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Zusammenfassung:

A position--sensitive detector (the Muon Beam Profile Monitor - µBPM) for nonrelativistic muon beams and to be used in high magnetic fields was developed. The
µBPM consists of a grid of 10+10 scintillating fibers probing the muon beam intensity
along the horizontal (X) and the vertical (Y) direction perpendicular to the beam
direction (Z), i.e., at Xi and Yj coordinates of the fibers (i,j = 1…10). The readout of the
fibers is realized by avalanche microchannel photodiodes (AMPDs). The usage of
AMPDs results in a compact design of the device, its insensitivity to magnetic fields,
and the ability to handle high event rates.

The µBPM was successfully utilized in the measurement of the muon beam profiles in
magnetic fields up to 4.8 Tesla and at event rates as high as 3·106 s-1 per channel.
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A position sensitive detector capable to measure the profile of a non-relativistic
muon beam and operational in high magnetic fields is essential for the set-up and
optimization of the performance of µSR spectrometers, such as the Avoided Level
Crossing (ALC) µSR spectrometer [1] or the planned High – Magnetic Field (HMF)
µSR-spectrometer (up to 10 T).
The ALC µSR spectrometer accomodated in area πE3 is regularly used to study
the properties of condensed matter via the observation of the loss of integrated muon
spin polarization at the avoided crossing of quantised magnetic energy levels in high
magnetic fields [2]. The basic part of the spectrometer is a superconducting solenoid
with a room–temperature bore of 20 cm diameter and a length of 1 m, which creates a longitudinal (with respect to the initial muon spin polarization) magnetic
field up to 5 Tesla at the center. The polarization of muons stopped in a sample
is determined by the registration of decay positrons in two detector sets located
up – and downstream with respect to the muon beam direction. The quality of an
ALC spectrum (field dependence of the measured muon spin polarization) strongly
depends on the position and the size of the muon beam spot on the sample as this
effects as well the solid angle of positron registration and the effective decay positron
trajectory (due to spiraling of the charged particles in a magnetic field). To measure
the muon beam profile at the solenoid center and its dependence on the beamline
settings and the magnetic field a Muon Beam Profile Monitor (µBPM) was designed
and built.
The µBPM (see Fig. 1) consists of a grid of twenty scintillating fibers with round
cross section (® 1 mm, POLIFI 0244-100 [3], peak emission at λ ≈ 440 nm). Ten
fibers are spaced along the X axis, and ten along the Y axis (the two orthogonal
directions perpendicular to the muon beam direction Z). The length of the fibers
and the spacing are 100 mm and 10 mm, respectively. The diameter of 1 mm is chosen as approximately half the range of a muon with a momentum of 29 MeV/c. A
muon passing through a fiber (or even stopped inside) produces scintillation light
which is registered at one end of the fiber by an avalanche microchannel photodiode
(AMPD) [4] of type Dubna R8 (the basic characteristics are shown in Table 1). Each
AMPD is mounted on the printed board of a preamplifier minimizing the distance
from the AMPD pins to the electric circuit. The supply voltage for the preamplifiers and the bias voltage for the AMPDs are distributed by one motherboard for
each direction (X and Y). The scintillating fibers and the motherboards with the
AMPD – preamplifier boards are mounted on an aluminium frame with dimension
100 x 100 mm2 . The µBPM probes the beam intensities Ii and Ij over each individual fiber at the coordinates of the fibers Xi and Yj , i, j = 1 . . . 10.
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The choice of an AMPD as photosensor for the µBPM is conditioned by its high
photon detection efficiency and its high gain. The high gain of the AMPD allows to
use a fast voltage–sensitive preamplifier, which is an essential requirement at high
(> 106 s−1 ) event rates. The electrical scheme combining the AMPD biasing and
the amplifier circuits is shown in Figure 2.

Figure 1: Design (top) and actual (bottom) views of the Muon Beam
Profile Monitor.
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Figure 2: Top: AMPD biasing and amplifier circuits. Bandwidth and
gain of the amplifier are ∼ 250 MHz and ∼ 250, respectively.
Bottom: AMPD mounted on preamplifier board.

0.75 x 0.75 mm2

Photosensitive area
Quantum Efficiency at 440 nm

∼ 60 %

Photon Detection Efficiency at 440 nm

∼ 15 %

Maximum gain (Mmax )

5 · 104

Dark current at Mmax

∼ 200 nA

Operating voltage

∼ 100 V

Table 1: Basic characteristics of the AMPD type Dubna R8
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A common voltage source (KEITHLEY picoammeter 6487) was used for biasing
all the AMPDs. The bias voltage for each channel was adjusted individually by
means of an on–board voltage divider. The 20 MΩ value of the biasing resistor was
chosen to minimize the effect of temperature variations on the AMPD gain. The
disadvantage of such a large serial resistance is that at a rate of ∼ 106 s−1 the signal
amplitude drops by a factor of two compared to its value at lower (< 105 s−1 ) muon
rates. For the commissioning of the new µE4 beam the value of the biasing resistor
was changed to 20 kΩ which allowed measuring rates as high as 3 · 106 muons/sec.
The preamplifier scheme is based on MAR monolithic amplifiers from Mini-Circuits
[5]. It has a gain of ∼ 250 over a bandwidth of ∼ 250 MHz. Due to the high gain of
the AMPD the amplitudes of 1 e− –pulses were much larger than the amplifier noise
level, so that signals corresponding to one or two thermally generated electrons (differing by a factor of two in amplitude) were clearly visible on an analog oscilloscope
(1 e− –signals can even be well distinguished on a digital scope, see Fig. 3). During
the operation the power dissipation in the amplifier circuits lead to an increase of the
temperature of the whole aluminum frame to about 50 ◦ C as measured by sensors
mounted on the motherboards.
The analog output signals from the amplifiers were sent via 40 m long low-loss
cables to the input of constant fraction discriminators (ORTEC CFD935 or PSI
prototype CFD105/950) with the trigger level of about 25 − 30 mV for each of
the channels. ECL signals from the CFDs (formed directly by the CFD105/950 or
obtained via a NIM/ECL converter in the case of the CFD935) then were fed to

