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Antimatter Beams:  
- Charged low energy (keV range) beams: positrons/positive muons and antiprotons 
- Low energy neutral beams (meV-keV range): positronium, muonium, anti-hydrogen 
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Moderators

Negative workfunction
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CW Positron beam - characterisation/tagging

Intensity

Positron 
Tagging

Profile

Annihilation plate + Scintillator detecting gamma 
Micro-channel-plate (MCP)

Detection of secondary electrons emitted  
when the positron hit the target with MCP 

Movable aperture+ scintillator detecting gamma 
Position sensitive MCP
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2. Theory of operation 
The theory of channel multiplication has been adequately 

covered by many authors11,16-17). The aim here is to present 
results from a simple theoretical analysis which pertain to 
particular MCP design parameters. We shall consider here 
the phenomena of ion feedback, space charge saturation, and 
dimensional scaling. Recently, a computer model has been 
developed18) which uses Monte Carlo methods to predict the 
performance of straight channel multipliers. It is well to 
keep in mind that predictions based on this model are in 
much closer agreement with experimental data than those of 
the simple theory considered here. 
 
 
2.1. THE STRAIGHT CHANNEL ELECTRON 

MULTIPLIER 
 

A diagram of a straight channel electron multiplier is 
shown in fig. 2. Pictured here is a simple mechanism where 
an incident electron produces δ secondary electrons. The 
kinematics are such that δ2 secondary electrons are produced 
in the second stage, δ3 in the third, etc., so that the overall 
gain G is given by G =δn. According to Schagen17), 
assuming that the secondary emission is normal to the 
channel walls, 
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where V is the total channel voltage, 
V0 is the initial energy of an emitted secondary electron ~1 

eV, 
α  is the length to diameter ratio, and 
A is the proportionality constant in the assumed relation 
δ =AVc

1/2, (2) 
 
where Vc is the electron collision energy in eV, and A~ 0.2. 

As V increases, so does δ, the secondary electron yield, since 
each collision then occurs at a higher energy Vc. At the same 
time, the number of collisions within the channel must decrease, 
resulting in an extremum in the G vs V characteristic. A measured 
characteristic curve is shown in fig. 3 for a Galileo MCP with 
straight channels. Rather than exhibiting a maximum, the curve 
levels off at large V; this is due to secondary emission which is 
not orthogonal to the channel walls. We note here that the 
computer model of Guest18) does show good agreement with 
experimental data. 

Eq. (1) also exhibits an extremum in α, suggesting that there is 
a gain for which the inevitable variations in a from channel to 
channel have minimal effect. From eq. (1) and the condition 
d(lnG)/dα = 0, we find that 
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and 
GM =exp (0.184A2V) =exp (0.0074V), (4) 
 
where GM and αM are the values of C and α at the extremum. For 
V = 1 kV, GM = 1635 and αM = 60. According to Guest18), αM 
=V/22 so that αM = 45. In any event, α is typically in the range 
40-60 for MCPs used in image intensification. 
 
 
 
 

 
 
 

 

Fig. 2. A straight channel electron multiplier. Fig. 3. Gain vs voltage characteristic for a straight 
channel MCP and a Chevron. 
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Micro Channel Plates (MCPs)
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Reprinted from Nuclear Instruments and Methods, Vol. 162, 1979, pages 587 to 601 
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1. Introduction 
 

A microchannel plate (MCP) is an array of 104-107 

miniature electron multipliers oriented parallel to one 
another (fig. 1); typical channel diameters are in the range 
10-100 µm and have length to diameter ratios (α) between 
40 and 100. Channel axes are typically normal to, or biased 
at a small angle (~8°) to the MCP input surface. The 
channel matrix is usually fabricated from a lead glass, 
treated in such a way as to optimize the secondary emission 
characteristics of each channel and to render the channel 
walls semiconducting so as to allow charge replenishment 
from an external voltage source. Thus each channel can be 
considered to be a continuous dynode structure which acts 
as its own dynode resistor chain. Parallel electrical contact 
to each channel is provided by the deposition of a metallic 
coating, usually Nichrome or Inconel, on the front and rear 
surfaces of the MCP, which then serve as input and output 
electrodes, respectively. The total resistance between 
electrodes is on the order of 109 Ω. Such microchannel 
plates, used singly or in a cascade, allow electron 
multiplication factors of 104-107 coupled with ultra-high 
time resolution (< 100 ps) and spatial resolution limited 
only by the channel dimensions and spacings; 12 µm 
diameter channels with 15 µm center-to-center spacings are 

typical. 
Originally developed as an amplification element for 

image intensification devices, MCPs have direct sensitivity 
to charged particles and energetic photons which has 
extended their usefulness to such diverse fields as X-ray1) 
and E.U.V.2) astronomy, e-beam fusion studies3) and of 
course, nuclear science, where to date most applications 
have capitalized on the superior MCP time resolution 
characteristics4-6). 

The MCP is the result of a fortuitous convergence of 
technologies. The continuous dynode electron multiplier 
was suggested by Farnsworth7) in 1930. Actual 
implementation, however, was delayed until the 1960s 
when experimental work by Oschepkov et al.8) from the 
USSR, Goodrich and Wiley9) at the Bendix Research 
Laboratories in the USA, and Adams and Manley10-11) at 
the Mullard Research Laboratories in the U.K. was 
described in the scientific literature. These developments 
relied heavily on a wealth of information on secondary 
electron emission12) and earlier work on the technique of 
producing resistive surfaces in lead glasses by high 
temperature reduction (250-450 °C) in a hydrogen 
atmosphere13. Finally, since most of the electrical 
performance characteristics of channel multipliers are not a 
function of channel length, l, or channel diameter, d, 
separately, but only a function of the ratio l/d =α, an almost 
arbitrary size reduction is possible. Such size reduction may 
be achieved by glass fiber drawing techniques which form 
the basis of fiber op tic device fabrication14). In addition to 
a significant dimensional reduction resulting from these 
methods, a logarithmic compression of repetitive 
manufacturing steps is also possible, i.e., one can achieve a 
structure with ~106 holes requiring ~2 x 103 fiber alignment 
steps by a draw/multidraw technique. 
Prior to the application of reliable fiber drawing techniques, 
however, the first operational MCPs were built between 
1959 and 1961 at Bendix Research Laboratories15). The 
first models were assembled from thousands of single 
channel electron multipliers (~ 150 µm channel spacing) by 
bonding them together with a low melting point solder or 
frit glass. 

Fig. 1. A microchannel plate, (cutaway view) 
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2. Theory of operation 
The theory of channel multiplication has been adequately 

covered by many authors11,16-17). The aim here is to present 
results from a simple theoretical analysis which pertain to 
particular MCP design parameters. We shall consider here 
the phenomena of ion feedback, space charge saturation, and 
dimensional scaling. Recently, a computer model has been 
developed18) which uses Monte Carlo methods to predict the 
performance of straight channel multipliers. It is well to 
keep in mind that predictions based on this model are in 
much closer agreement with experimental data than those of 
the simple theory considered here. 
 
 
2.1. THE STRAIGHT CHANNEL ELECTRON 

MULTIPLIER 
 

A diagram of a straight channel electron multiplier is 
shown in fig. 2. Pictured here is a simple mechanism where 
an incident electron produces δ secondary electrons. The 
kinematics are such that δ2 secondary electrons are produced 
in the second stage, δ3 in the third, etc., so that the overall 
gain G is given by G =δn. According to Schagen17), 
assuming that the secondary emission is normal to the 
channel walls, 
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V0 is the initial energy of an emitted secondary electron ~1 
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α  is the length to diameter ratio, and 
A is the proportionality constant in the assumed relation 
δ =AVc
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where Vc is the electron collision energy in eV, and A~ 0.2. 

