), obtained from the three hexagonal

pendicular %” and “y” layers of the HDL are now at a rela- coordinate pair choices according to (8) and the corresponding

tive angle of 60 and a third %” layer is introduced, again with Image when all three layers are use¥i«/Yvw). A precise
1-mm distance and 6Corientation relative to the other layers.calibration is required and also a good linearity of the three
Also, with three layers it is surprisingly easy to distribute the€lay-line layers is important. For the test anodes we found that
charge cloud from the MCP equally on all three layers and EBe_ linearity is better thar_1 0.3 mm over 70 mm even without ad-
obtain signals that allow a two-dimensional position determingifional software correction. _

tion with any twoof the layers. The equations and consideration AS Tsum = 21 + 22 (3), (5), and (6) can be completed to give

of the second section are valid here, too, just supplemented®ifdundant equation set for the Hexanode that can be used for
an additional set for the, andz, timing signals. Thus, one can event recovery. The additional coordinate set resolves the ambi-

define the hexagonal coordinates guity for truly simultaneous particle hits. It also allows reducing
the “dead” region: If the two particles hit with a distance larger
than

w=(x1 —T2) v,
v :(yl - yz) AN
w=(z1 —22) v, +o. @)

Dmin = 2?)J_ : (Ate + AtPP) (9)

there are sufficient coordinates to determine TOF and position
of the two hits, even in a redundant way to allow cross cheécks.

o is an offset parameter that guarantees the three layers haig 4 shows the dead regions for the HDL and the Hexanode
a common center, i.eu, v, andw are 0 in the center of the de-in comparison. Note again, that these considerations are also
tector. One can then calculate the Cartesian position coordinataid for more than two incoming particles. Assuming perfect
frqm a.ny two qf the_hexagonal coordinates. Ifitis assumed thaEA more detailed analysis reveals that the “dead” region has the shape of a
u is aligned withX it follows: regular David star that fits into a circle withy, - (At, + At,,,) diameter.
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Fig. 5. Relative position (a) and relative time difference plots (b) for the two
Fig. 4. Monte Carlo simulation of the “dead” regions for two particleslectrons fronD, after photo-dissociation (see text). The electrons are scattered
that arrive with relative position X, AY on a standard HDL (a) and on over 35-mm relative distance and arrive both within a 11 ns time window on the
a Hexanode (b) of 80-mm active diameter. The relative arrival time of theexanode detector. Note that for all events investigated hegg is smaller
particles in this simulation is 2.5 ns for the HDL and 0 ns for the HexanodghanAt. . In the position plot only events witht,,, > 4 ns are displayed.
Only in the dark regions, the position and time of both particles can be
reconstructed.

be “lost” not only due to electronic dead time but also because of

signal recovery, positions of up to four simultaneous particle"%?nperfed threshold settings. Furthermore, reflections after the

i.e arriving withino (7. ), could theoretically be reconstructed real_ signals or noise can result in additional signals that ente_r
unambiguously (also assuming zero dead time). Even moreth time sequences. These problems could be resolved by using

multaneous particles could be registered unless these arefﬁ@ther complicated (but straightforward) event reconstruction

arranged in rather peculiar (and, thus, unlikely) triangular pat9°"ithm. Due to the redundancies that can be used to verify a
constructed event, it is possible to sort out false signals and

terns. However, for nonzero dead time the situation is more co ) 2 ,
low event reconstruction from pulse sequences with “false

plicated. A third particle can interfere with signals of two earlie?" oW Is with duci . Al
particles and, thus, even reduce the number of usable signalé?&F signals without producing erroneous reconstructions. Also

position reconstruction of the two earlier particles. This situz%nly a small pergentage of regl events are .obsc-:ured and lost so
tion is currently analyzed in more detail. that the differential cross sections are not significantly affected.

Still the Hexanode has a considerably improved ability to re- 1h€_most “demanding” experiment in terms of multihit
solve multihits compared to the HDL. While the HDL respond§aPability so far has been performed at the advanced light
to multihits adequately as long ast,, > At,., the third layer source (ALS) in Berkeley, CA [27]. A photon beam of 79-eV

of the Hexanode allows an extension beyond the electronic dé{lpton energy intersected a molecular gas jet targeDof
time limit. The MCP signalst] of the particles are not used inl" & COLTRIMS reaction microscope [14]. Absorption of a

such case. Position and time can be reconstructed from the QB—

nals on the three layers as long as the particles’ distance is lafg@@mentation of the molecule into two positively charged

thanD,,;,, or in less precise words: if the particles do not arrivi®ns an_d two elgctrons. A_combmatlon of electrostatic and
at the same timandat the same position. magnetic solenoid fields guides the charged fragments to two

This situation is similar for pixel type anodes. So the HexRosition-sensitive 80 mm MCP detectors facing each other.
anode matches the multihit performance of a pixel anode wilthe 9éometrical solid angle of this spectrometerssier both
lectrons and ions. From the TOF and impact position of each

pixel size D i, but it uses much less electronic circuits (onl its final i all th o
six or seven) and the position resolution is much superior to al 9gment its final state momentum in all three spatial dimen-

pixel arrangement. Of course, for those events wiitfy, > Af, sions can be determined. The ion-side MCP was equipped
the position and time resolution is considerably better with a HDL while the electron hits have been registered with a

Hexanode. Although ions and electrons share about the same
kinetic energy, the electrons are much faster due to their lower
mass and arrive within a 10-ns time window relative to each

It is rather simple to verify the imaging performance and linether on the MCP.
earity of the Hexanode, also it is straightforward to prove the Fig. 5 shows a plot of the electrons’ relative position distri-
redundant imaging between layer pairs. But it is quite an undémition (A X, AY’) and the relative time difference distribution
taking to set up a multihit test apparatus. A pulsed UV laser add,,,, as obtained after event reconstruction. The ions arrive
optics to produce double (photon) hits in a controlled way willith a typical time difference of a few hundred nanoseconds so
be set up in the future. So far we use data from experimertisat a HDL had sufficient multihit capability to detect the pair.
where highly differential scattering cross sections are obtain&tle electronic dead tim&t¢, for both detectors was about 12 ns.
with a Hexanode in multihit operation and compare the resultsFig. 6 shows cross sections for the polar angle distribution
with expectations. Experiments have shown that the method of-one electron when the other electron has a fixed polar angle
deed works well [27], [28]. with reference to the polarization vectoof the incoming syn-

In a “real” experiment there are additional obstacles that chahrotron light, integrated over all azimuth angles. The cross sec-
lenge the application of the above considerations. Signals migions for equal energy sharing of the electrons show the typical

V. FIRST MULTIHIT EXPERIMENTSUSING THE HEXANODE
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4 signals from the delay-line have between 4 and 5 ns FWHM due
T to the size of the charge cloud foot print on the layers.
I The fastest commercial CFDs have 5 ns dead time and some
+ novel TDC circuits have also pulse-pair dead-times of 5 ns or
) less. So we expect to reduce the dead time by at least a factor of
S0 7| two compared to the present situation.
- As the next step we are considering to introduce fast
j\v' * flash-ADCs ¢ 1 GHz sampling rate) to read out the amplified
1° . signals’ shapes and perform an on-board shape (timely posi-
T tion) analysis using FPGA circuits. Thus, it should be possible
= to determine the timing of the signals without CFD or TDC and
to reach the dead time limit given by the FWHM of the detector
signals. For the MCP signal this should result in a dead time
as low as 2.5 ns.

We expect that the Hexanode’s combination of certain
multihit ability and high position resolution at comparably low
system costs will be a valuable tool for many new applications.

RSN |
- -
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