Figure 3: Oscilloscope (LeCroy ”WavePro 960”) images for the dark
(1 e− –) and µ+ -signals from the channel X5 (the light collection for this
channel was the lowest among all channels).
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a 32 channel 32–bit 250 MHz VME scaler SIS3820. The scalers were run over a
predefined time interval and the accumulated counts were used to calculate the X
and Y projections of the beam.
The waveforms and the amplitude distributions of the µBPM output signals were
analyzed using a LeCroy ”WavePro 960” digital oscilloscope. Figure 3 shows the
oscilloscope images obtained for the dark (1e− –) and µ+ -pulses from one of the BPM
channels (channel X5). Figure 4 shows the amplitude distributions of the 1 e− – and
µ+ –signals for the channels X5 and X6. The bias voltage for each of the twenty
channels was adjusted to an approximately equal (7 − 8 mV) amplitude of 1 e− –
signals in each channel. However, due to different light collection efficiencies in the
individual channels (mainly caused by a variation of the distance between AMPD
and fiber in the order of a few 100 µm), the µ+ -signal amplitudes varies between
different channels. The channels X5 and X6 were the ones with the minimum and
the maximum light collection efficiencies: the most probable amplitudes of the muon
signals for these channels were about 16 and 30 photoelectrons, respectively. The
signal amplitudes for the other channels were within this range.

Figure 4: Amplitude distributions of µ+ -signals for channels X5 (minimum light collection; the most probable amplitude Aµ corresponds to
≈ 16 photoelectrons) and X6 (maximum light collection; Aµ ≈ 30 phe).
The most probable amplitude of the dark (1 e− –) pulses is 7 − 8 mV for
each of the twenty channels.

The variation of the light collection and gain in the individual channels results
in a variation of the detection efficiencies and therefore might influence the mea7

sured horizontal and vertical muon beam profiles. The stability of the measured
distributions was checked over a certain variation of gain. The gain of an AMPD
increased by a factor of 2.5 as the bias voltage was varied from 103.0 V to 107.0 V.
The rate of dark counts at a given threshold level (about 30 mV) changed from 0
to 3000 s−1 in the above range of Ubias (see Fig. 5). A dark count rate in the order
of 103 s−1 was considered as tolerable since the muon rate was at least one order
of magnitude higher. Figure 6 shows the X-distributions of the muon beam spot
obtained at different values of Ubias : the distributions are practically the same at
Ubias ≥ 104.00 V.
The µBPM was used to measure the field dependence of the position and the size
of the muon beam spot at the center of the ALC solenoid. Two–dimensional
plots
P P
obtained by multiplying the X and Y distributions wi wj = Ii Ij / Ii
Ij as shown
in Figure 7 illustrate the muon beam–spot variation with the magnetic field. (For the
purpose of visualization, no significant difference
P was found to 2D-plots constructed
from coincidence measurements: wi j = Ii j / Ii j , where Ii j are the intensities of
coincidences between the Xi and Yj channels). The dependencies of σx and σy (the
standard deviations for the X- and Y-distributions) on the magnetic field H are
shown in Figure 8. The beam spot size oscillates with increasing magnetic field – a
focusing effect of high magnetic fields. The beam spot position practically does not
change with H as an effect of a lead collimator (diameter: 30 mm): without the collimator the mean values of the distributions depend on H and the field dependences
of the beam projections σx (H), σy (H) are shifted in phase.

Figure 5: Dark count rates for channel X6 vs. Ubias .
In the range 103.00 ≤ Ubias ≤ 107.00 V the AMPD gain changes by a
factor of 2.5.
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Figure 6: The X–distributions of the muon beam spot at zero field obtained at different values of Ubias .

Figure 7: Two–dimensional plots (obtained by multiplying X- and Ydistributions) illustrate the change of the muon beam-spot with the magnetic field. The direction of view coincide with that of the muon beam.
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Figure 8: Dependencies of σx and σy (standard deviations for the X– and
Y–distributions) on the magnetic field H: top – with 30 mm collimator;
bottom – without collimator.
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Summary and Outlook
A position sensitive detector (the Muon Beam Profile Monitor) with avalanche microchannel photodiodes used for readout of scintillating fibers was developed. The
µBPM was successfully utilized in the measurement of the magnetic field dependence of the muon beam profile in the center of a superconducting solenoid of the
ALC-spectrometer and also for the commisioning of the new high–flux µE4 muon
beamline. No deterioration of the device performance was observed in the fields up
to 4.8 Tesla, or at muon rates as high as 3 · 106 s−1 per channel.
The following improvements added to the design of the prototype presented in this
work would be necessary for a state–of–the–art BPM:
• square cross–sections of the fibers (signal output independent of the muon
trajectory in the fiber)
• increased number of channels (e.g., 20+20)
• on–board temperature controller
• on–board discriminators and logic circuits
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