As V increases, so does δ, the secondary electron yield, since 
each collision then occurs at a higher energy Vc. At the same 
time, the number of collisions within the channel must decrease, 
resulting in an extremum in the G vs V characteristic. A measured 
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straight channels. Rather than exhibiting a maximum, the curve 
levels off at large V; this is due to secondary emission which is 
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where GM and αM are the values of C and α at the extremum. For 
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Fig. 2. A straight channel electron multiplier. Fig. 3. Gain vs voltage characteristic for a straight 
channel MCP and a Chevron. 
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https://www.photonis.com/uploads/literature/library/TP209_MCP_Reprint.pdf
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A gain vs. voltage curve for a Chevron is shown in fig. 
3. Typically the plates are separated by 50-150 µm and 
individually operated at gains the 104 range. A pulse height 
spectrum obtained with low energy positive ion 
bombardment of a Galileo Chevron is shown in fig. 6. The 
MCPs were 25 mm in diameter and had 12 µm diameter 
channels (α~40) biased at an angle of 8° to the input 
surface normal. The bias voltage was 1 kV per plate, and 
the plate separation was 150 µm. The output electrons were 
accelerated by 270 V to a collecting plate and the resulting 
charge pulses were analyzed using standard NIM 
electronics. The peak gain is high (~4 x 107) and the 
distribution quite broad (fwhm ~170%). For a 50 µm plate 
separation, the peak gain is typically (1-2) x 107 with a 
fwhm of 120-150%. 

We have recently investigated the effect of interplate 
bias voltage, BBV on the output pulse height distribution27). 
Referring to fig. 5, the charge distribution from MCP 1 is 
exponential with a mean gain of ~104 and a mean electron 
energy of 30 eV. At such low charge densities, space 
charge effects are negligible and the primary mechanism 
for interplate spreading of the electron cloud is the radial 

velocity component of the exiting electrons. If an 
accelerating potential is applied between the plates, there is 
less time for the charge cloud to spread radially, and fewer 
channels in MCP 2 are excited, but each is driven harder 
into space charge saturation. Our calculations27) indicate 
that for VB =100 V, the number of channels in MCP 2 
excited by one channel in MCP 1 is reduced by slightly 
more than a factor 3. Such reasoning is in substantial 
agreement with experiment. Figs. 7a and 7b are plots of 
peak gain, GP and fwhm as a percentage of GP vs VB. After 
an initial falloff, the peak gain remains essentially constant 
while fwhm continues to decrease, approaching 60% at VB 
= 700 V. This narrowing of the pulse height distribution is 
advantageous in many pulse processing schemes, since the 
dynamic range requirements on subsequent electronic 
circuitry are correspondingly diminished. For example, 
amplitude dependent discriminator walk is reduced. 

 
 

 

 

Fig. 7. (a) Gain vs interplate bias voltage for a Chevron at 
150 µm plate separation. (b) Normalized full width at half-
maximum (fwhm/GP) x 100% vs Chevron interplate bias 
voltage. 

Fig. 5. Chevron operation (Side view). 

Fig. 6. Chevron pulse amplitude distribution at 1 kV/plate. 

Chevron geometry

Straight channel  
electron multiplier

https://www.hamamatsu.com/resources/pdf/etd/MCP_TMCP0002E.pdf
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MCPs - typ. performances
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4.1. DETECTION EFFICIENCY 
 

The detection efficiency of channel multipliers to various 
kinds of primary radiation is summarized in table 1 from 
Schagen17) and includes data from single channel 
multipliers and MCPs. Measurements made with the former 
are easier to interpret since single channels are usually 
operated in space charge saturation, allowing the use of 
pulse counting techniques. More recently, a review of 
single channel and MCP detection efficiencies has been 
published by Macau et al.35). 
 
 
4.1.1. Charged particles 
The secondary electron emission coefficient, δ, for lead 
glasses typically used in channel plates reaches a maximum 
of about 2 at an incident primary electron energy of 300 
eV36). At low energies, where the incident electrons do not 
have a range sufficient for multi-channel excitation, the 
detection efficiency should approach the open area ratio of 
the MCP which is typically 50%. However, electrons 
striking the interstitial electrode material produce 
secondaries which can excite neighboring channels. Galanti 
et al.37) have observed the channel plate efficiency to 
increase from 50% at 50 eV to 70% at 1 keV. These authors 
also see a variation of efficiency with the electron angle of 
incidence, and have reported a maximum at 20° for 1 keV 
incident electrons. Clearly, if the electron trajectories are 
almost parallel to the channel axes, there is a high 
probability for deep penetration into the channels before a 
primary interaction; this results in low gain output pulses 
near 0º. 
 
TABLE I: Detection efficiency of channel multipliersa. 
 

Type of radiation  Detection 
efficiency (%) 

Electrons 0.2 - 2 keV 50-85 
 2 - 50 keV 10-60 

Positive ions 0.5 - 2 keV 5-85 
(H+, He+, A+) 2 - 50 keV 60-85 

 50 -200 keV 4-60 
U.V. radiation 300 - 1100 Å 5-15 

 1100-1500 Å 1-5 
Soft X-rays 2 -.50 Å 5-15 
Diagnostic X-rays 0.12 - 0.2 Å ~1 
 

a From Schagen17). 
 

Most positive ion detection efficiency measurements 
reported in the literature have been with single channels, 
and quantitative results exist only for energies less than 30 
keV. However, measured efficiencies are of the same order 
of magnitude as those for electrons. Tatry et al.38) have 
found the detection efficiency for 40 keV protons and alpha 
particles to be about 80%. 

4.1.2. U.V. and soft X-rays 
Single channel multipliers and channel plates have surface 

work functions which allow photoelectron production at 
incident wavelengths shorter than 2000 A. Measurements by 
Paresce39) on single channels suggest an almost exponential 
decrease in efficiency from 2% at 1200 Å to 10-9 at 2600 Å. 
Other measurements suggest an efficiency near 10% in the 
12-70 A region40). More recently, Bjorkholm et al.41) have re 
ported peak MCP efficiencies ranging from 27% at 0.86 keV 
(~14 Å) to 5% at 3 keV (~4.1 Å). These authors used a 
Chevron configuration with bias angles of (0/8°) and α =80. 
They found that the quantum efficiency increases as the angle 
of incidence decreases until a critical angle is reached after 
which there is a rapid fall off of efficiency. The peak occurs 
in the 1°-6° range, and the small angle dip is due to reflection 
down the channel. They explained the energy variation of 
quantum efficiency by the variation of the X-ray absorption 
coefficient, and of the photo and Auger electron ranges; their 
model assumed a 100 A layer of SiO2 over the lead glass 
matrix, which is in agreement with the MCP surface analysis 
studies of Siddiqui42). 

Quantum efficiency enhancement can be obtained by 
vacuum deposition of various high yield photo-cathode 
materials on the input face of an MCP. Henry et al.43) report 
an increase of 65% in the quantum efficiency at 1.48 keV 
using a MgF2 coated plate. The efficiency of electron 
multipliers with Au, LiF, MgF2, BeO, SrF2, KC1 and CsI 
photocathodes in the 23.6-113 A wavelength range has been 
measured by Lukirskii et al.44); CsI is often used at longer 
wave lengths. 

Finally, it should be noted that the use of α = 80 Chevrons 
for photon detection ensures space charge saturation at small 
angles of incidence; grazing incidence reflections down the 
channels for α= 40 plates degrade the resulting pulse height 
distribution so that 
a discriminator level becomes difficult to set. The use of an 
interplate bias voltage27) improves the performance with α = 
40 plates, however. 
 
 
4.1.3. Hard X-rays 

As the photon energies increase, so does range within the 
MCP matrix glass. The primary interaction then occurs 
throughout the MCP rather than at a front surface. The thicker 
the lead glass matrix, the higher the photon absorption 
coefficient; channel to channel spacing must be small enough, 
however, to allow photoelectrons produced in the matrix glass 
to excite a channel wall. 

Standard Galileo MCPs are made from Corning 816145) 
glass and have an elemental composition given in table 2. It is 
of interest to note that the photoelectron absorption coefficient 
of this material for 662 keV X-rays is 30% larger than that of 
sodium iodide. The glass density is nominally 4.0 g/crn3. 

Typical performances:  
- High gains: typ. 106  (Chevron geometry)   
- Fast rising time < 1 ns  
→ excellent timing <100 ps 

- low dark count rate: few 1/(s.cm2) 
- work in high magnetic fields

The open area ratio (OAR) of standard MCPs is normally set to 60 %, but we also provide "funnel type" MCPs whose open area ratio 
is improved up to 90 % in order to guide more signals into each channel. Please contact us if  you are interested in funnel type 
MCPs.

2

■MCP gain characteristics ■Pulse height distribution (PHD)
TMCPB0005EB TMCPB0034ED

■MCP saturation characteristics (output linearity)
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CHARACTERISTICS

LARGE OAR: FUNNEL TYPE (OPTION)

CHARACTERISTICS

LARGE OAR: FUNNEL TYPE (OPTION)
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MCP detection efficiency for neutral atoms 

For keV neutrals high detection efficiency, around 100 eV in the % level 
and below 10 eV  basically < 10-4) 	

ELENA microchannel plate detector: absolute detection efficiency for low energy neutral atoms,
Optical Engineering 52(5):051206-051206, DOI: 10.1117/1.OE.52.5.051206
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CW Positron beam - characterisation/tagging

Intensity

Positron 
Tagging

Profile

Annihilation plate + Scintillator detecting gamma 
Micro-channel-plate (MCP)

Detection of secondary electrons emitted  
when the positron hit the target with MCP 

Movable aperture+ scintillator detecting gamma 
Position sensitive MCP
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MCP - position sensitivity, phosphor screen

6

MCP

Readout device
1: Single anode
2: Multianode
3: Phosphor screen

TMCPC0104EA

P.9 P.9P.8P.8 P.10 P.10P.15 P.16

Circular RectangularNon-
demountable

Non-
demountable Circular Rectangular Vacuum

flange

Non-
demountable

This type is 
compact, light in 
weight and 
economical. Unlike 
the demountable 
type, however, the 
assembled MCP 
cannot be replaced.

The phosphor screen coated on 
the glass plate converts the output 
charge distribution from the MCP 
into a visible image. A resolution of 
40 µm to 50 µm can be obtained 
with a one-stage MCP, and that of 
80 µm to 100 µm can be done with 
a two-stage MCP. Select the de-
sired phosphor screen among 
three types of P43, P46 and P47.
(See page 9 for detailed specifica-
tions.)

Multianode

Features

Phosphor screen output

•Wide room for choice of readout 
patterns in one dimension (1×n) 
or two dimensions (a×n)

•Simultaneous counting (parallel 
counting)

•High counting efficiency
•Anode pitch: 3 mm or more

Thin

Its thin and flat shape 
permits installation in 
minimum spaces as add on 
parts. Maintenance and 
servicing of this MCP 
assembly are quite easy 
since there are only 2 
wiring connections.

Fast
response

PHOSPHOR 
SCREEN

MCP

ION or 
ELECTRON

ELECTRON

Position
Detection

Image
Readout

Measures
 the signal amount and

 position distribution

Captures a
 signal distribution

 as an image

MULTI-
ANODEMCP

ION, X-RAY, etc.

SIGNAL

(15.1)
(5.6)

MCPF0077 MCPF0082

9

■Spectral emission characteristics ■Decay characteristics
TMCPB0090EA TMCPB0091EA
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PULSE WIDTH

100 ns

P47

P46

P43DC3

100 ns1 ms
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PHOSPHOR SCREEN PEAK CURRENT 8 nA/cm2
3 Decay characteristics after removal 

of continuous light input

Select the desired phosphor screen by taking into account the decay time according to the readout method and application, and the 
emission wavelength according to the readout device sensitivity.

MCP ASSEMBLY MCP ASSEMBLY SPECIFICATIONS AND DIMENSIONAL OUTLINESSPECIFICATIONS AND DIMENSIONAL OUTLINES (Unit: mm) (Unit: mm)

Circular (Demountable)

Anode type Number of MCPs
Without readout device

Single anode

Multianode

Phosphor screen

1 to 3

1 to 2

Symbol Description Unit
A

B

C

D

E

F

G

H

Assembly outer size

Mounting screw hole pitch

Insulator outer size

Effective area

Effective area of readout device

Maximum height

Distance from

bottom of substrate

to insulator surface

Distance from MCP

input surface to

insulator surface

mm

mm

mm

mm

mm

mm

mm

mm

F2226
  123

  115

  103

  77

  75

17

12.9

14.4

15.9

3.8

4.3

4.8

F2225
  86

  78

  66

  42

  40

15

F2224
  75

  67

  55

  32

  30

15

F2223
  69

  61

  49

  27

  24

15

10.9

11.9

11.9

2.8

3.3

2.9

F2222
  61

  53

  41

  20

  17

15

F2221
  54

  46

  34

  14.5

  10

15

1

2

3

1

2

3

No.

of

MCPs

No.

of

MCPs
Shape may differ depending on product type number.

TMCPA0026EH

PHOSPHOR SCREEN

20

4 ×   4.5 4 ×   3.5

MCP-OUT 
LEAD

E

1.0

G

F

3

READ-OUT 
DEVICE

DEGASSING 
SPACE

SUBSTRATE

CHANNEL 
BIAS 
DIRECTION

MCP

INSULATOR

NUT M2

ELECTRODE 
LEAD

ANODE OR 
PHOSHOR SCREEN LEAD

3

45°
MCP-IN LEAD

D C B A H

P43
P46
P47

545
510
430

1
0.3
0.3

Standard type
Short decay

Very short decay
NOTE: 1Supply voltage: 6 kV. Value relative to P43 which is specified as 1.           2Varies depending on the input pulse width.

Phosphor screen type Peak emission
wavelength (nm)

1 ms
0.2 µs to 0.4 µs 2

0.11 µs

10 % decay timeRelative energy
efficiency 1

Yellowish green
Yellowish green

Purplish blue

Emission color Remarks

NOTE: 1Supply voltage: 1.0 kV/MCP, vacuum: 1.3×10-4 Pa, operating ambient temperature: +25 °C
2Vacuum: 1.3×10-4 Pa

Type No.

F2221
F2222
F2223
F2224
F2225
F2226

12

25

1 stage MCP
: 1 × 104

2 stage MCP
: 1 × 106

3 stage MCP
: 1 × 107

2 stage MCP: 120
3 stage MCP: 80

1 stage MCP: 1.0
2 stage MCP: 2.0
3 stage MCP: 3.0

Single anode: 0.5
Multianode: 0.5

Phosphor screen
: 3.0 to 4.0

3
(2 or 3 stage MCP)

Refer to
"Anode Type"

below

Channel
diameter

(µm)

Number
of MCPs

Gain
(Min.)

Dark count
(Max.)

(s-1·cm-2)

MCP
supply voltage

(kV)

MCP-OUT to anode
supply voltage

(kV)

Puls height
resolution

(Max.)
(%)

1 1 2 21

PHOSPHOR SCREEN

MCP ASSEMBLY MCP ASSEMBLY SPECIFICATIONS AND DIMENSIONAL OUTLINESSPECIFICATIONS AND DIMENSIONAL OUTLINES (Unit: mm) (Unit: mm)

Perform the vacuum baking under 150 °C while keeping the exhaust system at a vacuum pressure below 1.3 × 10-4 Pa.

Readout with CCD camera

https://www.hamamatsu.com/resources/pdf/etd/MCP_TMCP0002E.pdf
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MCP - delay line

Signals to TDC:  
time difference used to reconstruct position 
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simultaneously. From the relative delay that the signals expe-
rience along the lines before they arrive at the two ends of the
delay line the position along this direction can be determined.
The two-dimensional position is then obtained by reading the
second (perpendicular) delay-line in coincidence. The time
signal pick-up from the MCP finally completes the information
on a detected particle (position and time).
The position resolution is much superior than for pixel detec-

tors as a resolution much better than the pitch distance of the
collecting wires/tracks is achieved. This is due to an inherent
center-of-gravity averaging on the anode. Position resolutions
well below 50 m have been reported [11] and can be main-
tained for large-scale detectors [19]. The time resolution is well
below one nanosecond. Only five electronic timing channels are
required to obtain this information. As electronic timing circuits
are comparably fast (unlike charge integrating circuits) several
consecutive signals can principally be handled on the chains
with rather low dead time. Due to redundancy and checksums in
the signal sequences (as described in the next section) it is even
possible to analyze particle pairs that arrive within the electronic
dead time as long as they are sufficiently separated in position.
The suitability of the delay-line technique for multihit detec-

tion depends mostly on the ability of the electronic chains to
determine the timing for several signals following each other
on the same line. There is an ambiguity between time differ-
ences originating from relative positions on the detector and
from the particle arrival time difference on the MCP that must
be resolved.
For better resolving of this ambiguity we have developed a

three-layer hexagonal delay-line (“Hexanode”) [20]. The con-
cept of using additional anode layers has already been applied
for similar experimental tasks using gas-filled particle detectors
[21]–[24]. Our Hexanode approach for MCP readout follows
the design of the “standard” helical wire anode (HDL) as re-
ported in [8]. The HDL can already be used for a variety of
multihit detection tasks if combined with adequate electronic
readout circuits [25]. In Sections II and III, we will describe this
technique and discuss its limitations. In Sections IV and IV we
present the three-layer hexagonal design and discuss the advan-
tages for multihit applications. We conclude with prospects for
future electronic readout schemes.

II. POSITION AND TIME SENSITIVE PARTICLE DETECTION
WITH A (STANDARD) HELICAL WIRE DELAY-LINE ANODE

The typical HDL [8] consists of two layers of wire pairs, each
pair wound around insulating rods at the edges of a rectangular
metal base plate. The layers are aligned perpendicular to each
other. The two insulating rods have different thickness, so that
the inner and outer layers are separated by a gap of typically
1 mm. For each layer the pair of wires forms a transmission
line with low dispersion for a differential signal. The distance
of the wires is typically 0.5 mm, so the distance per transmis-
sion line loop is 1 mm. The wires collect the electrons from
an MCP charge cloud. By applying an extraction voltage to the
wires of typically 500 Vwith respect to the MCP exit over a dis-
tance of several millimeters, a proper charge cloud broadening
is ensured to allow for a center-of-gravity averaging over the

wire loops. If one of the wires (signal wire) from each layer is
set to a slightly more positive voltage (typically 50 V) than the
other (reference wire), the electrons are collected on the signal
wire only. The charge cloud is almost equally shared between
the signal wire loops of both layers, giving rise to differential
signals on the two perpendicular transmission lines, the signal
height being proportional to the charge in the cloud. The pulse
shape depends on the number of wire loops that have collected
a portion of the cloud, folded with the signal delay per loop and
the time structure of the charge cloud emerging from the MCP.
The signal propagates to the ends of each transmission line with
a speed close to speed of light. DC-decoupled differential am-
plifiers and constant fraction discriminator (CFD) circuits are
used to produce four fast (norm) timing signals for each delay
line end. The time sequence of these signals codes the position
in both dimensions. A fifth amplifier and CFD connected to the
MCP (dc-decoupled on bias contact) can be used to determine
the time of the particle impact. An outer trigger is then needed to
define a (common) time zero for these five arrival time signals.
The position of the particles ( , ) with respect to the center
of the detector is given by

(1)

The time-of-flight (TOF) is simply

(2)

With , , , , and denominating the measured signal
arriving times with respect to time zero for the four delay-line
ends and theMCP. is the effective perpendicular propagation
speed on the delay-line anode (typically 1 mm/ns). Note that
is much smaller than the real signal speed parallel to the wires.
For simplification we assume here that is the same for both
delay-line layers.
For pure imaging application usually only two time digitizers

are used that directly measure and , by two
independent start/stop clocks, being the “start” and the
“stop” signal (after delay), respectively, for dimension.
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 a common time zero. The redundancy gives rise to the
so-called time sum spectrum for and direction. If external
delays like varying cable lengths and electronic response times
are subtracted it is

const (3)

is independent from the particle position and corre-
sponds numerically to the single path delay of the delay line
anode (typically 50 ns) if the MCP signal would be used as time
zero ( ). This well known constant can for example be
used for consistency checks. For a “real” HDL one finds that

shows some variation with position. If corrected for this,
the width [full-width at half-maximum (FWHM)] of a time sum
spectrum is smaller than 500 ps (see Fig. 1).

typical perp. propagation  
velocity in delay line 1 mm/ns
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Fig. 1. Time sum spectrum of from a HDL anode. The bin
size is 90 ps. Only data within a 5 mm by 5 mm position window are displayed
here. The FWHM of the peak is 220 ps. The width of this peak is constant over
the whole detector (here, 45-mm diameter), however the absolute peak position
can vary by about 1 ns.

Due to the center-of-gravity averaging the achievable position
resolution is only determined by the relative time resolution of
and , and , respectively. If is the time resolution

for , one finds for the position resolution

(4)

We assume for simplicity here that . Note, that usually
is found to be smaller than , the absolute time resolution

for the TOF.
Especially for analyzing multihit events the time sum can

serve for more than just a consistency check, it is an impor-
tant source of information. First of all, (1) and (2) allow redun-
dant determination of the position and time for a particle. If for
some reason one of the signals on the delay-line ends (e.g., )
has not been registered, the position information can still be
recovered:

(5)

Equivalent equations hold for , , and .
If the time zero is defined by an outer trigger, the TOF of the

particle with respect to that trigger can be determined without
the MCP signal and (2)

(6)

With (5) and (6) it is possible to recover position and TOF
if at least one signal from each layer and only one more of the
remaining values (out of , , , , and ) are available.
It is to note that the position resolution for such a “recovered”
event depends on the accuracy of the time sum information. So
as the precision of is usually worse than of it is then
the width of the peak determining the position
precision of the recovered coordinate according to (4). Also the
TOF resolution will degrade to if is not available.
However, if this decreased (worse) resolution is not seriously
affecting the relevance of the acquired data, the redundancies
of (5) and (6) can be used for event recovery when individual
signals are “lost.” This can be due to false threshold settings in

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.

III. MULTIHIT DETECTION WITH THE HELICAL WIRE ANODE

The first condition to record a multihit event is the use of
a multistop time-to-digital converter (TDC) with at least five
channels, sufficient range and also sufficiently small timing bin
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-
cuits have a too long dead time.
Multistop TDCs use a different technique. Very fast clocks

allow the time determination between two signals just by
counting the clock pulses in this time window. No analog
circuit is required, thus, the range is virtually unlimited and
so is the number of hits to be acquired. Also, the double-hit
dead-time can be very low. Using a Vernier method the time
precision can be much shorter than the distance between two
clock 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
the front-end electronics (amplifiers and CFD) is significantly
better than the bin size of today’s multistop TDCs.1 This limits
the position resolution of the delay-line anode. It is also the
multihit dead-time of these TDCs that is determining the total
electronic dead-time . Typically is 10 ns.
Equipped with such TDCs one can determine the position

and time of certain multihit events with a HDL [21]. As long as
the time distance between those two particles in a shower
which are closest in time is bigger than the maximum dwell time
of a signal on the delay-line ( ), there is no need for
a special event recovery routine. Independently of the particle
positions all five signals , , , , and from an “early”
particle 1 arrive earlier than those of “late” particle 2.
If , a time sum check is required to

verify whether the first signal on a delay-line anode end belongs
to the early or the late particle. Equations (5) and (6) might be
needed to recover events because some of signals , , ,
for the two particles can arrivewithin the electronic dead time on
some delay-line end. However, at least on one of the delay-line
ends of both the and layer signals from both particles will
be available, together with the corresponding MCP signals of
both particles. The event can always be reconstructed if (5) and
(6) are used for each particle’s signals.
But for an event can only be reconstructed if

the relative particle positions are separated by at least
in and coordinate. A detailed analysis can be

found in [25]. This results in a cross-shaped “dead” region in
a relative position plot (see Fig. in next section) and, thus, to
a position dependent multihit efficiency for particles that arrive
within the electronic dead time. Furthermore, if particles arrive

1The time precision of multistop TDCs is expected to soon reach 30 psec [26].
If the TDC bin size dominates the time resolution ( small) the position
bin size is given by .

Typical spatial resolution of 50 microns

O. H. W. Siegmund, P. Jelinsky, S. Jelinskyk, J. Stock, J. Hull, D. Doliber, J. Zaninovich, A. S. Tremsin, and K. Kromer,  
“High resolution cross delay line detectors for the GALEX mission,” in Proc. SPIE, vol. 3765, 1999, pp. 429–440. 
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MCP-PMT

N. Dinu, T. Gys, C. Joram, S. Korpar, Y. Musienko, V. Puill, D. Renker  
https://indico.cern.ch/event/111710/attachments/37211/53776/mcppmt.pdf
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MCP-PMT: TOF applications

- Excellent timing properties 

require fast light source → 
Cherenkov radiator directly 

attached to the MCP-PMT

- Can be used as dedicated TOF 

(SuperB end-cap PID option) or 

part of the proximity focusing 

RICH (Belle-II end-cap PID

option)

Proximity focusing 

aerogel RICH with TOF 

capability

Separation of 2 GeV

pions and protons with 

0.6 m flight length (start 

counter s ~ 15 ps).

Quartz

radiator MCP-PMT

K. Inami @ PD07
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Micro Channel plate  PMT (MCP-PMT)

Similar to ordinary PMT – dynode structure is replaced by MCP.

Basic characteristics:

- Gain ~ 106 → single photon

- Collection efficiency ~ 60%

- Small thickness, high field →
small TTS

- Works in magnetic field

- Segmented anode →
position sensitive

MCP gain depends on

L/D ratio – typically 1000

For L/D=40

MCP is a thin glass plate with an array 

of holes (<10-100 mm diameter) -

continuous dynode structure

D

L

~200V

~2kV

~200V

Anodes – can be segmented 

according to application needs

PHOTONIS

HAMAMATSU

~400mm

f~10mm
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part of the proximity focusing 
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option)

Proximity focusing 

aerogel RICH with TOF 

capability

Separation of 2 GeV

pions and protons with 

0.6 m flight length (start 

counter s ~ 15 ps).
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radiator MCP-PMT

K. Inami @ PD07
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MCP-PMT: Operation in magnetic field

- Narrow amplification channel and proximity 

focusing electron optics allow operation in 

magnetic field (~ axial direction).

- Amplification depends on magnetic field 

strength and direction.

- Effects of charge sharing and photoelectron 

backscattering on position resolution are 

strongly reduced while effects on timing remain

Gain vs. Magnetic field for MCP-PMT 

samples with different pore diameter.

TTS vs. Magnetic field for MCP-PMT 

samples with different pore diameter.

K. Inami @ PD07

K. Inami @ PD07
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- Narrow amplification channel and proximity 

focusing electron optics allow operation in 

magnetic field (~ axial direction).

- Amplification depends on magnetic field 

strength and direction.

- Effects of charge sharing and photoelectron 

backscattering on position resolution are 

strongly reduced while effects on timing remain

Gain vs. Magnetic field for MCP-PMT 

samples with different pore diameter.

TTS vs. Magnetic field for MCP-PMT 

samples with different pore diameter.

K. Inami @ PD07

K. Inami @ PD07

Operation in axial magnetic field vs pore diameter
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MCP- Summary

MCP are a great tool for detection of charged particles  
- Very good spatial resolution 
- Excellent time resolution 
- High rate capability  
- Operation if high magnetic field 

Drawbacks: 
- destructive technique 
- very inefficient for low (<100 eV) energy neutral antimatter beams 

-

Other techniques 
- Timepix readout: +very good position sensitivity (tens of 𝜇m), - 1 𝜇s time resolution 
- Sensing wires: + cheap, - limited (100 microns) spatial resolution 
- Resistive anodes 

https://doi.org/10.1016/j.nima.2010.08.009

https://doi.org/10.1016/j.nima.2017.08.032

https://arxiv.org/ftp/arxiv/papers/1806/1806.07133.pdf

https://doi.org/10.1016/j.nima.2010.08.009
https://doi.org/10.1016/j.nima.2017.08.032
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CW Positron beam - characterisation/tagging

Intensity

Positron 
Tagging

Profile

Annihilation plate + Scintillator detecting gamma 
Micro-channel-plate (MCP)

Detection of secondary electrons emitted  
when the positron hit the target with MCP 

Movable aperture+ scintillator detecting gamma 
Position sensitive MCP
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Positron tagging and annihilation’s photon detection

!18

HV 
~kV

Sample holderVacuum cavity  
with solenoid

Off- axis single 
particle detector 
(MCP)

+V

+V -V

-V

EE

B-field

E x B velocity filter 
Deflection plates

Gamma detector

Delay

e+ 
~eV

oPs
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Positron tagging with SE- perfomances  & limitations

- Time resolution limited to about 1 ns (good enough for oPs studies) 
- Efficiency dependent on positron implantation energy 

 (few 10%@ 1kV to few % at 10 kV)

https://doi.org/10.1002/smtd.201800268

see e.g “Shedding New Light on Nanostructured Catalysts with Positron Annihilation Spectroscopy”

Could those performances be improved with alternative detection scheme?  

Great potential for material characterisation with positrons

https://doi.org/10.1002/smtd.201800268
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Pulsed Positron beam (buffer gas trap)
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Principle of a buffer gas trap
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Principle of a buffer gas trap
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Pulsed Positron beam - characterisation/tagging

Intensity

Time 
structure

Profile

Annihilation plate + Scintillator detecting gamma 
Micro-channel-plate (MCP)

Annihilation plate + Scintillator detecting gamma 
Micro-channel-plate (MCP)

Movable annihilation plate + scintillator detecting gamma 
Position sensitive MCP

saturation
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Single Shot Positron Annihilation Lifetime spectroscopy (SSPALS)

D. Cassidy et al.  
Appl. Phys. Lett. 88, 194105 (2006);

Lead tungstate PbWO4: 
fast decay time <15 ns 
low afterglow

Output split and recorded with scope: 
to reduce digitisation noise two channels, 
with high and low gain 

Alternative:  
Cherenkov radiator such as PbF2 (time resolution 20→ 4 ns) 

changed by more than 50 ns or so without compromising the
gain of the photomultiplier. Also shown in Fig. 1 is a spec-
trum taken with an uncleaned Si sample and a positron en-
ergy of 7 keV. This target material will not produce any Ps
in the bulk and only a small amount !!2% " of surface Ps is
expected at this impact energy. This has been taken as the
resolution function of the system and was used in the fitting
procedure. This resolution is determined primarily by the
width of the positron beam and the decay time of the PbWO4
scintillator; we expect this to be greatly reduced in subse-
quent work.

The data were taken at low and high densities !expanded
and compressed", corresponding to incident positron areal
central densities of 0.37 and 3.3"1010 cm−2, respectively.
The sample was capped with a largely nonporous layer !
#5% porosity", and the positron impact energy for these data
was 3.5 keV. The low density data were fitted using a single
positronium lifetime, while the high density data cannot be
fitted without taking into account additional terms related to
spin exchange quenching and positronium molecule forma-
tion, the details of which are beyond the scope of the present
work.5

An important difference between conventional PALS
and SSPALS is that in the latter the response of the gamma
ray detection system is folded into the lifetime spectra. This
is in contrast to a leading edge trigger in which only the rise
time of the gamma ray detection system is important. Thus,
in SSPALS effects such as dynode ringing, cable reflections
and rf pickup are invariably present to some degree. The
photomultiplier ion after pulse is also an unavoidable feature
of such spectra, as shown in Fig. 1. Clearly then it is desir-
able to minimize such effects, and we have found that a few
relatively simple modifications can do so with surprising ef-
ficacy. Dynode ringing was reduced by adding 50 # resistors
in series with the dynode connections in the photomultiplier
base; cable reflections were essentially eliminated by careful
impedance matching throughout the system. This was par-
ticularly important when splitting the signal into two chan-
nels as described previously.

Another aspect of SSPALS that is not generally impor-
tant in PALS is detector saturation. With a plastic scintillator
we found that it was necessary to use an unacceptably small
solid angle to prevent photocathode saturation and a very
low photomultiplier gain to prevent anode saturation. Both of
these compromises resulted in a large degradation of the sig-
nal, with a concurrent worsening of the counting statistics.
However, PbWO4 has a naturally low light output $approxi-
mately 1% of NaI !TI"% and so the scintillator was placed
close to the annihilation region with no saturation problems.
Essentially, if enough photoelectrons are present to unam-
biguously register a single gamma ray, statistical integrity
may be retained while minimizing saturation effects. The
problem of anode saturation was solved in the usual way by
providing larger interdynode voltage drops as one ap-
proaches the anode.

The use of a high density pulsed positron beam has also
allowed us to develop a different approach to depth profiling
in porous Ps forming materials. In conventional VEPALS,
lifetime spectra are recorded as a function of the beam en-
ergy, and hence implantation depth in the sample. In our
methodology this is done at high and low beam densities,
and we measure the delayed fraction of a lifetime spectrum
in both cases. Because there is an o-Ps quenching effect that
is directly proportional to the Ps density, we can measure this
density as a function of implantation energy !provided there
is no significant modification in the Ps density due to diffu-
sion". Figure 2 shows an example of a variable energy and
density single shot positron annihilation lifetime spectros-
copy measurement made using the same sample as was used
to collect the data shown in Fig. 1. The vertical lines in the
figure show the nominal thickness of the capping and porous
layers as determined by ellipsometry measurements. The
data seem to suggest that the capping layer thickness is ac-
tually around 7 $g/cm2 and not 10 $g/cm2 as shown, which
could indicate that the capping layer is more porous than
expected. One possible reason for this is that the porosity
was determined to be #5% via a gas absorption measure-
ment, which is insensitive to isolated pores. The abscissas of
Fig. 2 are determined from the beam energy via the formal-
ism described in Ref. 11, using a density of 2.2 g/cm3 for
nonporous silica.

The delayed fraction in Fig. 2!a" is the integral of the
lifetime spectrum from 100 to 300 ns divided by the total,
and is a measure of the positronium fraction.12 It is clear that

FIG. 1. Single shot lifetimes for the capped TEOS sample and the resolution
function. The low density !expanded" data are well fitted using a single
lifetime, taking into account the resolution function, but the high density
!expanded" data cannot be fitted without additional terms.

FIG. 2. Variable energy and density single shot positron annihilation life-
time spectroscopy data taken for the same sample used in Fig. 1. In !a" three
energy scans are shown, one at high density !3.3"1010 cm−2" and one at
low density !0.49"10−10 cm−2" in the high !1 T" field, and also one for the
beam in a low !250 G" field. In !b" the quenching signal Q is shown, which
is the difference between the high and low density data of !a".

194105-2 Cassidy et al. Appl. Phys. Lett. 88, 194105 !2006"

Downloaded 03 May 2008 to 138.23.2.156. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

D. Cassidy and A. Mills, NIMA 580 (2007) 1338–1343

positronium formation, 
porous target (long lifetime)

Measurement of positronium lifetimes  
from single intense bursts 

no positronium formation, 
e.g. Al target
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Muon beam generation

▪ 2.2 mA ~ 1.4 x 1016 Protons/s 
▪ ~600 MeV 
▪ p+C → π+ + π- + p + n + …

!25

π+

Production target

“Surface” muons

µ+

▪ 107-108 µ+/s 
▪ 100% polarized 
▪ 4 MeV 

▪ generally used for “bulk” condensed matter studies 
▪ For thin film studies E = eV-30 keV
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Polarized positive muons

▪ Kinematics of pion decay at rest;  
▪ From energy and momentum conservation: 
▪ Momentum:      p = 29.79 MeV/c 
▪ Kinetic energy: E = 4.12 MeV

!26
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Polarized positive muons

▪ Kinematics of pion decay at rest;  
▪ From energy and momentum conservation: 
▪ Momentum:      p = 29.79 MeV/c 
▪ Kinetic energy: E = 4.12 MeV 

▪ Parity violation in weak interaction  
▪ Neutrinos are left handed  
▪ Polarized muon beam with spin  

anti-parallel to their momentum

!27
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Low energy muon (LEM) beam @PSI

!28

E~15eV
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Muon Tagging

!29

Figure 1. Schematic of the new LEM beam line [7]. The 4 MeV surface µ+ is moderated at an efficiency of
about 0.01% to an energy of about 15 eV before being re-accelerated again to energies up to 20 keV. The µ+

beam is then bent by a 45◦ electrostatic mirror before going through the spin rotator and the start detector
and arriving at the sample plate mounted on the cold finger of the cryostat.

is sufficiently low to be deflected by the 45◦ electrostatic mirror and transported to the sample
region. We term these muons as “unmoderated” muons.

All these processes, at the moderator and at the C-foil, affect the kinetic energy distribution of
the µ+ leaving the C-foil and consequently the µ+ arrival time distribution at the sample position
(relative to the signal in the start detector). This arrival time distribution needs to be known to
understand the detailed shape of the decay positron time spectra at early times.

In this paper, measurements of the energy loss in the thin C-foil at various µ+ energies which
have been done using a time-of-flight (TOF) technique are presented. Energy losses and Mu for-
mation in the 10 nm thick C-foil of the start detector as well as “unmoderated” fraction of µ+

have been implemented in the musrSim [8] simulation package which is based on Geant4 [9] to
match the measured TOF spectra. The Geant4 simulation has been performed starting from the
downstream of the moderator till the sample region.

The LEM beam line was upgraded in 2012 to allow for longitudinal µSR measurements, to

– 2 –

- Tagging via detection of SE from 10 nm carbon foil 
- Timing of about 1 ns, efficiency around 40%  
- Main drawback: beam degradation via scattering in the foil
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Figure 7. Energy loss distributions of 15.38 keV muons in a 10 nm thick C-Foil with a density ∼2 µg/cm2,
obtained using the default Geant4 package (dotted black line) or our extension based on Landau distributed
energy losses (red solid line) where theMPV energy loss (Eloss= 0.89) is taken from the TOFmeasurements.
The energy loss spectrum extracted from the TOF spectrum is also shown (blue triangles).

(X +3.5) and then scaled linearly so that its MPV coincides with the measured Eloss in table 1, i.e.
the randomly generated energy loss distribution is

E randomloss =
!X+3.5

3.5

"

·Eloss . (3.1)

Here, it is thus assumed that the energy loss distribution goes down to zero.
A comparison between energy losses extracted from the TOF spectrum and simulated energy

losses using standard or our extended Geant4 version are shown in figure 7. A better agreement
between simulations and measurements is achieved when parameterizing the energy losses using
the Landau distribution of Eq. (3.1). Interestingly, the Geant4 default simulation gives a better
agreement below 0.5 keV. A cutoff approach was tried, however no improvement was achieved for
the fitting of the TOF spectra. It is important to stress that the main attention is on the high-losses
tail because it impacts the first few 100 ns of muSR measurements.

Muon multiple scattering in the carbon foil

In previous versions of Geant4, the measured transmissions of µ+ beam from the start detector till
the sample were poorly reproduced due to the underestimation of the multiple-scattering process
from C-foil [14]. However, recent versions of Geant4 have better physics models of multiple-
scattering which reproduce correctly the Meyer scattering [13, 20]. In this paper, multiple Coulomb
scattering is simulated by using G4MuMultipleScattering based on the model from Urban [21].

– 10 –

http://iopscience.iop.org/article/10.1088/1748-0221/10/10/P10025
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Positronium (Muonium) formation

Porous Silica thin film  
~1µm, 3-4 nm pore size

Vacuum

▪ Positron implanted with keV energies  
▪ Rapidly thermalizes in the bulk (~ps) 
1. Positron diffusion and annihilation
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Porous Silica thin film  
~1µm, 3-4 nm pore size

Vacuum

▪ Positron implanted with keV energies  
▪ Rapidly thermalizes in the bulk (~ps) 
1. Positron diffusion and annihilation 
▪ Positronium formation (1/4 pPs, 3/4 oPs) in SiO2 by 

capturing 1 ionized electron
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Positronium (Muonium) formation

Porous Silica thin film  
~1µm, 3-4 nm pore size

Vacuum

▪ Positron implanted with keV energies  
▪ Rapidly thermalizes in the bulk (~ps) 
1. Positron diffusion and annihilation 
▪ Positronium formation (1/4 pPs, 3/4 oPs) in SiO2 by 

capturing 1 ionized electron 
▪ Diffusion to the pore surface and emission into the 

pores: WPs=µPs + EB - 6.8 eV= -1 eV 
▪ Thermalization via collisions and diffusion in 

interconnected pore network  
2. oPs annihilating in pore network  
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Positronium (Muonium) formation

Porous Silica thin film  
~1µm, 3-4 nm pore size

Vacuum

▪ Positron implanted with keV energies  
▪ Rapidly thermalizes in the bulk (~ps) 
1. Positron diffusion and annihilation 
▪ Positronium formation (1/4 pPs, 3/4 oPs) in SiO2 by 

capturing 1 ionized electron 
▪ Diffusion to the pore surface and emission into the 

pores: WPs=µPs + EB - 6.8 eV= -1 eV 
▪ Thermalization via collisions and diffusion in 

interconnected pore network  
2. oPs annihilating in pore network   
3. Emission into vacuum (30%) 
▪ At 40 meV ~ 105 m/s, 
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Detection of annihilation photons
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Positron Annihilation Lifetime Spectra PALS
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Measurement of Ps energy

!45

P. Crivelli et al. , Phys. Rev. A81, 052703 (2010)

Time of 
flight 

D. Cassidy, P. Crivelli et al., Phys. Rev. A 81, 012715 (2010)

Doppler 
spectroscopy

D. Cassidy, P. Crivelli et al., Phys. Rev. A 81, 012715 (2010)
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Measurement of Ps energy vs T
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Thermal energy 30 meV
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Ps confinement energy
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Excitation in Rydberg states and detection with an MCP 
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Excitation of positronium from 2S to 20P state 2

challenge posed by the evanescent nature of this system [30]. For the 1S-2S transition

of Ps, the first order Doppler shift, can be avoided using two counter propagating laser

beams as done for hydrogen [31]. However, the second order Doppler shift cannot be

avoided and results in the main systematic e↵ect for this measurement [32]. In order to

correct for this e↵ect the velocity of the 2S population has to be precisely determined

as presented in this manuscript.

2. Description of the experiment

Positrons from the bu↵er gas trap beamline at the slow positron facility at ETH Zurich

[33] are extracted with 1 Hz repetition rate from the magnetic field region and implanted

with 4.5 keV in 1 ns bunches of ⇠ 104 e+ into a porous thin film SiO2 to form

positronium. About 25% of the positrons are converted to Ps emitted into vacuum [34].

The output (6 mJ, 7 ns) of a pulsed dye amplifier seeded by a frequency doubled diode

laser at 486 nm (the wavelength of the 1S-2S two photon transition) is synchronised with

the positron beam in order to excite the atoms to the 2S state 3±0.2 mm away from

the target. The laser is retro-reflected by a mirror to induce two photon excitation with

counter propagating beams. A significant fraction of the Ps atoms is photo-ionized in the

same laser pulse by a third photon. The surviving 2S state are further excited to the 20P

state with the 736 nm output of a dye laser (3.5 mJ, 7 ns). To cover completely the first

order Doppler profile of this transition, which for the given geometry of the experiment

is around 150 GHz, the dye laser was set up for a bandwidth of approximately 400

GHz. Subsequently the excited atoms are detected via field ionization (4 kV/cm) with

a micro-channel-plate (MCP) after traversing 40 mm.

By normalizing to the prompt peak due to backscattered positrons from the target,

the signal area can be related to the excitation probability of a Ps atom to the 2S or

the 20P level respectively [35, 36].

MCP

field ionization

736nm 486nm
laser

bunched slow 
positron beam

positronium 
path

Figure 1. Experimental setup and laser system

Excitation of positronium from 2S to 20P state 3

3. Results

Fig. 2, shows the measured lineshape of the 1S ! 2S transition detected via field

ionization after the excitation of the Ps atoms from the 2S to the 20P state.

-400 -200 0 200 400

-0.5

0.0

0.5

1.0

1.5

2.0

Figure 2. Resonance curve of the 2S Ps atoms detected in the MCP after excitation
in the 20P and subsequent field-ionization.

The frequency scan of the 736 nm laser is done by keeping the 2S exciting laser

frequency fixed on resonance. The center of the lineshape, shown in Fig.3, is 736.40±0.02

nm in agreement with the expected wavelength of 736.39 nm. The simple fit with a

Lorentzian gives a FWHM ' 0.44 THz compatible with the laser bandwidth.

Figure 3. Resonance curve of the 2S ! 20P transition, obtained by scanning the dye
laser wavelength, detected by field-ionization on the MCP

The measured time of flight (TOF) distribution (see Fig. 4) is obtained by sampling

the cumulative distribution function, integrating the MCP signal in the region between

150-1200 ns after the positron implantation occurs.

To fit the data we use a detailed Monte Carlo (MC) simulation. The interaction

of positronium with the laser fields is modelled using Bloch equations that are solved

numerically using the coe�cients calculated for hydrogen [38], rescaled properly for

positronium. The initial distribution of positronium is a 2D Gaussian with �=1±0.1

mm defined by the incoming positron beam as measured with a phosphor screen MCP
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Summary and outlook - detection of Positronium “beams”
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• TOF with collimation slit and scintillator  → velocity perpendicular to collimation slit 
• Doppler spectroscopy → velocity parallel to laser beam 
• Rydberg excitation + TOF measurement → total velocity 

• Detection of Rydberg Ps with position sensitive MCP → angular distribution 

★ Drawback: excitation via laser in Rydberg states + detection  
→ low efficiency <0.1% level. 
Alternatives? 
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How to detect Muonium?

▪ Muon spin rotation (muSR) technique: µ+ → e+ + 𝜈e + �̅�µ 
▪ Due to parity violation of weak decay, the direction of emitted positron is distributed 

asymmetrically with respect to the spin of muon
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How to detect Muonium?
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▪ Muon spin rotation (muSR) technique: µ+ → e+ + 𝜈e + �̅�µ 
▪ Due to parity violation of weak decay, the direction of emitted positron is distributed 

asymmetrically with respect to the spin of muon
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Muonium formation in SiO2 porous films -muSR
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N

How do we know if  
Muonium is emitted 
in vacuum?
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Positron shielding technique
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Positron shielding technique
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A. Antognini, P. Crivelli et al., PRL 108, 143401(2012)
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Muonium detection summary and outlook 
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- Measurement of angular distribution + improved energy study: excitation via laser in 
Rydberg states + detection very low efficiency (muons cannot be accumulate) 

- Tracking back the decaying positron? Single track no vertex 😕 

★ Ideally efficient detector for Mu atoms with meV energies.
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Antiprotons

⇒ few 106 100 keV anti-protons 
in 100 ns bunches

★ New era for antiproton/anti-hydrogen physics
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H̅ production cross sections via charge exchange: p̅ +Ps → H̅ + e-

★Demonstrated for H 
★Demonstrated for H̅  

(ATRAP) 
★Implemented by AEgIS  

and GBAR
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H̅ production cross sections via charge exchange: p̅ +Ps → H̅ + e-

★Demonstrated for H 
★Demonstrated for H̅  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★Implemented by AEgIS  

and GBAR
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Anti-hydrogen H̅(2S) beam → Lamb shift measurement 
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Principle of the measurement

P. Crivelli, D. Cooke, M. Heiss, Phys. Rev. D 94, 052008 (2016)
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Lyman alpha detector

Detector in the AD

MW section 
Lyman alpha detector

Switchyard

The GBAR experiment:
Gravitational behaviour of antihydrogen at rest and

a measurement of the antihydrogen Lamb shift
G. Janka, B. Radics, C. Regenfus, A. Rubbia, P. Crivelli

Institute for Particle Physics and Astrophysics, ETH Zurich, Switzerland
and the GBAR collaboration   

Status & Outlook

https://gbar.web.cern.ch/GBAR/public/

The goal of GBAR is to test the gravitational behaviour of antihydrogen.

1. Production of antihydrogen ions via 
two step charge exchange reaction

2. Cooling of antihydrogen ions via trapping 
and sympathetic cooling

ELENA LINAC DECELERATOR
+ തp TRAP

Loading the ഥH + into a 
Paul trap with about 
1000 Be+ ions preloaded

1 mK

Raman Sideband Cooling 
with a laser of 313 nm

10 µK

Photodetachment (PD) 
laser, 1640 nm

Ultra cold neutral antihydrogen

ഥ𝐇(2S) beam production Measurement principle

Antihydrogen Lamb shift:

GBAR:

Single Lyman alpha detector based on MCP

GBAR: • First Micromegas triplet (of total 6) and one TOF module (of 4) tested in AD hall with cosmics, 
Micromegas triplet currently being tested in test beam at CERN

• First antiprotons from ELENA detected at GBAR in middle of July 2018
• Under testing & tuning: antiproton decelerator, buffer gas trap
• Under installation: reaction chamber, switchyard
• First attempt to detect ഥH in October 2018
• During CERN long shutdown: tests of H and H- production including Ps excitation for 

optimization of two step reaction, installation of antiproton trap, ion trap, free fall chamber.
• In 2021 first attempts to produce and trap ഥH + and measurement of ഥH free fall

Lamb Shift: • Lamb shift measurement of ഥH at level of 100 ppm seems possible thanks to 
ELENA and GBAR LINAC. 

• Single Lyman alpha detector based on MCPs has been designed, assembled and 
tested. The setup is ready to be installed into beam line.

• First attempt of measuring Ly-α from ഥH will be done in October 2018.
• During CERN long shutdown: detection of the production of H(2S) via charge 

exchange by quenching 2S→2P with an electric field, then measuring the Lamb 
shift of hydrogen.

In the drift region, the incoming particles ionize the filling gas and create 
primary electrons, which are guided by an electric field of roughly 500 
V/cm to the micro-mesh. The electric field is chosen depending on the 
filling gas and the desired transparency of the micro-mesh. Afterwards, 
the primary electrons reach the amplification region. High electric fields 
up to 50 kV/cm are created in the amplification region in order to 
accelerate the primaries enough to be able to ionize the gas again, 
creating an avalanche-like process.

P. Crivelli, D. Cooke, M. Heiss, 
Phys. Rev. D 94, 052008 (2016)

3. Photodetachement of e+ and measurement of 
the free fall time via detection of charged pions

ഥH hits wall of 
vacuum vessel,
charged pions from 
തp annihilations are 
detected with a 4π 
micromegas tracker

Micromegas detector:

several mm

128 um

Micromegas tracker for GBAR:

• 50x50 cm2 multiplexed 
XY resistive 
Micromegas

• Drift gap: 6 mm

• Filling gas Ar93 / CO27

• Tracker consists of six 
triplets, one triplet 
being tested with new 
VMM readout in a test 
beam at CERN

The Micromegas detector has been invented by Georges Charpak and
Ioannis Giomataris. Nucl.Instrum.Meth. A376 (1996) 29-35

The goal for the antihydrogen Lamb shift experiment is to measure the Lamb shift 
at a precision of 100 ppm and determine for the first time the antiproton charge radius.

• Laser pulse defines initial time t0 for the measurment
• PD ΔE=15 µeV above threshold →  recoil of 1 m/s

Main source of uncertainty,
needs to be minimized

Use of ultra-cold ഥH

Institute for Particle Physics 
and Astrophysics

• Detector based on MCP with a Cesium 
iodide (CsI) coating on the top plate has 
been designed, assembled and tested.

• SIMION simulations were carried out 
to optimize the quenching field and 
the solid angle coverage (41.5%)

• Prototype of Lyman alpha detector has been built 
and tested. A detection efficiency for single Ly-α
has been found to be around 40%.

• The vacuum in the detector chamber is 
at 5x10-9 mbar. The setup is ready to be 
installed into the beam line of GBAR.

Motivation: What is the origin of the baryon/antibaryon asymmetry observed in our Universe? Do Lorentz and CPT invariance hold? What is the effect of gravity on antimatter?

ETH Research Grant (ETH-46 17-1) 
SNSF Grant (SNSF 173597)
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exchange by quenching 2S→2P with an electric field, then measuring the Lamb 
shift of hydrogen.

In the drift region, the incoming particles ionize the filling gas and create 
primary electrons, which are guided by an electric field of roughly 500 
V/cm to the micro-mesh. The electric field is chosen depending on the 
filling gas and the desired transparency of the micro-mesh. Afterwards, 
the primary electrons reach the amplification region. High electric fields 
up to 50 kV/cm are created in the amplification region in order to 
accelerate the primaries enough to be able to ionize the gas again, 
creating an avalanche-like process.

P. Crivelli, D. Cooke, M. Heiss, 
Phys. Rev. D 94, 052008 (2016)

3. Photodetachement of e+ and measurement of 
the free fall time via detection of charged pions

ഥH hits wall of 
vacuum vessel,
charged pions from 
തp annihilations are 
detected with a 4π 
micromegas tracker

Micromegas detector:

several mm

128 um

Micromegas tracker for GBAR:

• 50x50 cm2 multiplexed 
XY resistive 
Micromegas

• Drift gap: 6 mm

• Filling gas Ar93 / CO27

• Tracker consists of six 
triplets, one triplet 
being tested with new 
VMM readout in a test 
beam at CERN

The Micromegas detector has been invented by Georges Charpak and
Ioannis Giomataris. Nucl.Instrum.Meth. A376 (1996) 29-35

The goal for the antihydrogen Lamb shift experiment is to measure the Lamb shift 
at a precision of 100 ppm and determine for the first time the antiproton charge radius.

• Laser pulse defines initial time t0 for the measurment
• PD ΔE=15 µeV above threshold →  recoil of 1 m/s

Main source of uncertainty,
needs to be minimized

Use of ultra-cold ഥH

Institute for Particle Physics 
and Astrophysics

• Detector based on MCP with a Cesium 
iodide (CsI) coating on the top plate has 
been designed, assembled and tested.

• SIMION simulations were carried out 
to optimize the quenching field and 
the solid angle coverage (41.5%)

• Prototype of Lyman alpha detector has been built 
and tested. A detection efficiency for single Ly-α
has been found to be around 40%.

• The vacuum in the detector chamber is 
at 5x10-9 mbar. The setup is ready to be 
installed into the beam line of GBAR.

Motivation: What is the origin of the baryon/antibaryon asymmetry observed in our Universe? Do Lorentz and CPT invariance hold? What is the effect of gravity on antimatter?

ETH Research Grant (ETH-46 17-1) 
SNSF Grant (SNSF 173597)

Simion simulation of quenching region



||Paolo Crivelli 25.09.2018 !70

Micromegas detectors for anti-hydrogen annihilation

Filling gas:  Ar93/CO27% 
Drift:   6 mm long, ~ 600 V/cm 
Amplification:  128 um, ~ 45 kV/cm 
Detection:  X&Y layers, 320 strips each 
Active area:  8x8 cm2 

Readout:  APV, 128 channels 
Multiplexing: Factor 5 
DAQ:  SRS mmDAQ of RD51 

https://doi.org/10.1016/j.nima.2017.10.067

Detection of anti-hydrogen with micromegas by ASACUSA

GBAR -prototypes

Rev Sci Instrum. 2015 Aug;86(8):083304. doi: 10.1063/1.4927685.

https://doi.org/10.1016/j.nima.2017.10.067
https://www.ncbi.nlm.nih.gov/pubmed/26329178#
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Micromegas detectors - beam profiling of low energy (<100 eV) H̅ ?

 

§  "  annihilating on the flange of a tube 
§  8x8 Micromega doublets placed around the tube 

to measure pions coming from annihilation 

§  20’000 events simulated 
§  True hit position on flange recorded 
§  Beam spot reconstructed by fitting a line through 

hits of Micromega doublet close to the flange 

True hits on MM, X layer True beam spot 

Reconstructed beam spot 

Differences between  
reconstructed and true hit 

In X and Y layer 

Simulation: promising 
results but limited spatial  
resolution + annihilation 
on end flange, 
alternatives?

https://doi.org/10.1016/j.nima.2017.10.067
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Summary and outlook 

- MCP workhorse for antimatter beams characterisation 

✦ Main limitations:  
- destructive technique  
- bulky (e.g. phosphor screen requires optical access) and costly (MCP delay line 

commercially available but 20kEuros) 
- low efficiency to detect neutrals with energies below 100 eV 

★ Are there alternative new detector technologies could help in maximising the physics 
output?  

 Exciting times are ahead!


